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Executive Summary 
 

During the period from October 24, 2005 through November 17, 2005, RAS, Inc., 
under contract to the US Army Corps of Engineers Omaha District, acquired 
downhole geophysical logs, and Zonge Geosciences, Inc., under subcontract to 
RAS, acquired surface geophysical data at the former Atlas Missile Test Site near 
Cheyenne, Wyoming.  RAS acquired natural gamma and EM induction 
(resistivity) logs in ten monitoring wells while Zonge conducted transient 
electromagnetic soundings and electrical resistivity surveys along multiple lines 
across the site.  The primary objectives of the study were to gain a better 
understanding of the lithologic/structural controls on groundwater flow on the site 
and around the source area(s) of a TCE groundwater contaminant plume, and to 
evaluate the utility of these methods in helping correlate water bearing zones 
downgradient of the missile site with those as far east as the vicinity of the Cow 
Camp Well.  Once downhole and surface geophysical data were collected, RAS 
analyzed these data along with other available information provided by the 
USACE to present the results in this integrated report.   
 

In general, with some qualifications detailed in the body of this report, the surface 
geophysical methods appear successful in mapping the approximate contact 
between the Ogallala (and transitional sediments with geo-electric signatures 
similar to the Ogallala) and White River formations.  Of the two types of surface 
geophysical surveys conducted (ZETA and NanoTEM), the NanoTEM surveys 
had the most direct use because both cross sections and individual station profiles 
could be examined to determine the likely nature of specific features of interest.  
In addition, the NanoTEM data include indications of the depth to which the data 
can be considered reliable at each station.  Consequently, the NanoTEM profiles 
have been discussed in greater detail in this report as they relate to identifying 
subsurface features.  In general, the ZETA data supported the NanoTEM data.  
 
The downhole resistivity logs showed a distinctive and usually sudden drop in 
resistivity at the contact where the Ogallala rests on the White River while the 
NanoTEM profiles have a different characteristic response.  The characteristic 
NanoTEM profile for the site is one depicting a moderately resistive sand and 
gravel overlying a low resistivity silt deposit.  The apparent resistivity transition 
from the sand and gravel to the silts spans a few to several tens of feet.  The actual 
formation contact as determined from the downhole resistivity profile and 
USACE boring logs tends to correspond with the point where the NanoTEM 
profile “breaks”, or begins to become more vertical as the low resistivity 
sediments sampled by the NanoTEM sounding are approached.  The 2D profiles 
include formation contact points picked based on the rate of change in the 
resistivity profiles.  However, to some extent the elevations of the picks are 
affected by the reasonableness of the surface elevation used.  In some cases, the 
picks suggest that mounds or pinnacles may exist on the White River surface that 
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in reality should represent a more uniform surface.  As a result of concerns about 
potential issues associated with the surface elevations used, the elevation data 
were adjusted where appropriate to correspond with the ground surface elevation 
as estimated from the USGS topographic map.  Interpretations were subsequently 
made using the corrected NanoTEM profiles, NanoTEM station data, borehole 
geophysical data, and borehole boring logs.   
 
In addition to detection of the contact between the Ogallala and White River 
formations, some fracture systems appeared to be identified as well.  The 
NanoTEM surveys detected a number of anomalies that suggest water is 
infiltrating or otherwise migrating through the sediments.  Many of these 
geophysical features suggest that vertical systems of fractures are likely 
transmitting water and in some areas may be feeding horizontally-aligned systems 
as well.  Fracture systems provide potential pathways for water that also diffuses 
into adjacent sediments, creating a halo effect around the systems of fractures.  
The changes in resistivity measured by the surveys, afforded by the saturated to 
damp sediments, suggest the presence of fractures.  Based on review of site 
boring logs and survey cross sections, there are also situations where discrete 
fracture systems that are transmissive and sufficiently productive to supply 
monitoring wells, were not detected by the geophysical surveys used as part of 
this investigation.   While the NanoTEM surveys appeared to respond to a number 
of anomalous features suggesting the presence of vertical fracture systems that 
may represent hydraulically significant features, the limited number of initial 
surveys precludes determination of the degree of interconnectivity across the site.  
The information at this time suggests that the site conceptual model may require 
adjustment to reflect a more fracture controlled groundwater flow model with a 
strong vertical component, rather than a horizontal porous media model.  
 
A low resistivity horizontal feature that may represent accumulation of mineral 
salts in association with damp to saturated conditions appears present over much 
of the site within the upper White River.  However, overall, the contrast in 
resistivities in the White River is low, so care is necessary to not over-interpret 
apparent differences.   
 
At this time, there is insufficient information to definitively correlate flow paths 
from the AMS #4 site to the Cow Camp area.  Approximately five miles exist 
between the AMS #4 site and the Cow Camp area, and groundwater monitoring 
wells are sparsely spaced as are the geophysical lines crossing the area.  The 
water bearing interval penetrated at 200 feet by MW-31 in the Cow Camp area is 
described as being within the White River, but has characteristics similar to the 
Ogallala; the characteristics of the White River at MW-31 are very different 
compared to the AMS #4 site.  This suggests that a significant transition in 
depositional form and structure may exist between the AMS #4 site and the Cow 
Camp area.  However, at the AMS #4 site where the bulk of the geophysical and 
monitoring well information is available, preliminary or rough correlations of 
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anomalous feature trends may be possible.  Figure 18 provides a quasi-3D 
portrayal of how trends of low resistivity features might be correlated across 
geophysical profiles. 
 
Elevated TCE in MW-28 and MW-24 may correlate with several anomalous 
features from NanoTEM Lines 2, 3, and 9.  Anomalous features between Stations 
42 to 44 on Line 2 may align with features under Station 37 Line 3, between 
Stations 23 and 24 on Line 9, and Station 377 on Line 7.  These features appear 
aligned with the mapped TCE plume between MW-28 and MW-24.    
 
Data compiled into the RI was used as backdrop against which the geophysical 
data was interpreted.  The RI data used included the organic and inorganic water 
quality data, the isotope analytical data, groundwater hydraulic information 
including the slug test results, well development records, groundwater 
potentiometric surface data, monitoring well borehole logs, and the monitoring 
well construction details. 
 
The inorganic data included in Appendix I of the RI depicts a water quality with 
little variability regardless of source.  Both groundwater and surface water quality 
appear very similar, and the depth, formation, or if the water was from a 
monitoring or production well, seemed to make little difference.  The water 
quality was dominated by calcium bicarbonate, and the dissolved solids content 
varied little as well.    
 
The isotope data from Appendix M appear different as water of two different ages 
seems evident.  In addition, there is a bit of a jump in the apparent or relative age 
based on the tritium data as opposed to a smooth transition in apparent ages.  The 
data also suggest that older water is more enriched in 18O and deuterium.  A 
pattern in the depth to older as opposed to younger water, or contaminated or not 
contaminated, water bearing zones is not evident.  In addition, there is no apparent 
trend in groundwater age as a function of being up gradient or down gradient.  
 
The presence of organic contaminants in groundwater does not appear to correlate 
with age or inorganic water quality since there is little variability in inorganic 
water quality from well to well, and both old and modern water appear to be 
contaminated depending upon location.   
 
The groundwater potentiometric surface generally suggests a flow direction from 
the AMS #4 site from west to east.  There is a possible divergent pattern in flow 
with one pathway trending toward Lone Tree Creek, and another flow path 
remaining along the general west to east trend.  Review of the lithologic logs and 
the depth or elevation of the screened water bearing intervals suggests widely 
varying elevations of the water bearing zone as well as wide variety of sediment 
type and degree of sediment consolidation from well to well.  The range of water 
bearing sediments includes occasionally fractured, well-cemented conglomerate, 
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silty sands, fractured silts, well lithified fractured siltstone to claystones, and 
mixed White River and Ogallala sediments.  A mappable water bearing unit based 
on characteristics or elevation does not appear to be present. 
 
The surface and borehole geophysics suggest an alternate conceptual 
hydrogeologic model of the site that correlates well with the data from the RI.  
The surface and borehole geophysics suggest a system where fractures, primarily 
vertical, but with limited horizontal fracture systems as well, define and control 
the groundwater movement within the White River in the vicinity of the AMS #4 
site.  At the same time, a borehole located anywhere in the area may encounter 
some amount of groundwater at some depth within the White River.   
 
When considered together, the geophysical surveys and data from the RI suggest 
that flow within the White River is fracture controlled.  The geophysical surveys 
detected a number of low resistivity features that likely trend across the site and 
are interconnected.  Tracking which specific features correlate from survey line to 
survey line is not possible at this time, but general correlations appear evident.  
The relatively uniform water quality suggests that separate well-defined aquifers 
or water bearing units are not characteristic and that the system is interconnected.  
Within the White River, the distribution of Tritium does not follow any pattern, 
suggesting flows are highly variable, yet slug tests suggest a reasonably uniform 
hydraulic conductivity.  The slug test data also suggest that in some case the 
hydraulic conductivity is the result of a few fractures in some wells and in others 
appears to be a function of a more classic porous media.  This information 
suggests that flows tend to be active in some fractures (younger water) but not in 
others.  When the contaminant distributions are factored into the data set, a 
fracture controlled model is also suggested.   
 
When TCE contaminated groundwater flow is through fractured porous media, 
such as the White River sediments, a contaminant halo develops adjacent to the 
fractures controlling the movement of groundwater.  This occurs through 
diffusion as well mixing.  However, where diffusion is a significant factor, the 
apparent age of the water, as indicated by Tritium, will remain unchanged.  
Consequently, water quality from a well such as MW-3 suggests local recharge of 
water from the surface through contaminated sediments (1750 ug/L TCE, 17.8 
TU). But water quality from MW-24 (405 ug/L TCE, 0.6 TU) suggests diffusion 
dominated processes where nearby fractures that control flow of groundwater are 
the source of TCE, while the age signature is retained.  Finally, the down gradient 
wells in the vicinity of Cow Camp including the Cow Camp well, Finnerty well, 
MW-12, and MW-31 all have 18O levels between -15.0 and -15.5 suggesting that 
the water was originally recharged at elevations to the west of the AMS #4 site. 
The Tritium in wells (MW-31 not sampled for Tritium) suggest fairly young 
water with values between 11.3 and 16.0 TU.  This suggests the potential for 
down gradient water near Cow Camp to flow around or under the site.   
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1.0 Introduction 

The United States Army Corp of Engineers (USACE), Omaha District, under the 
Defense Environmental Restoration Program (DERP) is conducting 
environmental investigations at the Former Atlas Missile Site No. 4 (AMS #4).  
The AMS #4 is a non-National Priorities List (NPL), CERCLA site.  Although 
this site is regulated under the National Oil and Hazardous Substances 
Contingency Plan (NCP) and CERCLA, a Remedial Investigation (RI) has been 
underway by the USACE at the AMS #4 since 2004.  The tasks completed by 
RAS, Inc. were in support of the USACE RI and included conducting surface and  
borehole geophysics and analyzing the information to present in this integrated 
report.  The work conducted by or under the direction of RAS are in accordance 
with requirements specified in the work plan, Final Work Plan For Surface and 
Borehole Geophysical Investigations at the Former Atlas Missile Site 4, F.E. 
Warren AFB, Wyoming (RAS, Inc. & Zonge Geosciences, Inc., October 20, 
2005). 

AMS #4 is located approximately 20 miles west of Cheyenne, Wyoming, and 
approximately 2 miles south of Granite in Section 20, T13N R69W.  Figure 1 is a 
general site location map for AMS #4.  The AMS #4 is one of four former Atlas 
“D” missile sites operated by the U.S. Air Force as part of the 565th Strategic 
Missile Squadron at the F.E. Warren AFB.  Consisting of 703 acres, AMS #4 was 
acquired by purchase and condemnation between 1959 and 1962.  Construction of 
the three missile launch facilities commenced shortly after acquisition of the 
property and was completed during the aforementioned timeframe.  The property 
was excessed to the General Services Administration (GSA) for disposal in April 
of 1965.  In January of 1967, approximately 330 acres of fee and easements, of 
which 34.44 acres included the developed portion of the property, were conveyed 
by quick claim deed to Southern Scrap Iron and Metal Company, St. Louis, MO.  
The property was subsequently sold to the Belvoir Grazing Association of Ault, 
Colorado.  GSA assumed accountability for the remaining easements and sold the 
remaining portion of the property, which consisted of easements over 338 acres, 
in January of 1976.  The easements were subsequently sold to the Belvoir Grazing 
Association and Timnath Farms.  AMS #4 was finally acquired by the City of 
Cheyenne in 2003 and is currently leased for cattle grazing and stock watering. 

Previous documentation and investigations indicate that AMS #4 had a total of ten 
underground storage tanks (USTs) that stored fuel oil and kerosene missile fuel.  
All ten USTs were removed by the USACE in 1993.  During operation of the 
missile facility, intercontinental ballistic missiles (ICBMs) were regularly fueled 
as part of operational readiness testing.  After these readiness exercises the 
kerosene based rocket fuel (RP-1) was pumped back into the USTs and the fuel  
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Figure 1.  General Site Location Map. 
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tanks and lines were flushed with TCE.  TCE was used to flush tanks and lines to 
remove residual RP-1 fuel to prevent accidental explosions.  Waste TCE and 
residual fuel were then released into flame pits and discharged to ground surface. 

Previous investigations have been completed on the site, including a Site 
Inspection (SI), an Expanded Site Investigation (ESI), and an ESI Addendum.  
The investigations involved surface water/sediment samples taken from Lone 
Tree Creek, surface and subsurface soil samples at the launch and service 
buildings, and groundwater samples from monitoring wells installed on Site and 
outside AMS #4 perimeter.  As data acquired from these investigations are 
presented in USACE reports regarding this Site they will not be presented herein. 
 
The general or primary objective of the geophysical testing effort was to 
determine feasibility of mapping the interface between the Ogallala and White 
River Formations, with a secondary objective to identify areas within the White 
River that are more likely to contain secondary (fracture) porosity in the bedrock 
beneath the Ogallala.  Meeting these two objectives will satisfy the two main 
purposes of: 1) gaining a better understanding of the lithologic/structural controls 
on groundwater flow on the site and around the source area(s) of a TCE 
groundwater contaminant plume; and, 2) determine the utility in helping to 
correlate water bearing zones down-gradient of the missile site to as far east as the 
water bearing zones in the vicinity of the Cow Camp well. 
 
Ten existing monitoring wells with locations which coincided with the general 
alignment of the surface geophysical surveys were selected to be logged with the 
downhole geophysical methods.  The wells included: MW-05, MW-06, MW-07, 
MW-08, MW-19, MW-26, MW-27, MW-28, MW-31, and MW-32.  All of the 
monitoring wells are located in the general area of the AMS #4 site with the 
exception of MW-31 which is located in the area near the Cow Camp Well, 
approximately five miles east of the site.  Two types of geophysical logs were 
acquired, including EM induction (resistivity) and natural gamma.  These 
methods were used because they are well suited for application in existing 
monitoring wells cased with PVC such as those at this site and they can be used 
for integration and correlation with the surface geophysical surveys.   
 
Zonge was subcontracted to conduct two separate surface geophysical methods as 
non-invasive subsurface evaluation techniques.  The first method was transient 
electromagnetic (TEM) soundings, or NanoTEM.  The second method was an 
electrical resistivity/induced polarization technique called Zonge Electrical 
Tomography Acquisition (ZETA).  These techniques were considered well-suited 
to meet project needs and objectives based on site conditions and geologic setting. 
 
Results from the testing are presented on an individual well basis in Appendix A 
where montages illustrate the borehole geophysical logs, the lithology and 
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NanoTEM responses for each particular well.  A montage for the Hall well was 
also prepared and presented including lithology and surface line data; downhole 
resistivity could not be logged in the Hall well due to its construction with steel 
casing.  Appendix A also includes cross sectional illustrations of the NanoTEM 
lines with adjoining wells.  Appendix B includes the report prepared by Zonge 
presenting the results of their surface surveys.  Appendix C includes standard 
engineering limitations which govern the logging and surface surveys.  Appendix 
D includes a DVD data disk with the report, figures and other notes. 
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2.0 Methods 
 
The downhole geophysical methods applied by RAS are described in more detail 
below.  These methods were selected for their application in wells constructed of 
PVC and for integration with the Zonge surface methods.  The methods used by 
Zonge in the surface geophysical surveys are also described in detail below. 
 
2.1 Borehole Geophysical Methods  
 

2.1.1 Natural Gamma   
 

Natural Gamma or gamma logs are the most widely used for the 
identification of lithology and for stratigraphic correlation because they provide 
useful data under the greatest range of borehole conditions and for a wide range of 
soil and rock types.  Gamma logs do not measure lithology directly; instead they 
use a downhole scintillometer to measure the amount of natural radioactive 
isotopes that occur in the rocks.  While rocks can be characterized according to 
their gamma intensity, knowledge of the local geology is needed to accurately 
identify lithology.  Correlation among stratigraphic units is also a common 
application as the gamma measurement is often included on multi-parameter 
tools.  At the Atlas 4 site, the gamma and induction measurements were acquired 
at the same time from the same tool and generally were among the first 
measurements acquired in each well.   The natural gamma tool was calibrated in 
the factory but was not calibrated in the field because gamma calibration requires 
use of a radioactive source and commensurate licenses from the US Nuclear 
Regulatory Commission. 
 

2.1.2 Electromagnetic Induction (EM)  
 

While various kinds of resistivity and induction logs are useful for 
lithologic purposes, standard resistivity probes require conductive fluid in uncased 
wells.  The EM induction tool provides reliable measurements in air or PVC-
cased holes and is little affected by borehole fluids which pointed to its 
applicability at this site.   The basic induction system uses low frequency (about 
20 kHz) electromagnetic signals to stimulate eddy currents in the formation 
several borehole diameters away from the borehole.  These eddy currents set up 
secondary magnetic fields which induce a voltage in the receiving coil of the tool.  
The magnitude of the received current is proportional to the electrical 
conductivity of the rock which can then be used to identify formations.  
Calibration of the induction tool followed the manufacturer’s (Century 
Geophysical) specifications.  In brief, prior to logging, the tool is placed in a 
calibrated ring of known resistivity.  Then the tool is held up in the air (which has 
near-zero conductivity).  Readings of the tool are then verified to these calibrated 
and known values.  
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2.2 Surface Geophysical Methods 
 

2.2.1   NanoTEM 
 

NanoTEM is a sounding (i.e. 1-dimensional) technique aimed at initially 
defining the overall conductivity contrasts defined by lithologic interfaces and 
variations in depth.  The technique involves transmitting a 50% duty cycle, time 
domain, square-wave signal into an ungrounded loop of wire.  These square-wave 
signals alternate between positive, zero, negative, and zero voltages, and this 
cycle repeats 32 times per second (system specifications available with Zonge 
Engineering Research Organization’s equipment).  The measurements are made 
when the transmitter is off, or, when the transmitter voltage is zero.  While the 
transmitter voltage is zero, decaying magnetic fields from subsurface conductors 
can be measured.  The decaying voltages can be mathematically modeled, thereby 
providing a vertical sounding of resistivity beneath the receiver loop.  Both lateral 
resolution and depth of investigation are dependent on the size of the wire loops. 
 
The fast turn-off and high sample rate allows good vertical resolution in the near-
surface.  The turn-off time and sample rate can be adjusted according to the size 
of the transmitter loop, where the size of the loop is designed specifically for the 
depth of investigation and the resolution required.  At the AMS #4 site, a square 
loop of wire, measuring 40 feet on each side in the launch facility area, and 50 
feet wide in the Cow Camp well area, were laid on the ground.  Centered inside 
the transmitter loop was a receiver loop, measuring 3 feet on each side (for the 40-
foot loop) and 5 feet on each side (for the 50-foot loop).  The time domain signal 
is transmitted into the transmitter loop and received with the central, smaller loop.  
Each measurement consists of several hundred stacked and averaged cycles.  Each 
measurement is repeated at least twice to ensure data repeatability.  Once data of 
acceptable quality have been acquired, the loops are disconnected from the 
console and moved to the next survey station.   
 
A 40-foot transmitter loop has an effective depth of investigation of 
approximately 200 feet below ground surface (bgs), depending on the lithologic 
properties beneath the instrument set-up.  Vertical resolution for layer thickness of 
this one-dimensional sounding method is considered to be better than 10% of 
depth of burial; or approximately 10 feet at a depth of 100 feet and approximately 
20 feet at a depth of 200 feet bgs.  The accepted depth of investigation is 
predominately determined by the conductivity of the lithologic formation and the 
content of fluids in the subsurface formations.  Therefore, defining these limits 
prior to on-site data acquisition can be difficult.  
 
The field approach of acquiring multiple soundings along a semi-fixed line (i.e., 
transmitter loops consecutively placed side-by-side in traverse along the ground 
surface following a general prevailing direction) permits the one-dimensional 
inverse model data to be interpolated into a two-dimensional geo-electric cross-
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section.  The horizontal resolution of NanoTEM data then becomes a function of 
two things: 1) the transmitter loop size; and, 2) the lateral variability of the 
geologic layers.  The more consistent the formations are laterally, the 
mathematical interpolation and contouring of the one-dimensional sounding data 
can reflect variations on a relatively tight scale (i.e. less than 40 feet).  Structures 
such as faults, shear zones, and fracture zones, generally known to contain greater 
water content, can be imaged because of the wide affect they have on uniform 
lithology.  However, independent fractures or joints may go undetected unless 
significantly different formation (or water) properties exist in the area of a single, 
narrow subsurface structure.  The presence of water bearing zones within the 
uniform lithologic formations generally changes the conductivity, but the 
characteristics of the water are important.  Total dissolved solids, brine and other 
contaminants in significant concentrations can provide a sufficient contrast from 
the background geologic signature to allow saturated water bearing zones to be 
mapped with the NanoTEM method.  It is important to integrate the existing 
geologic, hydrogeologic, and borehole geophysical data into the modeling of 
NanoTEM data.  This integration of data was done for AMS #4 geophysical data 
in order to constrain the one-dimensional inverse modeling, the two-dimensional 
interpolation, and the final interpretation of the NanoTem data. 
 
 2.2.2    ZETA (Zonge Electrical Tomography Acquisition) 
 
 The other geophysical survey technique that was used at AMS #4 is an 
electrical resistivity (ER) and induced polarization (IP) survey technique, where 
the data were acquired in the dipole-dipole configuration using the ZETA 
technique.  In the dipole-dipole electrode configuration, a controlled electrical 
signal is transmitted into the ground via a grounded dipole consisting of two 
current electrodes.  At varying distances from the current dipole, the electrical 
signal is received at a different grounded dipole called a “receiver” or “potential” 
electrode, and the signal is recorded digitally by the microprocessor controlled 
electronics.  One electrical property of the subsurface that can be measured in this 
manner is called resistivity; a change in subsurface resistivity (the ability of the 
subsurface to conduct electrical current) affects the strength of the received signal.  
A different electrical property is called chargeability, or IP.  A change in IP, the 
ability of material in the subsurface to polarize at subsurface interfaces, affects the 
shape or timing of the received waveform. 
 
Variations in subsurface moisture content, porosity, permeability, and soil or rock 
type can all affect resistivity measurements.  Cultural features (man-made features 
such as fencing, power lines, and pipelines can all affect resistivity measurements.  
The former missile site is relatively free of man-made cultural features (aside 
from fencing) data quality was not affected in a significant manner. 
 
The transmitted signal along the ER surveys was a 0.5 Hz time domain signal 
(50% duty cycles).  Eight cycles were stacked and averaged to comprise one 
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measurement.  All measurements were repeated at least one additional time to 
establish repeatability of data.  Adverse affects from cultural features were 
minimized through proper placement of survey lines.  At each station, electrodes 
consisting of tin-coated copper grounding braids were buried approximately two-
inches deep in the soil.  Once a spread of 30 electrodes was in place and 
connected to the geophysical data processor, data were acquired.  A laptop 
computer was used to control the measurements and switching of electrodes along 
the survey line, storing each measurement along with standard error of the mean 
(SEM) statistics to memory.  Both data sets (IP and ER) were acquired 
simultaneously. 
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3.0 Data Collection and Results 
 
Two surface geophysical data sets (ZETA and NanoTEM) and downhole 
geophysical logs were acquired in ten existing monitoring wells associated with 
the AMS #4 site.  The wells included: MW-05, MW-06, MW-07, MW-08, MW-
19, MW-26, MW-27, MW-28, MW-31, and MW-32.  All of the monitoring wells 
are located in the general area of the AMS #4 site with the exception of MW-31 
which is in the area near the Cow Camp Well, roughly five miles east of the site.   
 
Although the NanoTEM and ZETA data sets show similar general results, some 
variation is expected.  ZETA resistivity is a geometry-dependent galvanic method 
and is modeled with a 2D program, while NanoTEM is based on inductive 
sounding modeled with a 1D program.  As a result, some subsurface features are 
more easily detected in one dataset than the other. For example, a thin low- 
resistivity layer in the near surface is clearly evident in the NanoTEM data on 
Line 4 from approximately the northeast end of the line to approximately station 
217, but is less well defined in nearby ZETA Line 6. The NanoTEM method 
sometimes tends to couple into flat-lying conductors better than a 2D galvanic 
method, and the deeper data in the NanoTEM survey tend to be more variable 
than the ZETA results, since the NanoTEM results are 1D, and therefore less 
smooth.  In addition, the deeper NanoTEM data correspond to later times in the 
decay curve, when signal strength is at a minimum, resulting in noisier data.  Both 
methods are sensitive to cultural contamination, but in different ways, thus some 
cultural features may affect one survey method but not the other.  
 
For purposes of the discussion on the surface lines, the significant resistivity 
change from moderately high to lower resistivities apparent in most of the 
downhole resistivity logs is assumed to be the contact between the Ogallala and 
the underlying White River formation.  However, the significant resistivity 
decrease in the downhole logs does not always coincide with a contact between 
two specific lithologies, and even occasionally occurs within a given lithology 
(i.e., not at an interpreted contact between lithologies).  
 
On the cross sections (in Appendices A and B), the change interpreted to be the 
top of the White River formation is shown as a horizontal black diamond below 
each station at the interpreted elevation.  These interpreted tops are automatically 
selected on the basis of resistivity curve shape changes rather than on absolute 
resistivity values.  The curve shapes in the vicinity of several wells have been 
examined, and characteristics of the curve shape that fit the borehole position for 
the top of the White River have been used to estimate the contact at other 
locations along the survey lines.  
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3.1 ZETA Lines  
 
3.1.1 ZETA Line 1 
 
Line Z-1 extended from approximately MW-06 to the northwest, past 

MW-28.  The resistivity cross section and data are shown in Plate 3 in Appendix 
B.  The strong resistivity change associated with the top of the White River 
formation does not mimic the surface topography on this line; the overlying 
Ogallala is relatively thin in the vicinity of Drainage B (centered at station 500) 
and thickens to the southeast and northwest. This is consistent with borehole 
information from the USACE, which indicates the depth to the White River is 108 
feet on the southeast end of the line at MW-06 and 94 feet on the northwest end of 
the line at MW-28, but only 43 feet at MW-29 in the center of the line.  

 
Moderately low resistivities are seen in the White River formation centered at 
stations 375 and 625, straddling Drainage B.  Decreased resistivities at depth in 
the White River associated with Drainage B are consistent with data on Lines Z-2, 
Z-3, N-3, and N-4, which also intersect this drainage.  A very weak change 
toward slightly lower resistivities is also seen in the White River centered below 
station 1100.   
 

3.1.2 ZETA Line 2 
 
Line Z-2 was centered on MW-19, located in the southwestern part of the 

AMS survey area.  The resistivity cross section and data are shown in Plate 4 in 
Appendix B.  The resistivity change associated with the top of the White River 
formation is somewhat more variable on this line than on other lines, apparently 
deepening to 190 feet in the vicinity of station 450, but appearing quite variable 
and shallow in the central part of the line. In the vicinity of MW-19, the resistivity 
change occurs at approximately 60 feet, which is in reasonable agreement with 
the borehole information (67 feet in the USACE data).  

 
A strong low resistivity anomaly is evident in the White River formation centered 
at station 775.  Based on the shape of the anomaly in the raw pseudosection, this 
anomaly is not the result of a very shallow feature.  This anomaly is very similar 
to anomalous features that are seen where Lines Z-3, N-3, and N-4 cross this same 
surface drainage (Drainage B). 
 
Since one of the maps provided to Zonge showed the possibility of a buried water 
line in this general area, EM-61 data were acquired along the length of Line Z-2. 
One metallic anomaly (due to visible surface debris) was evident in the vicinity of 
station 325, but no other anomalous features were detected along the length of the 
line. The absence of an EM-61 anomaly in the vicinity of the strong resistivity 
anomaly at station 775, in addition to the absence of an IP anomaly at that 
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location, strongly suggests that the anomaly associated with Drainage B on this 
line is not the result of a shallow cultural object such as a pipeline.  
 

3.1.3 ZETA Line 3 
 
Line Z-3 was a north-south line, extending from south of MW-06 to north 

of MW-05.  The resistivity cross section and data are shown in Plate 5 in 
Appendix B.  Like Z-1 and Z-2, this line also crossed Drainage B, and a distinct 
low resistivity anomaly is again associated with the drainage (centered at 
approximately station 575) below the contact between the Ogallala and the White 
River formations.  

 
The resistivity change associated with the top of the White River is fairly well 
defined on this line, although in the vicinity of MW-05, the auto-pick of this 
resistivity change is erratic on a station-to-station basis. On the north end of the 
line, from approximately station 1425 to the end of the line, the resistivity change 
is shown as being very shallow; this suggests that there is a conductive layer 
within the Ogallala that is producing a resistivity change that is strong enough to 
be misinterpreted as the transition to the White River formation.  
 
Moderately low resistivities are evident in the White River from approximately 
station 1200 to station 1425. This is coincident with the intersection of the line 
and a fence, but examination of the raw data suggests that this change is not the 
result of a surface feature. A third weak low resistivity anomaly is seen in the 
White River beneath station 1550, and probably correlates with narrow low 
resistivity anomalies seen at this location on N-3 at station 38.  
 

3.1.4 ZETA Line 4 
 
Line Z-4 was oriented from S-SE to N-NW and was acquired primarily to 

obtain data across Drainages C and D.  This line crossed a fence, which does not 
appear to have had any effect on the data.  The significant change in resistivity 
associated with the top of the White River suggests that the Ogallala is probably 
not present north of approximately station 1650 on this line.  Note that at 
numerous stations along this line there are shallow equivalent changes in 
resistivity within the Ogallala that could be misinterpreted as the top of the White 
River.  

 
Low resistivity anomalies in the White River are associated with both Drainages 
C and D.  Drainage C, the southern of the two, exhibits the weaker change of the 
two, although it is broader.  A much stronger, narrow low resistivity anomaly is 
seen at station 1275 (at Drainage D).  A fairly strong low resistivity anomaly is 
also seen centered at station 1950, approximately 200 feet northwest of the main 
road into AMS #4 site.  This location does not correspond to a wash or local 
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topographic low, but may correlate with a low resistivity anomaly seen on Z-5, 
also located approximately 200 feet north of the same road.  
 

3.1.5 ZETA Line 5 
 
Line Z-5 parallels Line Z-4, and is approximately 1600 feet to the west. 

This line crosses the same fence as Z-4; a moderately weak low resistivity 
anomaly is seen centered on the fence, but based on the raw data pseudosection, 
the fence is probably not the source of this anomaly.  Neither Drainage C nor D 
continues far enough west to intersect this line, but a shallow local topographic 
low is centered at station 800, where the line crosses the same main road into the 
AMS #4 site as Line Z-4.  No resistivity anomalies are associated with this local 
topographic low, but a strong low resistivity anomaly at depth in the White River 
formation is seen approximately 200 feet north of the road centered at about 
station 1000, similar to what was seen on Line Z-4.  This suggests the possibility 
that the local shallow topographic low (which the road follows into the site) may 
be similar at depth to other drainages in the area.  

  
A moderately low resistivity anomaly is also seen centered at station 1425 at 
depth in the White River formation. North of station 1525, there is probably no 
Ogallala at the surface, based on the change to low resistivities.  North of station 
1625, the broad topographic low associated with Lone Tree Creek is dominated 
by low resistivities.  
 
 3.1.6 ZETA Line 6 
  
 Line Z-6 was a short line in the northeast part of the survey area crossing 
Lone Tree Creek, in order to examine resistivities beneath this major drainage 
feature; the results are shown in Plate 8 in Appendix B.  Raw resistivities are 
relatively low compared to the main survey area, as expected, and the cross 
section model results suggest a variable, broken up subsurface. Very low 
resistivities are seen beneath stations 325, 550, and 700.  The line crosses Lone 
Tree Creek at station 450.  North of station 775, the Ogallala probably reappears 
at the surface as the line continues uphill out of the Lone Tree Creek topographic 
low even though resistivities on the north side of the creek are not as high as on 
the south, and the automated picking does not quite detect the curve parameters 
used to identify the White River contact on the lines south of the creek.  
 
 
3.2 NanoTEM Lines  

 
3.2.1 NanoTEM Line 1 

  
 Line N-1 was the line furthest to the west, crossing past MW-32, MW-27, 
and MW-26.  (see Appendix B, Plate 9).  The line intersects the east-west fence 
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near station 50, and both stations 50 and 60 (the adjacent station) may be 
adversely affected.  Stations 10, 12, 13, 15, and 21 are also almost certainly 
affected by buried utilities, as these stations show very low resistivities and are 
coincident with linear features visible on the aerial photograph of the site (See 
Figure 13, Appendix A and Plate 1, Appendix B).  These linear features extend 
between the control building to the other three main buildings, and anomalies are 
seen in the NanoTEM data each time a line crosses these linears.  Station 31 also 
shows very low resistivities, coincident with a road running between two the site 
buildings; there may be a buried utility line of some sort along the road that is the 
source of this anomaly.  
 
In general, resistivities on this line are lower south of station 27 than north, but 
this is also the part of the line that is the most culturally dense. The top of the 
White River formation appears to be moderately well defined, and north of station 
27, resistivities in the White River begin to increase below an elevation of 
approximately 7150 feet.  
 
 3.2.2 NanoTEM Line 2 
  
 Line N-2 was approximately north-south, passing wells MW-08, MW-30, 
MW-07, and MW-28 (see Figure 14, Appendix A and Plate 10, Appendix B).  
Anomalous stations are again seen near roads and linear features (as discussed 
above) at stations 23, 26, and 28-29.  The low resistivities are probably the result 
of the cultural influences.  
 
The significant resistivity change associated with the top of the White River 
formation seems to mimic the topography at most locations along this line, and 
with the exception of MW-08, is in relatively good agreement with the data 
provide by the USACE.  At MW-08, the top of the White River formation is 
reported in the USACE’s Table 3-5 as 156 feet, but the NanoTEM data indicate 
the resistivity change occurs at a depth of approximately 64 feet.  The NanoTEM 
data do correlate well with the downhole resistivity data (see discussion under the 
3.3.4 MW-08).  At this location, stations 18 through 22 are more resistive than 
stations to the south in the depth range of 100 feet to about 200 feet, suggesting 
that locally there is a more resistive block of White River formation in this area.  
Low resistivities are seen in the White River formation at the two stations just 
south of MW-08; this location is near a road, thus the anomaly could be the result 
of some unidentified cultural feature.  Low resistivities are also seen in the White 
River at stations 50 and 51, just north of the main road into the AMS site, and 
weakly at stations 57 and 58, approximately 400 feet north of the road.  Either of 
these anomalous areas may correlate with the low resistivity anomaly seen on 
Line Z-5 approximately 200 feet north of the road.  
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 3.2.3 NanoTEM Line 3 
 
 Line N-3 runs south-to-north past MW-06 and MW-05 (see Figure 15, 
Appendix A and Appendix B, Plate 11).  The dominant feature on N-3 is the low 
resistivity anomaly in the White River formation associated with Drainage B, 
consistent with the strong anomaly at this location on Line Z-3.  A strong 
anomaly is also seen at station 31, near MW-05, but examination of the raw data 
at this location suggests that this anomaly is the result of metallic culture, and 
probably does not reflect a valid change in subsurface resistivity.  
 
Stations 23 through 27 also show low resistivities in the White River formation on 
this line.  However, the data on Z-3 in this area are not anomalously low.  The 
reasons for this contradiction are not clear; the map and aerial photo show no 
visible culture in this area, and the field crew noted no culture.  Examination of 
the raw NanoTEM data does not indicate cultural noise (like station 31 above, for 
example), although the data in this area are somewhat noisier and less repeatable 
than in other areas.  The validity and source of this anomalous area is uncertain, 
and additional data at this location would be necessary to properly interpret it.  
Narrow, single station low resistivity anomalies are noted at stations 38, 40, 46, 
and 52; the anomaly at station 38 correlates with the small anomaly at station 
1575 on Line Z-3.  
 

3.2.4 NanoTEM Line 4 
 
Line N-4 is on the eastern part of the AMS survey site, running from south 

to north past MW-19 and bending to the northeast past the Hall well (see Figure 
16, Appendix A and Appendix B, Plate 12). This line crosses all four drainages, in 
addition to Lone Tree Creek.  Similar to the other lines, there is a low resistivity 
anomaly in the White River formation where the line crosses Drainage B.  Also 
similar to Line Z-4, a weaker low resistivity anomaly is associated with Drainage 
C.  Drainage D, at station 212, does not show anomalous values in the White 
River, although Line Z-4 was anomalous where it crossed Drainage D at a 
different location.  Low resistivities appear southwest of Drainage D at stations 
217 and 220; the surface location of Drainage D on this line is on top of a large 
resistive block (discussed below), which may be the reason that it is not evident in 
the White River as a low resistivity anomaly.  There are numerous other one-to-
two station low resistivity anomalies in the White River along this line; while 
these may represent valid, low resistivity zones, there is no apparent connection to 
other features on other lines.   
 
Also of interest on this line is a segment of the line between station 196 and 
station 216.  At depths below 75 feet, this area is more uniform laterally and 
higher in resistivity than the rest of the line, giving the appearance of a large 
resistive block of White River formation extending from Drainage D to the 
vicinity of the Hall Well. A similar area, but weaker, is also seen on Line N-9 to 
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the west.  The significant resistivity change associated with the top of the White 
River suggests that the White River is probably at the surface or very shallow 
from approximately station 205 to station 190; north of Lone Tree Creek, the 
Ogallala appears to return at about station 189, and is present from there to the 
northeast end of the line.  
 
 3.2.5 NanoTEM Line 7 
 
 Line N-7 was a short line near MW-24 (see Appendix B, Plate 13).  The 
northern half of the line shows very low resistivities at depths below 100 feet.  
This area is several hundred feet north of the main road, and is consistent with 
anomalies seen north of the road on other lines.  The significant resistivity change 
that is associated with the top of the White River formation is very shallow or 
non-existent, indicating little or no Ogallala formation on this line. However, 
downhole information from the USACE for MW-24 indicates that the depth to the 
White River formation is 72 feet at this location.  
 
 3.2.6 NanoTEM Line 8 
 
 Line N-8 was a short line running from near MW-28 on the west to MW-
05 on the east (see Appendix B, Plate 14).  Stations 395, 402, 404, and 407 were 
are all very noisy or showed unrealistic curve shapes, and were not included in the 
modeling.  The other stations show a very uniform near-surface, with uniformly 
low resistivities in the White River formation.  The noisy stations, the fact that 
this 1000-foot stretch of data is different from most other lines, and the fact that 
the deep data is so conductive is of concern.  There may be some unidentified 
cultural feature running along or very near the length of the line, such as a pipe 
line or buried power line.   However, the common points with Line 2 and Line 3 
are low resistivity  features that agree with Line 8, suggesting that Line 8 runs 
parallel with a linear low resistivity subsurface feature. 
 
 3.2.7 NanoTEM Line 9 
 
 Line N-9 ran from the east end of Line 8 northeast past the Kennedy Well  
(see Appendix B, Plate 15).  The fence between stations 413 and 414 appears to 
have caused a strong low resistivity anomaly in this area, and data at both 413 and 
414 are particularly noisy.  Several other stations on this line were excluded from 
the models due to very strong noise or unrealistic curve shapes (stations 419, 426, 
427 432, 455, 469, 470, and 471).  The significant resistivity change associated 
with the top of the White River formation is relatively uniform in depth from the 
southwest end of the line to about station 428.  This location is very close to the 
same topographic elevation on other lines corresponding to where the White 
River formation is at or very near the surface.  However, from approximately 
station 428 to 445, the data are laterally uniform and more resistive than the rest 
of the line at depths from approximately 75 feet to 250 feet.  There are similarities 



 
USACE – AMS #4    FINAL GEOPHYSICAL REPORT Page 20 

 
 

  

between this area and the resistive block on Line N-4 discussed above (stations 
196 to 216).  Within this laterally uniform block on Line N-9, a vertical change is 
noted that could be considered an alternative interpretation for the top of the 
White River formation.  Downhole information from nearby well MW-24 
suggests a depth to the top of the White River as 72 feet; this is more consistent 
with the NanoTEM alternate pick of approximately 90 feet, compared to the 
primary pick which suggests that the White River formation is at the surface.  
 
Low resistivity anomalies in the White River on this line include stations 423 and 
447.  In addition, the topographically low area containing Lone Tree Creek is 
laterally variable, with strong low resistivity features at stations 453-454, 461-
462, and 465-466. This is similar to other lines which extend into the Lone Tree 
Creek area.  This line does not show a low resistivity anomaly in the White River 
formation several hundred feet north of the main road, as other lines have.  Station 
446 is anomalously low; this location is about 400 feet from the road.  
 
 3.2.8 Cow Camp (NanoTEM Lines 5 and 6) 
 
 Two north-south lines of NanoTEM data were acquired approximately 5 
miles east of the AMS #4 site at the location known as Cow Camp.  Plate 16  in 
Appendix B shows the station location on the USGS topographic map.  The Cow 
Camp is several hundred feet lower in elevation than the AMS# 4 site.  Lone Tree 
Creek, located in the northern part of the AMS #4 survey area extends to the Cow 
Camp survey area, and is approximately ¼ mile north of the northern ends of the 
Cow Camp lines.  Line N-5 was acquired using 50 by 50 foot transmitter loops. 
Stations 269 through 302 on Line N-6 also used 50 by 50 foot loops, but on 
stations 303 through 319, 100 by 100 foot loops were used to increase the depth 
of investigation.  
 
Both lines show generally higher resistivities than the data at the AMS #4 site. IN 
Appendix B, Plates 17 and 18 show the smooth-model inversion results for these 
two lines.  Resistivities at the surface are generally 40 to 60 ohm-meters, and 
continue to increase with depth at most stations, unlike the AMS #4 site where a 
sharp decrease in resistivy is evident across most of the survey area.  Line N-5 
shows low resistivities in the deepest data below stations 328 to 333 which is in 
the vicinity of a drainage and steep topography.  However, the low resistivities 
evident at depth appear to be deeper than anomalies associated with drainages at 
the AMS #4 survey area.  
 
Numerous stations of the 50-foot data on Line 6 show strong low resistivities at 
depth, but these appear to be noise-related.  Like Line N-5, the 100-foot data on 
Line N-6 also show resistivities generally increasing with depth to approximately 
150 to 200 feet, below which resistivities decrease gradually.  No strong low 
resistivity anomalies are evident in this data.   
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3.3 Borehole Geophysical Logging 
  
In general, and after taking into account borehole effects, the EM induction 
resistivity response is inversely proportional to the gamma response.  That is, as 
resistivity increases, gamma decreases.  This is the traditional gamma/resistivity 
response for sand/gravel/clay environments with clay having a high gamma 
response (due to increased potassium content found in common clay minerals) 
and low resistivity (due to the dielectric properties of clays).  In contrast, clean 
sands are generally void of potassium minerals and therefore have a low gamma 
response, but are highly resistive.  In Appendix A, (Figures 2-11) the gamma and 
resistivity logs are shown along with a graphical lithologic log summarized from 
the USACE boring logs, and NanoTEM resistivity profiles from stations located 
closest to the well.  The source of the red contact lines is Table 3-5 from the 
USACE RI. 
 

3.3.1 Well MW-05 
 
 Monitoring well MW-05 is 265 feet in depth and cased with two inch 
diameter PVC.  The gamma response does not vary much over the entire depth of 
the well.  Over most of the depth, the gamma activity only varies between 15 to 
22 API Units (API).  However, from 210 to 265 feet in depth the API increases 
somewhat hitting a peak count of just over 30.  The lack of response is due 
primarily to the lack of gamma emitters in the sediments, generally taken as 
meaning a lack of clay minerals.  Within the White River Formation, the 
sediments are frequently described as sand to silty clays, siltstones, and 
claystones.  However, the low gamma response in MW-05 (as well as other 
monitoring wells on site) suggests that the White River contains little in the way 
of clay minerals.  Use of the Universal Soil Classification (USC) system tends to 
lead to a description of very fine grained sediments as clays based on particle size 
or texture, when in fact the fine-grained sediments may not include clay minerals.  
The White River is generally described as being comprised of sediments derived 
from volcanic ash which explains why much of the formation sediment is fine- 
grained.  The White River sediments have not been evaluated to determine if they 
are sufficiently weathered to have formed true clay minerals.   
 
The resistivity of the sediments penetrated by MW-05 suggests that there are two 
basic types of sediments.  These include the higher resistivity sands, gravels, and 
cobbles of the Ogallala formation with resistivities that generally vary between 15 
and 21 Ohm/M, and the underlying White River, where the resistivities vary 
between 4 to 6 Ohm/M.  Between 15 to 20 feet in depth, there are unexplained 
anomalous resistivity responses that occur where the values drop before spiking; 
three cycles of this behavior occur with minimum values near zero and maximum 
values of about 30 Ohm/M.  Near a depth of about 87 feet the resistivity makes a 
rapid drop to about 4 Ohm/M, suggesting the top of the White River.  However, 
the boring logs describe the top of the White River as occurring closer to 63 feet 
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in depth.  The resistivity log suggests that while the sediments between 63 to 87 
feet may be texturally similar to the White River, the geo-electrical response is 
distinctly different than the adjacent White River sediments.  At a depth of about 
130 feet, the resistivity of the White River makes a distinct jump of about 2 
Ohm/M.  The resistivity of the sediments then slowly declines back to about 4 
Ohm/M by a depth of about 210 feet.  The resistivity jumps once again within the 
screened interval of the well.   
 
In Appendix A, Figure 2, the gamma and resistivity logs are shown along with a 
graphical lithologic log summarized from the USACE boring logs, and NanoTEM 
resistivity profiles from stations located closest to the well.  
 
 3.3.2 Well MW-06 
 
 Monitoring well MW-06 is 130 feet in depth and cased with two inch 
diameter PVC.  The gamma response varies between 15 to 25 API from the 
surface to a depth of 42 feet.  Below 42 feet, the gamma response increases and 
varies between 22 to 28 API; this pattern continues down to a depth of about 68 
feet.  Between 68 to 100 feet in depth, the API drops about 5 before briefly 
varying up to 29 API just before the sediments change to a sandy clay.  However, 
overall there is little variability in the gamma.   
 
The resistivity varies from 17 to about 22 Ohm/M from near surface to a depth of 
about 70 feet, where the resistivity suggests the contact with the White River.  
The resistivity then drops to vary between 6 to 7 Ohm/M for the remainder of the 
profile except for a brief interval between 115 to 122 feet where the resistivity 
increases by about 5 Ohm/M.   
 
Figure 3 in Appendix A shows the gamma and resistivity logs along with a 
graphical lithologic log summarized from the USACE boring logs, and NanoTEM 
resistivity profiles from stations located closest to the well. 
 
 3.3.3 Well MW-07 
 
 The boring for MW-07 was drilled to a depth of 225 feet, but the 
monitoring well was completed to a depth of 110 feet.  The gamma log is fairly 
uniform over its entire length varying from 15 to 25 API.  From about 90 to 105 
feet, the API was between 20 to 25 API.  The resistivity response is more 
interesting, but bears the same basic pattern as the other resistivity logs, with 
resistivities near 18 Ohm/M in the Ogallala and generally between 6 to 8 Ohm/M 
in the White River.  The resistivity log suggests the contact between the two 
formations at a depth of about 66 feet.  The resistivity log also spikes to about 30 
Ohm/M near 30 and 52 feet in depth.  Within the White River, the resistivity 
climbs to 10 to 13 Ohm/M between 75 to 85 feet in depth.  The brief spikes at 30 
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and 52 feet are significant increases but are not extraordinary for an otherwise 
resistive sand and gravel sediment. 
 
Figure 4 in Appendix A shows the gamma and resistivity logs along with a 
graphical lithologic log summarized from the USACE boring logs, and NanoTEM 
resistivity profiles from stations located closest to the well. 
 
 3.3.4 Well MW-08 
  
 Monitoring well MW-8 is 230 feet in depth and cased with two inch PVC.  
While the boring log indicates that the Ogallala is 156 feet thick and is underlain 
by the White River, the geophysical log suggests a different interpretation.  The 
gamma log API generally varies from 12 to 25, with various subtle shifts along 
the way.  The resistivity log suggests that the higher resistivity Ogallala, with 
resistivities that vary from 15 to 18, stops at a depth of about 55 feet.  Then 
between 55 feet and 156 feet in depth, the resistivity drops to between 5 and 10 
Ohm/M.  These values are somewhat higher than the typical White River 
resistivities that are normally between 4 to 6 Ohm/M.   
 
The explanation can be found in the boring log that describes the sediments in the 
interval generally as sandstone.  The sediments may be an alluvial deposit or fill, 
lain down before the Ogallala.  As such, the sediments would be derived from the 
White River and bear similar geo-electric properties.  Within the White River 
below 150 feet in depth, the resistivities drop to about 4 Ohm/M before beginning 
to climb in a variable fashion from 195 feet in depth to 225 feet, reaching a peak 
resistivity of about 12 Ohm/M. 
 
Figure 5 in Appendix A shows the gamma and resistivity logs along with a 
graphical lithologic log summarized from the USACE boring logs, and NanoTEM 
resistivity profiles from stations located closest to the well. 
 
 3.3.5 Well MW-19 
 
 MW-19 is a 125 foot deep monitoring well cased with two inch PVC 
located in the bottom of a drainage.  The boring log for the well indicates the 
Ogallala contact with the White River at a depth of 36 feet, based on the 
termination of the sands, gravels, and cobbles.  Within the White River, which is 
described as claystone, the gamma log is variable between 15 and 23 API with a 
brief spike to about 32 API at a depth of 83 feet.  Between 85 and 120 feet in 
depth the API averaged between 4 to 6 Ohm/M.  From the near surface to 70 feet 
in depth, the resistivity profile varies between 18 to 12 Ohm/M, but remained 
close to 18 Ohm/M.  Below 70 feet, the resistivity begins a general decline to a 
depth of 105 feet, but the resistivity varies widely through the decline.  Below 105 
feet, the resistivity becomes uniform at about 4 Ohm/M.   
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Figure 6 in Appendix A shows the gamma and resistivity logs along with a 
graphical lithologic log summarized from the USACE boring logs, and NanoTEM 
resistivity profiles from stations located closest to the well. 
 
 3.3.6 Well MW-26 
 
 MW-26 is a monitoring well which is 225 feet in depth and cased with two 
inch PVC.  The gamma response is similar to other wells on site in that the profile 
shows little variability over the entire depth; generally the API varied around a 
value of 20.  There are interesting exceptions including the higher than average 
response between 20 to 30 API in the upper 22 feet of the profile, and a similar 
response between 155 to 165 feet in depth.  The resistivity profile from the near 
surface to a depth of about 80 feet varies from 15 to 18 Ohm/M.  Below 80 feet 
the resistivity becomes fairly uniform varying from 5 to about 8 Ohm/M. 
 
Figure 7 in Appendix A shows the gamma and resistivity logs along with a 
graphical lithologic log summarized from the USACE boring logs, and NanoTEM 
resistivity profiles from stations located closest to the well. 
 
 3.3.7 Well MW-27 
 
 Monitoring well MW-27 is 131 feet deep and cased with two inch PVC.  
The gamma response over the length of the profile generally varies between 12 to 
17 API.  With depth, the API count trends toward the higher end of the range.  
From the near surface to a depth of about 51 feet, the resistivity varies between 15 
to 19 Ohm/M with notable anomalies near 15 and 27 feet in depth.  The cause of 
the anomalous response is not known; the instrument was known to be properly 
operating and properly calibrated before the log was obtained.  At depths greater 
than 51 feet, the resistivity initially drops to 6 Ohm/M, and then begins a slow 
steady rise to a depth of 100 feet.  Below 100 feet, resistivity varies somewhat 
between 15 to 18 Ohm/M.  The sudden drop in resistivity at 51 feet, signals the 
contact between the Ogallala and White River formations, but the boring log 
indicates a contact at a depth of 63 feet.  The sediments between 51 and 63 feet in 
depth are described as silty gravels suggesting that the sediments are a mixture of 
Ogallala and White River sediments, and bear the geo-electric signature of the 
White River formation.   
 
Figure 8 in Appendix A shows the gamma and resistivity logs along with a 
graphical lithologic log summarized from the USACE boring logs, and NanoTEM 
resistivity profiles from stations located closest to the monitoring well. 
 
 3.3.8 Well MW-28 
 
 Monitoring well MW-28 is 130 feet deep and cased with two inch PVC.  
The gamma response is not quite as uniform as that exhibited by most of the 
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logged wells on site.  From the surface to a depth of 25 feet, the gamma response 
is fairly uniform varying from 18 to 22 API.  Then between 25 feet to 95 feet in 
depth the gamma response varies from 20 to 30 API through a very gravelly 
section of the Ogallala sediments.  Below 95 feet, the gamma response drops to 
15 to 20 API in the White River.  The resistivity profile is fairly uniform from the 
near surface to 85 feet varying between 15 to 18 Ohm/M.  The resistivity drops to 
between 4 to 5 Ohm/M from 90 to 110 feet in depth before beginning to climb 
back up to 18 Ohm/M at a depth of 124 feet.  The resistivity remains between 17 
to 18 Ohm/M for the remainder of the log, which is an unusual pattern for the 
White River on site.  Both the geophysical logs and the boring logs indicate an 
Ogallala contact with the White River near 90 feet in depth.   
 
Figure 9 in Appendix A shows the gamma and resistivity logs along with a 
graphical lithologic log summarized from the USACE boring logs, and NanoTEM 
resistivity profiles from stations located closest to the monitoring well. 
 
 3.3.9 Well MW-31 
 
 Monitoring well MW-31 is 211 feet deep and cased with two inch PVC.  
MW-31 is located about five miles from the AMS #4 site near the Cow Camp 
Well.  In general terms, the Ogallala is described as becoming thicker from west 
to east from the site.  Consequently, the Ogallala sediments would be thicker near 
the Cow Camp Well.  MW-31 is located in an incised valley floor and is roughly 
75 to 100 feet lower than the uplands around the Cow Camp Well.  The gamma 
response is fairly uniform varying from 15 to 25 API between the near surface 
and a depth of 150 feet.  Over the 150 foot depth interval the API slowly trends 
lower.  Below 150 feet in depth, the gamma API drops to a lower range varying 
narrowly around 20 API.  The resistivity log shows quite a bit of variability over 
the 211 foot depth of the well.  The boring log indicates that the contact between 
the Ogallala and the White River is near a depth of 140 feet.  Over that 140 foot 
interval, the resistivity varies from 12 to as high as 50 Ohm/M, but the dominant 
values seem centered around 18 Ohm/M.  Within the White River the resistivity 
values also varied quite a bit, ranging from 5 to 16 Ohm/M.  The values suggest 
far more variability within the White River than is evident 5 miles west at the 
AMS #4 site.  The resistivity log in the White River compares well with the 
boring log; where the boring log indicates soft sediments (likely indicating moist 
to wet) the resistivity drops to less than 6 Ohm/M, and where the log suggests 
hard conditions the resistivity jumps to over 20 Ohm/M.  The USACE boring log 
describes the sediments below 200 feet as gravelly sandstone consisting of coarse 
sand, gravel, and cobbles with almost no clay, and notes that the sediments must 
be a channel or river deposit.  Other notes in the log indicate the produced water 
coming from the hole is clean.  The resistivity of the apparent White River covers 
the same approximate range as the overlying Ogallala have.  
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Figure 10 in Appendix A shows the gamma and resistivity logs along with a 
graphical lithologic log summarized from the USACE boring logs, and NanoTEM 
resistivity profiles from stations located closest to the monitoring well. 
 
 3.3.10  Well MW-32 
 
 Monitoring well MW-32 is 114 feet deep and cased with two inch PVC.  
The gamma response is fairly uniform for the entire depth of the log, generally 
varying from 18 to 28 API.  The gamma response trends to the higher end of the 
range within most of the White River.  Based on the boring and resistivity logs, 
the White River contact is at a depth between 55 to 60 feet.  However, the gamma 
log does indicate a 5 API drop from 95 to 110 feet in depth.  The resistivity 
profile is very uniform varying only slightly from a value of 18 Ohm/M from the 
near surface to near the bottom of the Ogallala at a depth of 56 feet.  There 
appears to be greater variability in the resistivity of the White River, with the 
values varying between 7 and 13 Ohm/M.   
 
Figure 11 in Appendix A shows the gamma and resistivity logs along with a 
graphical lithologic log summarized from the USACE boring logs, and NanoTEM 
resistivity profiles from stations located closest to the monitoring well. 
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4.0 Correlating Borehole Geophysical Logging, NanoTEM Resistivity, and 
Boring Logs 

 
The borehole EM Induction resistivity, NanoTEM resistivity, and USACE boring 
log information were evaluated in an integrated fashion to assist in developing a 
better conceptual understanding of the site hydrogeology and to gain an 
understanding of the utility of using geophysics at the site as a guide to 
conducting additional investigative activities.  NanoTEM data were used 
primarily for this evaluation and not the ZETA data, because the NanoTEM data 
files are stand alone 1-D files for each station were tests were run, and therefore 
relate most closely to the borehole geophysical profiles.  The three primary data 
sources have also been analyzed together to gain an understanding of the 
relationships between these different data sources.  Understanding the manner in 
which the different data relate to each other is designed to allow application of the 
geophysical survey data to interpret conditions between boreholes or monitoring 
wells, and to assist in understanding site hydrogeologic behavior.  Other 
information such as maps facilitated the analysis as well.  Some other types of 
information reported to be compiled in the draft RI report were not available to 
RAS for use in assisting in the interpretive process.  Figures 2-12 in Appendix A 
present analysis by individual well with downhole geophysics, lithology and the 
associated NanoTEM line(s).  Figures 13-17 in Appendix A illustrate the cross 
sectional analysis by NanoTEM line with adjoining wells. 
 
While the resistivities from borehole geophysical logs and NanoTEM resistivities 
are not directly comparable since they represent different measurement methods, 
comparing the relative response of each is useful.  The downhole resistivity logs 
indicate a distinctive and usually sudden drop in resistivity at the contact where 
the Ogallala rests on the White River.  The NanoTEM profiles have a different 
characteristic response.  The characteristic NanoTEM profile for the site is one 
depicting a moderately resistive sand and gravel overlying a low resistivity silt 
deposit.  The apparent resistivity transition from the sand and gravel to the silts 
spans a few to several tens of feet.  The actual formation contact as determined 
from the downhole resistivity profile and USACE boring logs tends to correspond 
with the point where the NanoTEM profile “breaks”, or begins to become more 
vertical as the low resistivity sediments sampled by the NanoTEM sounding are 
approached.  Although the 2D profiles included in Appendix B include points 
picked for the formation contact based on the rate of change in the resistivity 
profiles, the elevations of the picks are affected by the reasonableness of the 
surface elevation used.  In some cases, the picks suggest that mounds or pinnacles 
may exist on the White River surface that in reality should represent a more 
uniform surface.  An alternative explanation is that the apparent pinnacle or 
mound is a reflection of anomalous resistivities that are due to increased water 
content and salinity in contrast with surrounding sediments.  
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The surface elevations used for preparing the geophysical line cross sections were 
derived by Zonge from a simple field GPS unit.  However, the elevations 
appeared to differ somewhat from the USACE monitoring well survey data.  
Where possible, approximate adjustments to the geophysical station elevations 
used in the analysis in this section were made using the monitoring well elevation 
data as a reference elevation.   
 
4.1 NanoTEM Line 1  
 
NanoTEM Line 1 was the western most survey and was generally aligned in a 
north/south direction.  The survey was run adjacent to three monitoring wells in 
which RAS acquired downhole geophysical logs.  From south to north along the 
survey line, these wells included MW-32, MW-27, and MW-26.  The information 
from each well will be discussed in the south to north order. 
 
 4.1.1 Well MW-32 
 
 MW-32 is roughly 100 feet west of Line 1 with Stations 10, 11, and 12 
being the closest NanoTEM soundings to the well.  The NanoTEM soundings 
generally agree with the findings of the USACE boring log and downhole 
resistivity log.  The USACE log describes a dry sand, gravel, and cobble sediment 
that makes up the Ogallala and that appears little changed from near the surface to 
53 feet in depth.  At a depth of 53 feet, the sediments transition to fine sands and 
gravels.  The White River contact appears to be at a depth of 58 feet.  The White 
River is described in the USACE log as a non-cemented siltstone to mudstone; 
some sands are present in the sediments.  The sediments of the Ogallala, as well 
as the White River, are described as dry.  Water is suddenly encountered at a 
depth of 105 feet and the boring was drilled to a maximum depth of 116 feet.  The 
downhole resistivity log suggests the Ogallala contact with the White River with 
an abrupt drop in resistivity.  The Line 1 NanoTEM profiles suggest a similar 
contact, but with Station 10 suggesting a contact roughly 10 to 15 feet higher than 
Stations 11 and 12.  Water is first encountered at a depth of 105 feet which 
coincides with Station 10 and 11 resistivities dropping to very low levels (below 
10 Ohm/m); the lower resistivities are believed to be coincidental with the moist 
to water producing sediments.   
 
 4.1.2 Well MW-27  
 
 MW-27 penetrates a region where, based on the NanoTEM profile, the 
surface elevation of the White River between MW-32 to north of MW-27 appears 
to change significantly.  However, there is also a rapid change in the ground 
surface elevation across the same reach.  The USACE boring logs for MW-27 are 
not entirely clear as to where the contact between the overlying Ogallala and the 
White River is located.  However, the downhole resistivity log suggests that the 
contact occurs at a depth of about 50 feet which coincides with a change from 
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sands and gravels to the silty and clayey gravels described on the USACE logs.  
The silty clays would tend to have lower resitivities than the overlying sands and 
gravels.  The silty clayey gravel abruptly changes to a siltstone at 63 feet based on 
the USACE log.   
 
Three NanoTEM soundings used for comparison around MW-27 include Stations 
23, 24, and 25.  The profiles for Stations 23 and 24 suggest a contact closer to 60 
feet, but the Station 25 profile suggests the change near 50 feet in depth.  Overall, 
the NanoTEM profiles appear to target the more competent and less weathered 
siltstone as the apparent contact.  By a depth of 76 feet, the sediments are 
described as having low to moderate moisture.  By 120 feet in depth, the 
sediments are described as moist to wet, with possible water reported at 124 feet.  
At 130 feet, water freely discharged with the air stream during drilling and the 
sediments were described as siltstones that are probably cemented; collectively, a 
fractured medium is suggested.  The maximum borehole depth was 135 feet.  The 
NanoTEM profiles appear to track the increases in moisture or water content well.  
In sedimentary bodies, resistivity tends to vary inversely with moisture content.  
The resistivity pattern at Station 23 and 24 on Line 1 is consistent with the noted 
moisture content in the USACE log, while Station 25 is fairly constant through 
the interval.   
 
 4.1.3  Well MW-26 
 
 MW-26 is about 225 feet in depth with a nominal ten foot screened 
interval from 215 to 225 feet in depth.  In general terms, the downhole resistivity 
in the Ogallala is three to four times higher than in the underlying White River.  
The NanoTEM resistivities are generally four to five times higher at their 
maximum in the Ogallala than in the underlying White River.  Once in the White 
River, there is little variation of the downhole resistivities.  The USACE boring 
logs indicate the contact between the Ogallala and the White River as being near 
95 feet in depth.  Based on the downhole logs, a somewhat higher contact 
elevation near 80 feet in depth would be selected.  
 
After resistivities decline in the upper part of the White River, they increase at 
depth quite a bit and reach a local maximum at the approximate depth where 
water was encountered (near 225 feet).  Based on the USACE logs, the sediments 
were described as moist by a depth of 200 feet with water at encountered at 218 
feet.  The maximum depth of the boring was 225 feet.  According to the USACE 
logs, the White River became harder and appeared more cemented between 180 to 
200 feet.  The higher NanoTEM resistivities are consistent with the increased 
consolidation of the formation.  However, the suggestion of minor amounts of 
water (present as moisture in sediments) in a sediment that likely has an 
appreciable mineral salt content would lead to an expectation of lower 
resistivities.  The characteristics of the slug test conducted on MW-26 provide 
additional insight.   
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At the onset of the slug test, the water column response appears oscillatory.  The 
oscillations were due either to inertial effects of the long water column above the 
screened interval, or the presence of one or more highly transmissive fractures in 
the screened interval.  Since the NanoTEM resistivities are elevated (but at 60 
Ohm/M not excessive) compared to other reaches of the White River, a limited 
number of hydraulically productive fractures in the consolidated sediments seem 
to account for the combination of water production and increased resistivities.  
Comparatively, this apparent relationship is the reverse of what occurs elsewhere 
on site, where hydraulically productive intervals seem associated with very low 
resistivities.   
  
4.2 NanoTEM Line 2 
 
Line 2 is located roughly 900 feet east and down slope of Line 1.  Like Line 1 it 
also runs in a generally north to south direction.  From south to north, Line 2 runs 
near monitoring wells MW-08, MW-30, MW-07, and MW-28.  RAS 
geophysically logged all but MW-30.  The information from each well will be 
discussed in the south to north order.   
 
 4.2.1 Well MW-08 
 
 A quick review of the USACE boring logs suggests disagreement with the 
downhole logging resistivity profile and the Line 2 Station 17, 18, and 19 
NanoTEM profiles.  However, a closer examination of the USACE logs suggests 
there is a significant difference in the sediments encountered by the boring as 
compared to most of the other borings on site.  The MW-08 log suggests that 
sand, gravel, and cobbles are the dominant sediments to a depth of 40 feet.  Then 
between 45 to 55 feet in depth, the sediments are described as sands and 
sandstone to a depth of 60 feet, and sandstone to 80 feet where the clay content 
increases to about 50 percent.  The electrical response of the sand and sandstone 
is distinctly different than the overlying sand, gravel, and cobbles.  Consequently, 
the RAS resistivity information and the NanoTEM profiles suggest that the 
Ogallala contact with the White River occurs near a depth between 50 to 60 feet.   
 
Based on the USACE logs, a lithology change from sandstone to sandy clay or 
claystone occurs, but it is unclear if the change was at 105 or 156 feet in depth.  
The USACE cutting recovery was very poor through the interval, making a 
specific determination difficult.  The downhole resistivity logs suggest a change 
near a depth of 135 to 140 feet.  The NanoTEM profiles for Stations 17 and 18 
give very different responses, but also suggest a change near the 135 to 140 foot 
depth.  Collectively, the information suggests that MW-08 penetrates a feature 
that may represent a cemented alluvial fill created after the White River was 
deposited but before the Ogallala was lain down, and the sands are not part of the 
Ogallala.   
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A review of the Line 2 profile also shows that there is a very low resistivity 
feature located between Station 16 and 17 at a depth between 140 to 240 feet in 
depth.  Very low resistivity features such as indicated between Station 16 and 17 
(adjacent to MW-08) likely have low resistivities because water bearing fractures 
result in a halo of moist to saturated sediment around the transmissive fractures.  
Where the sediments water content is sufficiently high, the bulk resistivity as 
measured by the NanoTEM sounding can be very low. 
 
 4.2.2 Well MW-30 
 
 MW-30 was not one of the wells logged by RAS, and it is offset about 120 
feet east of Line 2 near Stations 31 and 32.  It is discussed here because of its 
location near Line 2.  The Ogallala sediments at MW-30 consist of sands, gravels, 
and cobbles, with sands dominating between 35 to 63 feet in depth followed by a 
two to three foot thick sandy clay interval.  The sands and gravels continue from 
66 to 76 feet in depth where the USACE logs indicate the top of the White River.  
Water was encountered at 105 feet in depth and the boring continued to 116 feet.  
The NanoTEM cross section appears consistent with the boring log suggesting a 
contact near a depth of 75 feet in depth. 
 
 4.2.3 Well MW-7 
 
 The USACE boring logs indicate that the Ogallala sediments consisted of 
sand, gravel, and cobbles to between 55 to 60 feet in depth.  Below the sands and 
gravels the sediments are described as sandy clay or claystone, but they are 
generally soft sediments that are moist, becoming hard at 75 feet in depth.  Based 
on the sudden drop in resistivity, the RAS resistivity logs suggest a change from 
the sand and gravels of the Ogallala to more conductive sandy clays of the White 
River at about 58 feet in depth.  The RAS resistivity profile shows a second 
somewhat resistive peak near the 75 to 80 foot depth that is consistent with the 
hard zone indicated in the USACE log.  However, the Line 2 NanoTEM Stations 
33, 34, and 35 profiles seem to miss the Ogallala contact as indicated by the 
USACE and RAS logs, but suggest the top of the unweathered hard zone in the 
White River.  These differences suggest that the sandy clay sediments that begin 
at 58 feet are sufficiently weathered and leached of conductive salts so that the 
NanoTEM profiles do not distinguish the weathered sediments from the Ogallala.  
A second possibility is that the sediments are reworked mixtures of Ogallala and 
White River sediments.   
 
The MW-07 boring continued in the White River to a depth of 228 feet.  Along 
the way, the boring appears to encounter water producing zones first at a depth of 
102 feet, then possibly at 205 feet.  The lower portion of the boring was 
abandoned and a well was constructed to take advantage of the upper water 
bearing zone at 105 feet in depth. 
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4.2.4 Well MW-28 
 
 The USACE logs for MW-28 indicate about 85 feet of sand, gravel, and 
cobbles before a five foot thick interval of claystone is encountered.  The 
claystone is followed by five feet of well-cemented sand and gravel before 
siltsone with sands and gravels is encountered.  The siltstone continues to the 
termination of the boring at 136 feet.  The borehole resistivity log suggests a 
sudden drop in resistivity near the bottom of the five foot thick claystone.  The 
lower resistivity continues through the underlying sand and gravel and into the 
siltstone.  The resistivity remains lower until a depth of 115 feet.  At that depth, 
the value begins a rapid increase to a depth of 124 feet where it is similar to 
resistivities encountered in the Ogallala for the remainder of the boring.  The 
USACE log described intermittent gravel zones within the siltstone from about 
109 feet through 120 feet in depth.  The first water bearing zone was encountered 
at 124 feet, near the point where the downhole resistivity returned to 18 ohm/M.   
Based on the description of significant quantities of water being flushed from the 
boring, the USACE log suggested that a significant water bearing zone was 
encountered.  The increase in resistivity also coincides with the screened interval 
in the monitoring well, which may influence the readings.  The combination of 
gravels within the consolidated siltstone also likely results in increased resistivity.    
 
The NanoTEM soundings located near MW-28 for Line 2 Stations 43, 44, 45, and 
46 are all very similar in the upper 135 feet sampled by the tests.  In the lower 120 
feet of the NanoTEM soundings, an increasing resistivity trend from south to 
north (in the direction of increasing station number) is indicated.  At depth, 
Stations 43 and 44 are similar and flank to the south and east side of MW-28. 
Line 8 Stations 392 and 393 which intersect Line 2 at MW-28 also appears similar 
to the Line 2 Stations 43 and 44, but are aligned in a west to east direction.  In 
contrast, Line 2 Stations 45 and 46 appear to be consistent with the ACOE boring 
logs and RAS downhole geophysical logs.  The actual difference in resistivities is 
not large, however, the contrasts suggest that MW-28 penetrated an incised 
channel fill structure (White River age) that is hydraulically productive and the 
groundwater diffusing into the channel sidewalls (comprised of White River 
sediments) result in the low resistivity contrast.     
 
The slug tests conducted on MW-28 provide additional insight.  The 
characteristics of the slug test indicate an oscillating water column in the well at 
the onset of the test.  The oscillations suggest momentum affects due to length of 
the standing water column above the test interval and/or the presence of a limited 
number of highly transmissive fractures.  The low hydraulic conductivity 
determined by the slug test argues in favor of a few transmissive fractures.   
 
Overall, the four Line 2 NanoTEM soundings near MW-28 all suggest an 
Ogallala contact with the White River at a depth of about 100 feet which 
correlates well with the USACE and downhole resistivity log.  The downhole 
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resistivity log suggests a contact depth of roughly 90 feet.  The 10 foot difference 
is due to the alternating layers of claystone over the sand and gravel that are 
present between 90 and 100 feet.  The NanoTEM soundings suggest that the 
underlying siltstone below 100 feet is the beginning of the White River.   
 
4.3 NanoTEM Line 3 
 
Line 3 is located roughly 800 feet east (at it’s closest point) and down slope of 
Line 2.  Like Line 1 and 2 it also runs in a generally north to south direction.  
From south to north, Line 3 runs near monitoring wells MW-06 and MW-05.  The 
information from each well will be discussed in the south to north order. 
 
 4.3.1 Well MW-06 
 
 The USACE boring logs indicate that sand, gravel, and cobbles dominate 
the sediment profile to a depth of 84 feet where the clay content increased to 
about 10 percent.  By a depth of 97 feet, the logs noted the clay content was about 
20 to 30 percent.  Between 106 to 116 feet in depth, the sediments were described 
as moist sandy clays.  The downhole resistivity logs indicated resistive sediments 
to a depth of about 80 feet.  There is then a sudden drop in formation resistivity, 
suggesting the contact between the Ogallala and White River formations, while 
the USACE boring logs indicate the contact at 106 feet in depth.  The Line 3 
Station 13, 14, and 15 NanoTEM soundings suggest that the contact occurs near 
100 feet in depth.  The USACE logs indicate that water was encountered 
somewhere between 120 to 130 feet in depth, with the bottom of the boring at 136 
feet.  Below 120 to 130 feet, the NanoTEM soundings indicate increasing 
resistivities with depth.  The increasing resistivities suggest that the sediments 
below the water-bearing interval are likely dry.  Unlike some of the borings on 
site, the water bearing intervals in MW-06 do not appear to be distinctive, and/or 
they are poorly productive.  During drilling of MW-06, water encountered in the 
boring seemed to be the result of seepage from very small aperture fractures in the 
siltstones; the source of the water is likely from more productive systems of 
fractures adjacent to the borehole such as implied by the low resistivity region 
detected by adjacent Stations 16, 17, and 18. 
 
 4.3.2 Well MW-05 
 
 MW-05 is interesting because it penetrates an anomalously low resistivity 
feature.  The USACE log indicates that the sediments in the upper 50 feet of the 
boring consisted of sand, gravel, and cobbles.  The sand content was higher in the 
lower part of the interval.  By a depth of 53 feet, the sediments included small 
amounts of clay and were noted as moist.  Drilling was problematic below 55 feet 
because the cuttings kept accumulating in the boring, resulting in repeated 
attempts to ream the boring.   
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By 84 feet, sandy clays were documented.  When low-yielding formations are 
penetrated during drilling, the water that seeps into the boring tends to facilitate 
accumulation of silty and clayey cuttings along the borehole sidewalls.  In MW-
05, the onset of moist sediments at 53 feet was followed by difficult drilling, due 
to the borehole being plugged with cuttings.  This condition continued to about 
165 feet, suggesting a moist to low-yielding formation.  The boring encountered 
claystone by a depth of 260 feet (as opposed to sandy clays) and began producing 
small amounts of water.  The maximum depth of the boring was 265 feet.  The 
borehole resistivity log suggested a formation contact, based on the sudden drop 
in resistivity at approximately 80 feet. Then, a distinct but small increase in 
resistivity occurred at a depth of 126 feet.  The 46 foot interval of lower resistivity 
from 80 to 126 feet may be due to water content.  The NanoTEM profiles from 
Line 3 - Stations 30, 31, and 32, along with Line 8 - Stations 405, 406, and 408 
that surround MW-05 all have similar characteristics except Station 31 (which 
was suspected to be affected by metallic culture).   
 
The profiles all suggest a change in formation resistivities (contact) near 80 feet in 
depth.  The Station 31 profile is distinctive because it suggests a resistivity change 
in the formation at a depth of about 60 to 65 feet, with very low resistivities below 
65 feet. The information suggests that MW-05 penetrated, or closely paralleled, a 
conductive (partially due to water content) vertical feature that possibly was 
bearing sufficient water to supply minor amounts to the monitoring well at depths 
well above the screened interval of the well.   
 
4.4 NanoTEM Line 4 
 
Line 4 is located over 1600 feet east and downslope of Line 3, and follows a dog 
leg pattern on its way past the Hall Well and MW-10.  The line generally runs in a 
north to south direction for 2000 feet before trending northeast.  From south to 
north Line 4 runs near monitoring wells MW-19 and MW-23.  The information 
from each well will be discussed in the south to north order. 
 
 4.4.1 Well MW-19 
 
 MW-19 is located in the bottom of a drainage, with a channel that 
meanders through alluvial deposits.  Predictably, the Ogallala appears to be 
thinner in the drainage than in upland areas.  The USACE logs indicate that the 
sands, gravels, and cobbles of the Ogallala are about 35 feet thick followed by a 
hard White River siltstone or claystone.  The White River alternates from hard to 
soft and seemed to have water-bearing intervals in the upper ten feet.  The 
sediments then grade to a sandstone to a depth of 66 feet before returning to 
claystone.  The downhole resistivity drops briefly at the Ogallala contact with the 
White River before rebounding to about 18 Ohm/M which is similar to the values 
in the Ogallala.  The downhole resistivity information suggests that the White 
River is slightly more resistive than is typical around the site, probably due to 
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leaching of the sediments.  With increasing depth, the resistivity becomes 
variable, but generally declines until it reaches low levels typical for the White 
River at the site.   
 
The NanoTEM profiles near MW-19 suggest a contact depth of about 70 feet.  
MW-19 appears to penetrate an anomalous low resistivity feature associated with 
the bottom of the drainage.    The apparent mound or peak on the White River 
surface under the floor of the drainage near MW-19 may be due to the leaching of 
soluble salts from the sediments by water infiltrating from the overlying drainage.   
 
 4.4.2 Well MW-23 
 
 MW-23 is located on Line 4 off the north side of the site.  The well 
location is on the long slope leading down into the Lone Tree drainage.  MW-23 
is believed to be downgradient of the Ogallala outcrop.  However, the USACE 
logs indicate that there are 18 feet of sand, gravel, and cobbles overlying the silty 
clays that appear to represent the White River.  Downhole geophysical logs were 
not run in MW-23.   
 
The USACE logs are interesting because of detailed information derived from 
samples obtained with a five foot continuous sampler.  The silty clays below the 
Ogallala sediments were dry until about 50 feet in depth where they became 
moist.  But by 58 feet, the sediments were described as siltstones and thin gravel 
lenses were noted.  Below 63 feet, the sediments were described as moist.  At a 
depth of 116 feet a hard sandstone was encountered followed at 125 feet by a hard 
siltstone, possibly with water, and wet by 130 feet.  Samples collected with the 
continuous sampler were described as blocky siltstone with recrystallized calcite 
in bedding planes.  The same description was provided for a depth of 150 feet, but 
the fractures were also described as vertical to subvertical.  At a depth of 160 feet, 
the same blocky sediments are described, but as being wet.  Drilling continued to 
193 feet where a hard, indurated sandstone was encountered.  Drilling continued 
to a maximum depth of 267 feet encountering wet zones followed by dry zones 
and then more wet zones.  With saturated cuttings occurring between 262 and 
267, drilling was terminated and a monitoring well was constructed.  Apparently 
the intermittent wet zones were not deemed to be sufficiently productive of water 
to supply monitoring wells. 
 
Station 208 on Line 4 is the location of MW-23, and the profile illustrates the 
resistivities of the formation penetrated by the monitoring well boring.  The 
NanoTEM profile at Station 206 appears generally consistent with the USACE 
log description.  As previously described the sediments are dry to moist and 
intermittently wet with mineral precipitates in fractures.  With depth, the already 
low (as compared to adjacent stations) resistivities drop to very low levels as the 
frequency of wetter conditions in the boring increases. 
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Collectively, these data suggest that the NanoTEM method is able to identify 
significant saturated intervals of the subsurface.  Unfortunately, borehole 
resistivity data for MW-23 were not available with which to further confirm the 
correlation.    
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5.0 Analysis of Results  
 
Five issues are considered here including: 1) the utility of the surface geophysical 
surveys to map the contact between the Ogallala Formation and the underlying 
White River Formation; 2) the utility of the surface and borehole geophysics in 
providing information to advance the understanding of hydrogeologic behavior 
through identifying relevant structural features; 3) the utility of the surface and 
borehole geophysics in facilitating downgradient correlation of water bearing 
features; 4) the extent of correlation possible between contaminant concentrations 
in groundwater with specific pathways; and 5) what the surface geophysics, 
borehole geophysics, and RI information indicate about the site hydrogeologic 
conceptual model. Each of these issues is discussed in turn in this section. 
 
Figures 13 through 17 in Appendix A illustrate the NanoTEM cross sections 
annotated with information from the downhole geophysics, the USACE boring 
log lithologic summaries, and selected NanoTEM station profiles.  These cross 
sections illustrate the relationship between the different data sources.   
 
5.1 Geophysical Mapping of the Ogallala and White River Formations Contact 
 
In general, the surface geophysical methods used appear to have been successful 
in mapping the approximate contact between the Ogallala and White River (and 
transitional sediments with geo-electric signatures similar to the White River) 
contact.  The general qualification is that all remote geophysical survey 
techniques are non-unique, meaning there can be more than one explanation or 
interpretation of a data set.  In addition, the precision of a data set commonly 
degrades with depth so that resolution is lower with increasing depth or distance 
from a receiver.  Consequently, at shallow depths a method may resolve an object 
or layer with greater precision than at a depth 10 times greater; as the depths 
become greater, the results become more approximate.   
 
The use of a hand-held GPS unit appears to have introduced some error in the 
surface elevations used.  Consequently, the surface elevations of each survey were 
adjusted based on estimated elevations derived from the USGS topographic map 
for the area.  Adjusting the elevations and reprocessing the data relaxes 
uncertainty about the characteristics of the White River surface. 
 
As previously mentioned, of the two types of surface geophysical surveys 
conducted on the AMS #4 site, the NanoTEM surveys were more applicable for 
comparison with the borehole logging and for achieving the project objectives.  
Consequently, the NanoTEM profiles will be discussed in greater detail here as 
they relate to identifying subsurface features.   However the Zeta 2D surveys are 
also very useful in combination with the NanoTEM profiles in developing a 
clearer picture suggesting correlated low resistivity features across the AMS #4 
site.  
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 5.1.1 NanoTEM Line 1 
 
 Line 1 is the westernmost NanoTEM profile on the site and depicts an 
irregular surface to the top of the White River.  It is not entirely clear if the 
apparent irregular surface is a reflection of the White River or if the variation in 
sediment resistivity may be due to weathering along the formation contact.  At 
Station 8, a nearby road may affect the result, but the data quality is high also 
suggesting that a high resistivity feature depicted by Stations 7, 8, 9, and 10 is 
real.1  Between MW-32 at Station 11 through Station 22 rapid changes in surface 
topography and the possible presence of buried utilities may be responsible; the 
GPS measured elevations across rapid elevation changes appear to miss the 
magnitude of the elevation change.  Consequently, the apparent elevation of the 
White River is affected. 
 
Stations 13, 14, and 15 are also located over a significant cut and fill feature 
adjacent to the former operations building and cross utilities.  However, it is 
possible the low resistivity features associated with the stations may not be due 
only to cultural influence.  Station 21 is located adjacent to a concrete ditch that is 
constructed with wire and rebar reinforcement and likely affect the sounding 
result.  The contact elevation autopicks on Line 1 near MW-32 agreed well with 
the USACE boring log and are within 5 feet of the downhole geophysical log 
indication of the formation contact.  Near MW-27, the picked elevation for the 
contact is close to the hard, unweathered top of the White River but misses the 
interface between the weathered White River and the Ogallala.  The autopick 
elevation of Station 31 may be affected by cultural features.  The MW-26 USACE 
boring log indicates the formation contact near 95 feet in depth, while the 
borehole resistivity log suggests 80 feet is more appropriate.  The nearby 
NanoTEM stations data suggest agreement with the USACE contact location.  
The autopick depth of nearby Station 47 suggest a contact depth of 90 feet.  Other 
nearby stations suggest the contact is dropping in elevation which implies that an 
auto pick elevation would probably be between 90 to 100 feet in depth.  Overall, 
the autopicks, which are based on the rate of change of NanoTEM resistivities, 
appears to select the White River at depths where sediment weathering is limited.  
The alternate, manual approach to selecting contact depths (used by RAS) is 
based on the second change in slope of the NanoTEM station profile and would 
result in a different contact depth.   
 
 5.1.2 NanoTEM Line 2 
 
 Along Line 2, the autopicks close to the two monitoring wells, MW-08 
and MW-28, agree with the downhole resistivity contact depth and the manual 

                                        
1  The surface resistivity of the paved or oiled roadway will affect readings because of the 
surfacing and density of roadbed materials.  
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NanoTEM profile determination of the contact depths.  There are a few anomalies 
on the profile related to cultural features that also affect the apparent depth to the 
contact, most notably near Stations 23 and 24, possibly 26, 28 through 30, and 39 
through 41.  The NanoTEM profile seems to accurately indicate the formation 
contact at wells MW-08, MW-28, MW-30, but misses it at MW-07.  At MW-07, a 
weathered and leached portion of the White River appears below the contact that 
continues an additional 15 feet, before a harder low resistivity (based on borehole 
geophysics) unweathered portion of the White River is encountered.  The 
NanoTEM profile appears to indicate the top of the unweathered portion of the 
White River near MW-07, even though the NanoTEM profile does not indicate an 
autopick elevation.   
 
 5.1.3 NanoTEM Line 3 
 
 On Line 3, MW-05 and MW-06 can be used to evaluate how well the 
NanoTEM profile depicts the formation contact.  Station 31, located near MW-05, 
suggests an anomalously high contact depth, but the remainder of the sounding 
profile along with the adjacent soundings, appears consistent with conditions in 
the borehole.  Wherever the contact is weathered, or where the adjacent formation 
sediments are mixed, such as near MW-06, the NanoTEM data suggest the deeper 
unweathered, unleached, White River as the contact.  At MW-06, near the 
southern end of the profile, the downhole resistivity suggests a depth to the 
contact near 80 feet, while the NanoTEM profiles and the USACE logs put the 
contact between 100 and 106 feet respectively.  The autopick depth indicated a 
contact near 95 feet.  The NanoTEM profile successfully indicated the 
unweathered White River as the contact and sees the mixed transition sediments 
as part of the Ogallala.  Anomalous low resistivity features appear to affect the 
line at MW-05 as well as near Station 34.   
 
 5.1.4 NanoTEM Line 4  
 
 Two monitoring wells, MW-19 and MW-23, are located along Line 4.  
Downhole resistivity logs were acquired for MW-19, but not MW-23.  The 
elevation of the autopick contact appears to be affected by anomalous low 
resistivity features and therefore is not considered an accurate reflection of the 
White River contact elevation.  The elevation of the manually picked NanoTEM 
contact elevation appears to be about 70 feet which is consistent with the point 
where the White River may be relatively unweathered.  The contact derived from 
the USACE borings is about 35 feet in depth which is reasonable since the well is 
located in the bottom of a deeply incised drainage.  This would suggest that much 
of the Ogallala would have been removed by erosion.   MW-23 appears to be 
located below the outcrop of the Ogallala.  However, the autopick contact appears 
to be just under the surface at approximately 16 to 20 feet in depth.  The USACE 
boring logs indicated the Ogallala is present with a contact at a depth 18 feet.  The 
anomalous low resistivity features appear to affect a number of segments of the 
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profile.  For example the significant feature from Station 242, 243, and 244 
coincides with a mound as suggested by the autopick elevations.  There is nothing 
to suggest there is a mound on the surface of the White River, and there are no 
indications of cultural features that would explain the low resistivity feature 
extending up into the Ogallala.  The location of the feature is on a ridge top, 
consequently, increased water/salinity content due to infiltration associated with 
drainage is not an explanation.  The feature appears to be present in both the 
Ogallala as well as the White River and may simply represent a deposit of fine- 
grained conductive sediment in the larger body of sands and gravels.  Overall, the 
general trend suggested by the autopicks on Line 4 appears to be a valid 
approximation of the transition from the Ogallala to the White River.   
 
 5.1.5 NanoTEM Line 5 
 
 NanoTEM Line 5 (see Appendix B) runs in a generally south to north 
direction, running adjacent to the Cow Camp well and across a deeply incised 
drainage in the northern half of the line.  The profile is distinctly different from 
the NanoTEM profiles located five miles to the west at the AMS #4 site.  Where 
the surface geophysical surveys at the AMS #4 site illustrated a distinct difference 
between the resistivities of the Ogallala and White River sediments, such 
differences are not so evident in the vicinity of Cow Camp.  Overall, Line 5 
suggests elevated resistivities over most of the depth and length of the survey.  
One notable difference seems to be a reversed pattern of resistivities in the upper 
100 feet of the profile.  To the west, at the AMS #4, site the resistivities were 
highest at the surface declining with depth until there was a dramatic and rapid 
drop near the White River contact.  To the east near Cow Camp, the reverse 
occurs, with resistivities increasing with depth.  However, under the incised 
drainage north of the Cow Camp well at depths near 150 feet, anomalous low 
resistivity features appear that may represent the White River, or anomalous 
features, within the formation.  Some detail describing the sediments are provided 
from the ACOE logs and geophysical logs of monitoring well MW-31, which is 
located a few hundred feet east of Line 5.  At MW-31 about 140 feet of Ogallala 
sediments followed by 60 feet of White River sediments were penetrated before it 
was determined that sufficient water was encountered to establish a monitoring 
well.  The characteristics of the White River were different than those 
encountered at the AMS #4 site.  In the Cow Camp area, the White River appears 
to have a more interbedded structure with significant intervals of sands and 
gravels, and the geoelectric signature provided by the downhole geophysical logs, 
while highly variable, appears somewhat similar to the overlying Ogallala.  This 
suggests that somewhere between the AMS #4 site and the Cow Camp area a 
significant transition in the structure of the Ogallala and the White River has 
occurred.  
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5.1.6 NanoTEM Line 6 
 
NanoTEM Line 6 (Appendix B) was run in a generally north to south 

direction passing close to monitoring well MW-12 and to the east of MW-31 near 
the north end of the line. The northern third of the line crosses the same drainage 
crossed by Line 5, but the drainage is somewhat broader where crossed by Line 6.  
At a depth of 150 feet several low resistivity features are indicated.  Each feature 
appears to be 50 to 150 feet across and separated by sediments with resistivities of 
50 to 60 Ohm/M.   
 
 5.1.7 NanoTEM Line 7 
 
 NanoTEM Line 7 (Appendix B) is a short segment that runs in a north to 
south direction beginning at Station 443 on NanoTEM Line 9.  The line appears 
to be located generally below the outcrop of Ogallala sediment and passes 
adjacent to monitoring well MW-24.  The ACOE log indicates the sediments in 
the upper 72 feet as Ogallala sediments.  However, below 15 feet in depth the 
sediments are generally described as clayey, which would tend to lower their 
resistivity.  Consequently, the sediments with resistivities in the 10 to 20 Ohm/M 
range to a depth of approximately 225 feet near MW-24, would not be 
differentiated based on resistivity.  The location of the line is elevationally below 
where the outcrop of the Ogallala has been mapped previously.  Consequently, the 
wells location and the description of the sediments from the ACOE logs suggest 
that the sediments may be reworked Ogallala and mixed White River sediments 
deposited in an incised erosional feature.  The low resistivity features north of 
MW-24 remain unexplained, as they are not present on the adjacent Line 9, 
however, the low resistivity features north of MW-24 are likely cultural features 
aligned with the roadway leading to the Hall well.   
 
 5.1.8  NanoTEM Line 8 
 
 NanoTEM Line 8 (Appendix B) extends between MW-28 and MW-5 and 
also ties into NanoTEM Lines 2 and 3, running in generally west to east direction.  
Zonge described the line somewhat problematic having a least four unreliable 
stations, and they also expressed concern about the overall reliability of the 
remainder of the data.  However, the profile correlates well with the stretches of 
Lines 2 and 3 where Line 8 ties into those profiles.  In addition the line also 
correlates well with the boreholes geophysics and ACOE logs for monitoring 
wells MW-28 and MW-5. 
 
 5.1.9 NanoTEM Line 9 
 
 NanoTEM Line 9 (Appendix B) extends from the end of Line 8 in a 
northeasterly direction past the Kennedy Well and up the steep canyon wall north 
of Lone Tree Creek.  The profile crosses the outcrop of the Ogallala sediments as 
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it travels to the northeast, illustrating a distinctive difference between the 
resistivity of the Ogallala sediments and the potential reworked Ogallala/White 
River sediment mix that appears to be penetrated by MW-24.  Closer to the Lone 
Tree Creek there are a number of low resistivity features that are suggestive of 
hydrologically productive systems of linear fractures aligned with the general 
direction of the drainage.   
 
5.2   Utility of the Geophysical Surveys for Locating Potential Structural Features  
 
The approximate contact or transition between the Ogallala and the White River 
formations is one type of geologic feature that can be detected by geophysical 
surveys such as the NanoTEM surveys.  Some fracture systems may be detected 
as well.  When resistivity surveys are used, contrasting resistivities caused by 
differences in water content are commonly detected.  In formations such as the 
White River where all or a portion of the sediments are unconsolidated, poorly 
consolidated, or weathered, the sediments adjacent to transmissive fractures 
absorb water creating a halo surrounding the fractures affecting the sediment 
resistivities.  If the halo of moisture is large enough, the feature may be detected 
by geophysical surveys and appear as an anomalous feature, typically as a low 
resistivity region surrounded sediments with higher resistivities.  The halo of 
moisture needs to be large enough to affect the bulk resistivity of the volume of 
sediment sampled by the survey.  In situations where sediments adjacent to 
transmissive fractures have limited ability to absorb water, geophysical surveys 
may be relatively blind to the feature; well-cemented or metamorphic rocks are 
examples.  An exception is a situation where significant volumes of rock are 
fractured and saturated such that the bulk resistivity of the rock is sufficiently 
influenced.   
 
The NanoTEM surveys appear to detect a number of anomalies that indicate 
sufficient water is moving into the sediments, likely through systems of fractures.  
Many of the features suggest that vertical systems of fractures are likely 
transmitting water and in some areas may be feeding horizontal aligned systems 
as well.  However, based on the review of site boring logs along with the survey 
cross sections, there are also situations where discrete fracture systems that are 
transmissive and sufficiently productive to supply monitoring wells, are not 
detected by the geophysical surveys used as part of this investigation.  Theses 
situations tend be in cemented or well-lithified, silt/claystones sediments that 
appear to be fractured. 
 
The NanoTEM surveys detect a number of anomalous features that suggest the 
presence of vertical fracture systems that may represent hydraulically significant 
features.  However, with the limited number of initial surveys the degree of 
interconnectivity across the site cannot yet be determined.  While the profiles 
suggest that there are likely connected trends, determining connection and 
flowpaths through fracture systems is a notorious problem.  The length of systems 
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of fractures can be determined through geophysical means if a sufficient number 
of surveys is conducted.  By conducting sufficient surveys a characteristic length 
or scale common to a site can be estimated.  As with all geophysical methods, 
ground truthing is advisable.  Determining the hydraulic connection is more 
difficult, but may be accomplished by conducting the appropriate hydraulic tests 
in optimally positioned monitoring wells.  Finally, determining flow paths 
through the interconnected fractures is required.  Flow paths may be inferred from 
water quality data in some cases.  However, in many other cases, water quality 
data are inconclusive and additional work needs to be conducted to determine 
flow paths.   
 
In general terms, an additional feature that seems to be present over much of the 
site appears to be a low resistivity horizontal feature within the upper White River 
that may represent accumulation of mineral salts as well as water content 
(although not fully saturated).  Where present, the feature appears to associated 
with the weathered White River sediments or the transitional/mixed sediments 
near the White River surface.  Overall, the contrast in resistivities in the White 
River is low so care is required to avoid “over-interpretation” of apparent 
differences.   
 
The accumulation of salts has a very strong influence on resistivity measurements.  
Salts have been documented as precipitating within the sediments in two ways.  In  
detailed examinations of relatively undisturbed core samples, small aperture 
fractures in silt/clay formations carried precipitated mineral salts such as calcite 
(or potentially various sulfate salts).  In other cases, gypsum precipitates were 
documented in moist to wet sediments before hydraulically productive intervals 
were encountered.  Salts or mineral precipitate accumulations in moist to wet 
sediments can easily drive sediment resistivity measurements to near zero.   
 
5.3 AMS #4 Flowpath Correlations  
 
At this time, there is insufficient information to correlate flowpaths from the AMS 
#4 site to the Cow Camp area.  In the five miles between the AMS #4 site and 
Cow Camp monitoring wells are sparsely spaced as are the geophysical lines 
crossing the area.  The information from the surface and borehole geophysics, as 
well as the physical descriptions of sediments from MW-31, indicate that there 
are differences in the formations that portend fundamental changes in the nature 
and perhaps behavior of the flow system.  However, at the AMS #4 site where the 
bulk of the geophysical and monitoring well information is available, preliminary 
or rough correlations may be possible.  Figure 18 provides a quasi-3D portrayal of 
how low resistivity features might be correlated across geophysical profiles.      
 
The south end of Line 1 has a series of low resistivity features that may be 
significant.  MW-26 is an example of a monitoring well that likely penetrated a 
few transmissive fractures within an otherwise moderate formation resistivity (for 
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the White River) portion of the formation, but the most significant group of low 
resistivity features are located near the Launch Control Building.  On Line 2, 
there are three possible groupings of anomalies, one group is located north of the 
south end of the profile, the second group is located around Launch and Service 
Building #3, and the third group is located from MW-28 and to the north.  Along 
Line 3 there are four groups of anomalies.  On a preliminary basis some of the 
deeper anomalies near MW-30 may be horizontally connected between Line 2 to 
Line 3 north of MW-6.   In addition, from Launch and Service Building  #2 and 
MW-28 to MW-5 on Line 3, anomalous features appear connected (also see Line 
8). Given the location of the anomalies near potential source areas, the features 
may represent vertical pathways with enhanced transmissivity extending from the 
Ogallala sediments into the White River sediments.   
 
The next grouping of profiles is located some distance east of line three, but 
appear to tie together a number of anomalous feature groups.  In Figure 18, both 
NanoTEM and Zeta profiles are used to create the image, but the use of Zeta 
Lines 2 and 4 tend to mask some features in the southern end of NanoTEM Line 
4.  Collectively, the information suggests important features in and adjacent to 
“Drainage B” that may be connected to features depicted on NanoTEM Line 3.  
However, the distance between the profiles near MW-19 and MW-6 to the west 
reduces the confidence necessary to draw clear conclusions.  In addition, the 
image portrayed in Figure 18 at MW-19 suggests a single low resistivity feature 
where the evidence from NanoTEM Line 4 suggests several features are likely 
present.  At the north end of the eastern set of profiles used in the Figure it seems 
evident that the Lone Tree Creek drainage bears a number of low resistivity 
features.  However, the presence of periodic but striking low resistivity anomalies 
spread out along NanoTEM Line 4 and Zeta Line 4 suggest that there may well be 
hydraulically productive feature passing through the region east of MW-5 
described as having no upper water bearing zone.    
   
5.4 Correlating Groundwater TCE Concentrations to Anomalous Geophysical 

Features 
 
Elevated TCE concentrations in MW-28 and MW-24 may possibly correlate with 
several anomalous features from NanoTEM Lines 2, 3, and 9.  Anomalous 
features between Stations 42 to 44 on Line 2 may align with features under 
Station 37 Line 3, between Stations 23 and 24 on Line 9, and Station 377 on Line 
7.  These features appear to be aligned with the mapped TCE plume between 
MW-28 and MW-24.  In addition, a correlation between MW-30 and 
downgradient wells MW-6 and MW-19 may be possible.  However, multiple 
correlations between differing features are possible, and the spatial distribution of 
contaminants as mapped creates uncertainty as well.  The distance between 
geophysical profiles inhibits better interpretations as well. 
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The monitoring well pairs, MW-19 and MW-35, along with MW-15 and MW-23, 
indicate a downward gradient to groundwater.  The anomalous features located on 
NanoTEM Line 4 near the nested well pairs generally appear to penetrate to a 
depth suggesting that hydraulic connection between the wells is possible, but the 
geophysical evidence is also a bit more compelling that there is no connection  
due to the increase in sediment resistivity.  However, in general terms the isotope 
and contaminant data do not indicate that a hydraulic connection exists. 
 
5.5 Integrated Assessment of Geophysical and RI Data  
 
Data compiled into the RI was used as backdrop against which the geophysical 
data was interpreted.  The RI data used included the organic and inorganic water 
quality data, the isotope analytical data, groundwater hydraulic information 
including the slug test results, well development records, groundwater 
potentiometric surface data, monitoring well borehole logs, and the monitoring 
well construction details. 
 
The inorganic data included in Appendix I of the RI depicts a water quality with 
little variability regardless of source.  Both groundwater and surface water quality 
appear very similar, and the depth, formation, or if the water was from a 
monitoring or production wells, seemed to make little difference.  The water 
quality was dominated by calcium bicarbonate type water, and the dissolved 
solids content varied little as well.    
 
The isotope data from Appendix M are a bit different.  Two different ages of 
water are evident from the isotope data.  In addition, there is a bit of jump in the 
apparent or relative age based on the tritium data as opposed to a smooth 
transition in apparent ages.  The data also suggest that older water is more 
enriched in 18O and deuterium.  A pattern in the depth to older as opposed to 
younger water or contaminated to not contaminated water bearing zones is not 
evident.  In addition, there is no apparent trend in groundwater age as a function 
of being upgradient or downgradient.  
 
The presence of organic contaminants in groundwater does not appear to correlate 
with age or inorganic water quality since there is little variability in inorganic 
water quality from well to well, and both old and modern water appears to be 
contaminated depending upon location.   
 
The groundwater potentiometric surface generally indicate a flow direction from 
the AMS #4 site from west to east with a possible divergent pattern in flow with 
one pathway trending toward Lone Tree Creek, and another flow path remaining 
along the general west to east trend.  A review of the lithologic logs and the depth 
or elevation of the screened water bearing intervals suggests a widely varying 
elevation of the water bearing zone as well as wide variety of sediment type and 
degree of sediment consolidation from well to well.  The range of water bearing 
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sediments includes occasionally fractured well-cemented conglomerate, silty 
sands, fractured silts, well lithified fractured siltstone to claystones, and mixed 
White River and Ogallala sediments.  A mappable water bearing unit based on 
lithologic characteristics or elevation does not appear to be present. 
 
The surface and borehole geophysics suggest an alternate conceptual 
hydrogeologic model of the site that correlates well with the data from the RI.  
The surface and borehole geophysics suggest a picture where systems of fractures, 
primarily vertical, but with limited horizontal fracture systems as well, define and 
control the groundwater the movement within the White River in the vicinity of 
the AMS #4 site.  At the same time it is likely that a borehole located anywhere in 
the area may encounter some amount of groundwater at some depth within the 
White River.   
 
After review of all of the data, it appears that the White River is similar to many 
silt dominated sedimentary deposits.  Large blocks of massive silts (silty sands 
through silty clay textured soils) are possible that can vary from dry to wet or 
moist but with little fracturing.  The presence of moisture suggests a nearby 
change in transmissivity, either from more permeable sediments or transmissive 
fractures.  Occasional systems of fractures will be encountered.  Two types of 
fractures will be found; horizontal stress relief fractures, and vertical fractures that 
are a function of stress, shear, etc.  In some cases the fractures and/or the adjacent 
sediments may be transmissive.  At other times the fractures may be found to be 
closed or of very small aperture and transmit little if any water.   
 
There is evidence from the ACOE logs that occasionally there are (based on the 
limited data) what appear to be channel fill deposits that vary from cemented 
conglomerate to mixtures of Ogallala and White River sediments.  So far the data 
suggest that in the White River under the AMS #4 site that the reworked sediment 
filled structures are not particularly productive hydrologically.  In some cases 
cemented conglomerates may be more resistive than surrounding White River 
sediments.   
 
In cases where the systems of fractures are surrounded by saturated to moist fine 
grained White River sediments, the resistivity of the sediments is very low and 
appears as anomalies in the surface geophysical surveys conducted across the site.  
Halos of wet to moist sediments must be present around transmissive fractures 
such that the bulk resistivity of the sediment is affected in order to be detected 
during surveys.  Where well-lithified siltstone or claystones are lightly fractured 
and water bearing, they may not be readily detected by the surface geophysics 
employed at the site.   
  
Consequently, the picture that emerges is one of a fracture controlled groundwater 
system where flows occur in sparse systems of fractures with sufficiently large 
apertures to transmit water capable of supplying wells in small amounts.  The 
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interconnection between conductive fractures may not be obvious.  While flows 
will be influenced by the general potentiometric surface, specific groundwater 
flow paths may not follow the gradient directly but be more responsive to the 
hydraulic conductivity of a specific fracture.  Consequently, at times flows may 
appear somewhat counter intuitive.  The evidence for this type of a model is 
reflected in the data compiled in the RI. 
 
The inorganic water quality data is fairly constant suggesting a uniform set of 
influences on the development of the water quality.  In addition, the uniform 
water quality suggests that reasonable communication occurs between different 
water bearing zones. The organic water quality data (contaminants) is depicted in 
the RI as following a classic pattern of flow controlled advective transport in a 
porous media.  However, when the Tritium data is considered jointly with the 
organic water quality data it does not support the model.  Consider the following 
examples: MW-30 is contaminated with about 600 ug/L TCE in old water with 
Tritium of 1.16 TU; down gradient is MW-6 with 288 ug/L TCE in younger water 
with 6.4 TU of Tritium.  The second example is MW-2 located south of Launch 
Building #1 with no detectable TCE and old water with Tritium of 0.23 TU. A 
third example is MW-3 with 1750 ug/L of TCE and Tritium of 17.8 TU adjacent 
to Launch Building #1 indicating young water.  A fourth example is MW-4 near 
Launch Building #2 with 640 ug/L TCE and Tritium of 2.62 TU suggesting old 
but mixed with somewhat younger water.  The fifth example that is much farther 
down gradient is well MW-24 with 405 ug/L TCE and Tritium of 0.6 TU.   Based 
on the Tritium data the age of the water lacks any distribution pattern that would 
be more consistent with a confined porous media model such as uniformly older 
water age in the down gradient flow direction.  If a confined porous media model 
were appropriate then the concentrations of TCE and Tritium from a common 
source (consider MW-3; 1780 ug/L TCE, 0.6 TU) would tend vary together as a 
plume moved down gradient. 
 
When considered together, the geophysical surveys and data from the RI suggest 
that flow within the White River is fracture controlled.  The geophysical surveys 
detected a number of low resistivity features that likely trend across the site and 
are interconnected.  Tracking which specific features correlate from survey line to 
survey line is not possible at this time, but general correlations appear evident.  
The relatively uniform water quality suggests that separate well-defined aquifers 
or water bearing units are not characteristic and that the system is sufficiently well 
interconnected.  Within the White River the distribution of Tritium does not 
follow any pattern suggesting flows are highly variable, yet slug tests suggest a 
reasonably uniform hydraulic conductivity.  The slug test data also suggests that 
in some case that the hydraulic conductivity is the result of a few fractures in 
some wells and in others appears to be a function of a more classic porous media.  
This information suggests that flows tend to be active in some fractures (younger 
water) but not in others.  When the contaminant distributions are factored into the 
data set, it also suggests a fracture controlled model.  When TCE contaminated 
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groundwater flow is through fractured porous media, such as the White River 
sediments, a contaminant halo develops adjacent to the fractures controlling the 
movement of groundwater.  This occurs through diffusion as well as mixing.   

 
However, where diffusion is a significant factor, the apparent age of the water as 
indicated by Tritium, will remain unchanged.  Consequently, water quality from a 
well such as MW-3 suggests local recharge of water from the surface through 
contaminated sediments (1750 ug/L TCE, 17.8 TU). But the water quality from 
MW-24 (405 ug/L TCE, 0.6 TU) suggests diffusion dominated processes where 
nearby fractures that control flow of groundwater are the source of TCE, while the 
age signature is retained.  Finally, the down gradient wells in the vicinity of Cow 
Camp including the Cow Camp well, Finnerty well, MW-12, and MW-31 all have 
18O levels between -15.0 and -15.5 suggesting that the water was originally 
recharged at elevations to the west of the AMS #4 site.  The Tritium in these wells 
(MW-31 not sampled for Tritium) suggests fairly young water with values 
between 11.3 and 16.0 TU.  This suggests the potential for down gradient water 
near the Cow Camp to flow around or under the site.   
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6.0 Conclusions 
 
The combination of surface and borehole geophysics along with boring logs 
appears to be an effective combination of methods to investigate site geology and 
identify anomalous features that may be significant from a hydrogeologic 
standpoint.  The purpose of integrated investigations such as those conducted at 
the AMS #4 site would be to develop a better site conceptual model that could 
then be improved through an iterative process of data collection and reevaluation 
of the model.   
 
The integration of borehole geophysics with surface geophysics and physical 
boring logs appears to show that the contact between the Ogallala and White 
River, as suggested by geo-electric methods, may be different than that 
determined by physical means.  The surface geophysical methods appear to detect 
the low resistivity unweathered surface of the White River as the formation 
contact.  However, in some instances, mixed sediments from the Ogallala and the 
White River may have geo-electric signatures similar to the White River, and 
conversely under some drainage patterns, leached well-weathered White River 
sediments may appear similar to the Ogallala.  Within the White River, the 
general pattern is that weathered moist to wet sediments of the White River 
typically have some of the lowest resistivities detected under the site.  The 
patterns may sound confusing, but as a rule the NanoTEM profiles should provide 
a reasonable representation of the Ogallala contact with the White River.  This 
observation suggests that downhole data are an important aspect for incorporation 
into future data analyses. 
 
The surface geophysics appear capable of identifying anomalous features that 
may be hydrogeologically significant.  This understanding could be put to good 
advantage at the site by running additional surveys between the existing lines in 
order to determine if selected features appear to have continuity across the site.  
Of greater importance may be the application of the methods to developing a 
picture of geologic features around suspected sources areas, allowing targeted 
investigation of potential pathways leading away from the sources.   
 
The surface geophysical profiles suggest general correlation of low resistivity 
features across the site.  One grouping of features suggests systems of fractures 
that appear to converge toward Lone Tree Creek drainage.  Other systems of 
fractures appear more divergent, but tend to be aligned generally in a west to east 
direction.  Specific correlations from one anomaly to another are tenuous, but 
some appear more likely than others. 
 
When inorganic water quality, organic water quality (contaminant), isotope data, 
groundwater hydraulics testing, lithologic descriptions, and surface and borehole 
geophysics are evaluated together, an alternate conceptual hydrogeologic model 
appears to emerge.  At this time, the information suggests that the site conceptual 
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model may require adjustment to reflect a more fracture controlled groundwater 
flow model, with a stronger vertical component, rather than a horizontal layered 
porous media model.    
 
7.0 Recommendations 
 
Additional surface and borehole geophysics should be conducted at the AMS #4 
site to develop a better understanding of site hydrogeology by providing spatially 
continuous information that can be correlated across the site and integrated with 
other site information.   
 
The surface geophysics should be expanded with additional NanoTEM surveys 
conducted to fill in between existing profiles in order develop a better sense of 
how anomalous features might correlate across the site.  In addition, the focus of 
investigations should be around the suspected source areas so a clearer picture of 
likely source areas and pathways from the sources can be estimated.  NanoTEM 
surveys appear very well suited for the site. 
 
An important question that emerged is the characteristics of the deeper portions of 
the White River and the underlying Casper Formation.  Resistivity surveys are not 
likely to provide needed resolution at the greater depths that need investigation.  
However, high resolution seismic reflection surveys would provide the resolution 
and valuable insight into the subsurface structures.  At the same time it is possible 
that the same seismic data could be reprocessed using MASW (Multi-channel 
Analysis of Surface Waves) technology to gain a better understanding of the 
shallower sediments (0’-150’).   
 
Based on seismic reflection survey data, a few deep boreholes should be 
considered to understand the relationship of the White River hydrogeologic 
connection to potential flow systems located below the White River.  It is 
reasonable to consider the potential for vertical leakage through the White River 
since there is a distinct downward gradient from shallower White River wells to 
deeper wells; and explanations for TCE in the Cow Camp area are not fully 
resolved. 
   
Additional on site drilling and sampling should be conducted with greater 
attention to detailed logging of the sediments encountered.  Drilling should be 
conducted on selected anomalous features detected by the surface geophysics in 
order to gain a clear understanding of the features.  This will enhance overall 
interpretation of the geophysical surveys.  Part of such drilling and sampling 
should include boreholes in areas that do not appear anomalous in order to 
understand what characteristics dominate the bulk of the White River sediment 
structure. 
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Detailed geophysical logging of open boreholes should be conducted and coupled 
with hydrophysical tests of the boreholes.  Geophysical logs should include 
compensated Neutron (for insitu hydrogen and porosity), galvanic resisitivity for 
resistivity profiles that impact a larger volume of the formation and natural 
gamma.  Hydrophysical tests would determine if fracture flow or flow through the 
matrix of the sediments is occurring; this information would then be correlated 
where possible with the characteristics of the anomalous feature being tested. 
Straddle packer testing of a number of intervals should also be considered, as well 
as discrete sampling of different flow intervals using the straddle packer system.  
The purpose would be to develop an understanding of the flows within water 
various bearing intervals and understand the water quality of each intervals.  
These tests would be conducted prior to constructing monitoring wells in the 
borings.  Flute borehole liner systems could be used to protect the open holes and 
eliminate vertical contaminant migration until monitoring well construction 
decisions are made. 
 
One or more hydraulic tomographic test methods (seismic or EM) should be 
considered to determine which fracture systems are the most communicative and 
to possibly develop an understanding of the hydraulic conductivities and storage 
characteristics that exist between multiple monitoring wells.  This information 
would be used to estimate actual contaminant pathways, and the flow 
characteristics of systems of fractures and adjacent sediments, and the mass of 
contaminants stored in the system, particularly near source/pilot study areas. 
 
Additional rounds of inorganic and isotope water sampling should be considered.  
In addition, expansion of the tested constituents list should be considered in an 
effort that may allow better interpretation of the flow system. 
 
The purpose of these recommended tests and investigations is so that optimum 
data may be collected, to lead to a sound understanding of contaminant transport 
pathways from the site.  A better understanding in contaminant transport from the 
site will allow sound decisions to be made about site management, monitoring, 
remedy selection, and implementation. 
 



 
 
 
 
 
 
 
 
 
 
 
 
 
 

APPENDIX A 
 
 

INDIVIDUAL WELLBORE MONTAGES 
& 

CROSS SECTIONS 
 



DATE:

SCALE:

FIGURE:

USACE Atlas Missile Site #4
Well MW-05

Borehole Geophysics and Lithology
with Nano TEM Lines 3 & 8 Resistivity

1 inch = 20 feet

Modified 02/16/2006

2

CL

CS

GM

GW

LS

ML

NDPS

SC

SM

SP

SS

SW

Inorganic clays or low to medium plasticity, gravelly clays

Claystone

Silty gravel, poorly graded gravel-sand-silt mixtures

Well graded gravels, gravel-sand mixtures; little or no fines

Limestone

Inorganic silts and very fine sands, rock flour, silty or clayey

No Description Provided, Problems in Sampling, Topsoil

Clayey sands, poorly graded sand-clay mixtures

Silty sands, poorly graded sand-silt mixtures

Silty sands, poorly graded sand-silt mixtures

Sandstone

Well graded sands, gravelly sands; little or no fines

Lithology Explanation

0 400 0 30

Gamma (API units) Resistivity (ohm-meters)Lithology

MW-05

80 160 240 320 6 12 18 24

-50

Line 3 & Line 8
NANO Tem Resistivity (ohm-meters)

0 50 150

L3Sta30

L3Sta35
L8Sta405

L8Sta408

L3Sta32

NanoTEM Explanation

L8Sta406

D
ep

th
(fe

et
be

lo
w

TO
C

)

100

5

10

15

20

25

30

35

40

45

50

55

60

65

70

75

80

85

90

95

100

105

110

115

120

125

130

135

140

145

150

155

160

165

170

175

180

185

190

195

200

205

210

215

220

225

230

235

240

245

250

255

260

El
ev

at
io

n
(fe

et
ab

ov
e

M
SL

)

El
ev

at
io

n
(fe

et
ab

ov
e

M
SL

)

7240

7235

7230

7225

7220

7215

7210

7205

7200

7195

7190

7185

7180

7175

7170

7165

7160

7155

7150

7145

7140

7135

7130

7125

7120

7115

7110

7105

7100

7095

7090

6980

7085

6985

7080

6990

7075

6995

7070

7000

7065

7005

7060

7010

7055

7015

7050

7020

7045

7025

7040

7030

7035

7245

7250

7255

7240

7235

7230

7225

7220

7215

7210

7205

7200

7195

7190

7185

7180

7175

7170

7165

7160

7155

7150

7145

7140

7135

7130

7125

7120

7115

7110

7105

7100

7095

7090

6980

7085

6985

7080

6990

7075

6995

7070

7000

7065

7005

7060

7010

7055

7015

7050

7020

7045

7025

7040

7030

7035

7245

7250

7255

Ogallala FM

White River
FM

Water Level
47.13'

12/2005



DATE:

SCALE:

FIGURE:

USACE Atlas Missile Site #4
Well MW-06

Borehole Geophysics and Lithology
with Nano TEM Line 3 Resistivity

1 inch = 10 feet

Modified 02/16/2006

3

0 400 0 30

Gamma (API units) Resistivity (ohm-meters)Lithology

MW-06

80 160 240 320 6 12 18 24

0 150

Line 3
NANO Tem Resistivity (ohm-meters)

50 100

Ogallala FM

White River
FM

Water Level
83.7'

12/2005

El
ev

at
io

n
(fe

et
ab

ov
e

M
SL

)

7240

7235

7230

7225

7220

7215

7210

7205

7200

7195

7190

7185

7180

7175

7170

7165

7160

7155

7150

7145

7140

7135

7130

7125

7120

7115

7110

7245

7105

7100

7095

7090

7085

7080

7075

7070

7065

7060

7055

7250

7255

7260

7265

El
ev

at
io

n
(fe

et
ab

ov
e

M
SL

)

7240

7235

7230

7225

7220

7215

7210

7205

7200

7195

7190

7185

7180

7175

7170

7165

7160

7155

7150

7145

7140

7135

7130

7125

7120

7115

7110

7245

7105

7100

7095

7090

7085

7080

7075

7070

7065

7060

7055

7250

7255

7260

7265

L3Sta13
L3Sta14
L3Sta15

NanoTEM Explanation

CL

CS

GM

GW

LS

ML

NDPS

SC

SM

SP

SS

SW

Inorganic clays or low to medium plasticity, gravelly clays

Claystone

Silty gravel, poorly graded gravel-sand-silt mixtures

Well graded gravels, gravel-sand mixtures; little or no fines

Limestone

Inorganic silts and very fine sands, rock flour, silty or clayey

No Description Provided, Problems in Sampling, Topsoil

Clayey sands, poorly graded sand-clay mixtures

Silty sands, poorly graded sand-silt mixtures

Silty sands, poorly graded sand-silt mixtures

Sandstone

Well graded sands, gravelly sands; little or no fines

Lithology Explanation

D
ep

th
(fe

et
be

lo
w

TO
C

)

5

10

15

20

25

30

35

40

45

50

55

60

65

70

75

80

85

90

95

100

105

110

115

120

125

130

135

140

145

150

155

160

165

170

175

180

185



DATE:

SCALE:

FIGURE:

USACE Atlas Missile Site #4
Well MW-07

Borehole Geophysics and Lithology
with Nano TEM Line 2 Resistivity

1 inch = 20 feet

Modified 02/16/2006

4

0 400 0 30

Gamma (API units) Resistivity (ohm-meters)Lithology

MW-07

80 160 240 320 6 12 18 24

0 150

Line 2
NANO Tem Resistivity (ohm-meters)

50 100

D
ep

th
(fe

et
be

lo
w

TO
C

)

L2Sta33
L2Sta34
L2Sta35

NanoTEM Explanation

5

10

15

20

25

30

35

40

45

50

55

60

65

70

75

80

85

90

95

100

105

110

115

120

125

130

135

140

145

150

155

160

165

170

175

180

185

190

195

200

205

210

215

220

225

230

235

240

245

250

255

260

265

CL

CS

GM

GW

LS

ML

NDPS

SC

SM

SP

SS

SW

Inorganic clays or low to medium plasticity, gravelly clays

Claystone

Silty gravel, poorly graded gravel-sand-silt mixtures

Well graded gravels, gravel-sand mixtures; little or no fines

Limestone

Inorganic silts and very fine sands, rock flour, silty or clayey

No Description Provided, Problems in Sampling, Topsoil

Clayey sands, poorly graded sand-clay mixtures

Silty sands, poorly graded sand-silt mixtures

Silty sands, poorly graded sand-silt mixtures

Sandstone

Well graded sands, gravelly sands; little or no fines

Lithology Explanation

El
ev

at
io

n
(fe

et
ab

ov
e

M
SL

)

7240

7235

7230

7225

7220

7215

7210

7205

7200

7195

7190

7185

7180

7175

7170

7165

7160

7155

7150

7145

7140

7135

7130

7125

7120

7115

7110

7105

7100

7095

7090

7085

7080

7075

7070

7065

7060

7055

7050

7020

7045

7025

7040

7030

7035

7245

7250

7255

7015

7010

7005

7000

6995

6990

6985

6980

6975

El
ev

at
io

n
(fe

et
ab

ov
e

M
SL

)

7240

7235

7230

7225

7220

7215

7210

7205

7200

7195

7190

7185

7180

7175

7170

7165

7160

7155

7150

7145

7140

7135

7130

7125

7120

7115

7110

7105

7100

7095

7090

7085

7080

7075

7070

7065

7060

7055

7050

7020

7045

7025

7040

7030

7035

7245

7250

7255

7015

7010

7005

7000

6995

6990

6985

6980

6975

Water Level
61.06'

12/2005

Ogallala FM

White River
FM



0 400 0 30

Gamma (API units) Resistivity (ohm-meters)Lithology

MW-08

80 160 240 320 6 12 18 24

1 150

Line 2
NANO Tem Resistivity (ohm-meters)

50 100

L2Sta17
L2Sta18
L2Sta19

NanoTEM Explanation

Ogallala FM

White River
FM

Water Level
97.83'

12/2005

CL

CS

GM

GW

LS

ML

NDPS

SC

SM

SP

SS

SW

Inorganic clays or low to medium plasticity, gravelly clays

Claystone

Silty gravel, poorly graded gravel-sand-silt mixtures

Well graded gravels, gravel-sand mixtures; little or no fines

Limestone

Inorganic silts and very fine sands, rock flour, silty or clayey

No Description Provided, Problems in Sampling, Topsoil

Clayey sands, poorly graded sand-clay mixtures

Silty sands, poorly graded sand-silt mixtures

Silty sands, poorly graded sand-silt mixtures

Sandstone

Well graded sands, gravelly sands; little or no fines

Lithology Explanation

D
ep

th
(fe

et
be

lo
w

TO
C

)

5

10

15

20

25

30

35

40

45

50

55

60

65

70

75

80

85

90

95

100

105

110

115

120

125

130

135

140

145

150

155

160

165

170

175

180

185

190

195

200

205

210

215

220

225

230

El
ev

at
io

n
(fe

et
ab

ov
e

M
SL

)

El
ev

at
io

n
(fe

et
ab

ov
e

M
SL

)

7240

7235

7230

7225

7220

7215

7210

7205

7200

7195

7190

7185

7180

7175

7170

7165

7160

7155

7150

7145

7140

7135

7130

7125

7120

7115

7110

7105

7100

7095

7090

7085

7080

7075

7070

7065

7060

7055

7050

7045

7040

7035

7245

7250

7255

7260

7265

7270

7275

7280

7240

7235

7230

7225

7220

7215

7210

7205

7200

7195

7190

7185

7180

7175

7170

7165

7160

7155

7150

7145

7140

7135

7130

7125

7120

7115

7110

7105

7100

7095

7090

7085

7080

7075

7070

7065

7060

7055

7050

7045

7040

7035

7245

7250

7255

7260

7265

7270

7275

7280



DATE:

SCALE:

FIGURE:

USACE Atlas Missile Site #4
Well MW-19

Borehole Geophysics and Lithology
with Nano TEM Line 4 Resistivity

1 inch = 20 feet

Modified 02/16/2006

6

0 400 0

Gamma (API units) Resistivity (ohm-meters)Lithology

MW-19

80 160 240 320 6 12 18 24 30

D
ep

th
(fe

et
be

lo
w

TO
C

)

0 150

Line 4
NANO Tem Resistivity (ohm-meters)

10050

Ogallala FM
White River

FM

Water Level
79.21'

12/2005

5

10

15

20

25

30

35

40

45

50

55

60

65

70

75

80

85

90

95

100

105

110

115

120

125

130

135

140

145

150

155

160

165

170

175

180

185

190

195

El
ev

at
io

n
(fe

et
ab

ov
e

M
SL

)

El
ev

at
io

n
(fe

et
ab

ov
e

M
SL

)

7140

7135

7130

7125

7120

7115

7110

7105

7100

7095

7090

7085

7080

7075

7070

7065

7060

7055

7050

7045

7145

7150

7155

7160

7165

7040

7035

7030

7025

7020

7015

7010

7005

7000

6995

6990

6985

6980

6975

6970

7170

7175

7180

7140

7135

7130

7125

7120

7115

7110

7105

7100

7095

7090

7085

7080

7075

7070

7065

7060

7055

7050

7045

7145

7150

7155

7160

7165

7040

7035

7030

7025

7020

7015

7010

7005

7000

6995

6990

6985

6980

6975

6970

7170

7175

7180

L4Sta251

L4Sta252
L4Sta253

NanoTEM Explanation

CL

CS

GM

GW

LS

ML

NDPS

SC

SM

SP

SS

SW

Inorganic clays or low to medium plasticity, gravelly clays

Claystone

Silty gravel, poorly graded gravel-sand-silt mixtures

Well graded gravels, gravel-sand mixtures; little or no fines

Limestone

Inorganic silts and very fine sands, rock flour, silty or clayey

No Description Provided, Problems in Sampling, Topsoil

Clayey sands, poorly graded sand-clay mixtures

Silty sands, poorly graded sand-silt mixtures

Silty sands, poorly graded sand-silt mixtures

Sandstone

Well graded sands, gravelly sands; little or no fines

Lithology Explanation



DATE:

SCALE:

FIGURE:

USACE Atlas Missile Site #4
Well MW-26

Borehole Geophysics and Lithology
with Nano TEM Line 1 Resistivity

1 inch = 20 feet

Modified 02/16/2006

7

0 400 0 30

Gamma (API units) Resistivity (ohm-meters)Lithology

MW-26

80 160 240 320 6 12 18 24

150

Line 2
NANO Tem Resistivity (ohm-meters)

0 50

L1Sta48
L1Sta49
L1Sta50

NanoTEM Explanation

Ogallala FM

White River
FM

Water Level
94.22'

12/2005

CL

CS

GM

GW

LS

ML

NDPS

SC

SM

SP

SS

SW

Inorganic clays or low to medium plasticity, gravelly clays

Claystone

Silty gravel, poorly graded gravel-sand-silt mixtures

Well graded gravels, gravel-sand mixtures; little or no fines

Limestone

Inorganic silts and very fine sands, rock flour, silty or clayey

No Description Provided, Problems in Sampling, Topsoil

Clayey sands, poorly graded sand-clay mixtures

Silty sands, poorly graded sand-silt mixtures

Silty sands, poorly graded sand-silt mixtures

Sandstone

Well graded sands, gravelly sands; little or no fines

Lithology Explanation

D
ep

th
(fe

et
be

lo
w

TO
C

) 100

5

10

15

20

25

30

35

40

45

50

55

60

65

70

75

80

85

90

95

100

105

110

115

120

125

130

135

140

145

150

155

160

165

170

175

180

185

190

195

200

205

210

215

220

225

230

235

240

245

250

255

El
ev

at
io

n
(fe

et
ab

ov
e

M
SL

)

El
ev

at
io

n
(fe

et
ab

ov
e

M
SL

)

7240

7235

7230

7225

7220

7215

7210

7205

7200

7195

7190

7185

7180

7175

7170

7165

7160

7155

7150

7145

7140

7135

7130

7125

7120

7115

7110

7105

7100

7095

7090

7085

7080

7075

7070

7065

7245

7250

7255

7260

7265

7270

7275

7280

7285

7060

7055

7050

7045

7040

7035

7030

7290

7295

7300

7240

7235

7230

7225

7220

7215

7210

7205

7200

7195

7190

7185

7180

7175

7170

7165

7160

7155

7150

7145

7140

7135

7130

7125

7120

7115

7110

7105

7100

7095

7090

7085

7080

7075

7070

7065

7245

7250

7255

7260

7265

7270

7275

7280

7285

7060

7055

7050

7045

7040

7035

7030

7290

7295

7300



DATE:

SCALE:

FIGURE:

USACE Atlas Missile Site #4
Well MW-27

Borehole Geophysics and Lithology
with Nano TEM Line 1 Resistivity

1 inch = 10 feet

Modified 02/16/2006

8

0 400 0 30

Gamma (API units) Resistivity (ohm-meters)Lithology

MW-27

80 160 240 320 6 12 18 24

0 150

Line 1
NANO Tem Resistivity (ohm-meters)

50 100

D
ep

th
(fe

et
be

lo
w

TO
C

)

Ogallala FM
White River

FM

Water Level
73.02'

12/2005

5

10

15

20

25

30

35

40

45

50

55

60

65

70

75

80

85

90

95

100

105

110

115

120

125

130

135

140

145

150

155

160

165

170

175

180

185

190

195

200

El
ev

at
io

n
(fe

et
ab

ov
e

M
SL

)

El
ev

at
io

n
(fe

et
ab

ov
e

M
SL

)

7240

7235

7230

7225

7220

7215

7210

7205

7200

7195

7190

7185

7180

7175

7170

7165

7160

7155

7150

7145

7140

7135

7130

7125

7120

7115

7110

7245

7105

7100

7095

7090

7085

7080

7075

7070

7065

7250

7255

7260

7265

7270

7275

7240

7235

7230

7225

7220

7215

7210

7205

7200

7195

7190

7185

7180

7175

7170

7165

7160

7155

7150

7145

7140

7135

7130

7125

7120

7115

7110

7245

7105

7100

7095

7090

7085

7080

7075

7070

7065

7250

7255

7260

7265

7270

7275

L1Sta23
L1Sta24
L1Sta25

NanoTEM Explanation

CL

CS

GM

GW

LS

ML

NDPS

SC

SM

SP

SS

SW

Inorganic clays or low to medium plasticity, gravelly clays

Claystone

Silty gravel, poorly graded gravel-sand-silt mixtures

Well graded gravels, gravel-sand mixtures; little or no fines

Limestone

Inorganic silts and very fine sands, rock flour, silty or clayey

No Description Provided, Problems in Sampling, Topsoil

Clayey sands, poorly graded sand-clay mixtures

Silty sands, poorly graded sand-silt mixtures

Silty sands, poorly graded sand-silt mixtures

Sandstone

Well graded sands, gravelly sands; little or no fines

Lithology Explanation



DATE:

SCALE:

FIGURE:

USACE Atlas Missile Site #4
Well MW-28

Borehole Geophysics and Lithology
with Nano TEM Line 2 Resistivity

1 inch = 10 feet

Modified 02/16/2006

9

0 400 0 30

Gamma (API units) Resistivity (ohm-meters)Lithology

MW-28

80 160 240 320 6 12 18 24

0 150

Line 2
NANO Tem Resistivity (ohm-meters)

50 100

Ogallala FM
White River

FM Water Level
94.2'

12/2005

D
ep

th
(fe

et
be

lo
w

TO
C

)

5

10

15

20

25

30

35

40

45

50

55

60

65

70

75

80

85

90

95

100

105

110

115

120

125

130

135

140

145

150

155

160

165

170

175

180

185

190

El
ev

at
io

n
(fe

et
ab

ov
e

M
SL

)

El
ev

at
io

n
(fe

et
ab

ov
e

M
SL

)

7240

7235

7230

7225

7220

7215

7210

7205

7200

7195

7190

7185

7180

7175

7170

7165

7160

7155

7150

7145

7140

7135

7130

7125

7120

7115

7110

7245

7105

7100

7095

7090

7085

7080

7075

7250

7255

7260

7265

7270

7275

7280

7285

7240

7235

7230

7225

7220

7215

7210

7205

7200

7195

7190

7185

7180

7175

7170

7165

7160

7155

7150

7145

7140

7135

7130

7125

7120

7115

7110

7245

7105

7100

7095

7090

7085

7080

7075

7250

7255

7260

7265

7270

7275

7280

7285

L2Sta43
L2Sta44
L2Sta45

NanoTEM Explanation

L2Sta46

CL

CS

GM

GW

LS

ML

NDPS

SC

SM

SP

SS

SW

Inorganic clays or low to medium plasticity, gravelly clays

Claystone

Silty gravel, poorly graded gravel-sand-silt mixtures

Well graded gravels, gravel-sand mixtures; little or no fines

Limestone

Inorganic silts and very fine sands, rock flour, silty or clayey

No Description Provided, Problems in Sampling, Topsoil

Clayey sands, poorly graded sand-clay mixtures

Silty sands, poorly graded sand-silt mixtures

Silty sands, poorly graded sand-silt mixtures

Sandstone

Well graded sands, gravelly sands; little or no fines

Lithology Explanation



DATE:

SCALE:

FIGURE:

USACE Atlas Missile Site #4

Well MW-31
Borehole Geophysics and Lithology

1 inch = 10 feet

Modified 02/16/2006

10

0 400 0 30

Gamma (API units) Resistivity (ohm-meters)Lithology

MW-31

80 160 240 320 6 12 18 24

CL

CS

GM

GW

LS

ML

NDPS

SC

SM

SP

SS

SW

Inorganic clays or low to medium plasticity, gravelly clays

Claystone

Silty gravel, poorly graded gravel-sand-silt mixtures

Well graded gravels, gravel-sand mixtures; little or no fines

Limestone

Inorganic silts and very fine sands, rock flour, silty or clayey

No Description Provided, Problems in Sampling, Topsoil

Clayey sands, poorly graded sand-clay mixtures

Silty sands, poorly graded sand-silt mixtures

Silty sands, poorly graded sand-silt mixtures

Sandstone

Well graded sands, gravelly sands; little or no fines

Lithology Explanation

El
ev

at
io

n
(fe

et
ab

ov
e

M
SL

)

El
ev

at
io

n
(fe

et
ab

ov
e

M
SL

)

6620

6625

6615

6630

6775

6635

6770

6640

6765

6645

6760

6650

6755

6655

6750

6660

6745

6665

6740

6670

6735

6675

6730

6680

6725

6685

6720

6690

6715

6695

6710

6700

6705

6610

6605

6600

6595

6590

6585

6580

6575

6570

6565

6620

6625

6615

6630

6775

6635

6770

6640

6765

6645

6760

6650

6755

6655

6750

6660

6745

6665

6740

6670

6735

6675

6730

6680

6725

6685

6720

6690

6715

6695

6710

6700

6705

6610

6605

6600

6595

6590

6585

6580

6575

6570

6565

Ogallala FM

White River
FM

Water Level
187.23'
12/2005



DATE:

SCALE:

FIGURE:

USACE Atlas Missile Site #4
Well MW-32

Borehole Geophysics and Lithology
with Nano TEM Line 1 Resistivity

1 inch = 10 feet

Modified 02/16/2006

11

0 400 0 30

Gamma (API units) Resistivity (ohm-meters)Lithology

MW-32

80 160 240 320 6 12 18 24

0 50 100 200

Line 1
NanoTEM Resistivity (ohm-meters)

Ogallala FM
White River

FM

Water Level
96.78'

12/2005

D
ep

th
(fe

et
be

lo
w

TO
C

)

150

5

10

15

20

25

30

35

40

45

50

55

60

65

70

75

80

85

90

95

100

105

110

115

120

125

130

135

140

145

150

155

160

165

170

175

180

185

190

195

El
ev

at
io

n
(fe

et
ab

ov
e

M
SL

)

El
ev

at
io

n
(fe

et
ab

ov
e

M
SL

)

7240

7235

7230

7225

7220

7215

7210

7205

7200

7195

7190

7185

7180

7175

7170

7165

7160

7155

7150

7145

7140

7135

7130

7125

7120

7115

7110

7245

7105

7100

7095

7250

7255

7260

7265

7270

7275

7280

7285

7290

7295

7300

7305

7240

7235

7230

7225

7220

7215

7210

7205

7200

7195

7190

7185

7180

7175

7170

7165

7160

7155

7150

7145

7140

7135

7130

7125

7120

7115

7110

7245

7105

7100

7095

7250

7255

7260

7265

7270

7275

7280

7285

7290

7295

7300

7305

L1Sta10
L1Sta11
L1Sta12

NanoTEM Explanation

CL

CS

GM

GW

LS

ML

NDPS

SC

SM

SP

SS

SW

Inorganic clays or low to medium plasticity, gravelly clays

Claystone

Silty gravel, poorly graded gravel-sand-silt mixtures

Well graded gravels, gravel-sand mixtures; little or no fines

Limestone

Inorganic silts and very fine sands, rock flour, silty or clayey

No Description Provided, Problems in Sampling, Topsoil

Clayey sands, poorly graded sand-clay mixtures

Silty sands, poorly graded sand-silt mixtures

Silty sands, poorly graded sand-silt mixtures

Sandstone

Well graded sands, gravelly sands; little or no fines

Lithology Explanation



DATE:

SCALE:

FIGURE:

USACE Atlas Missile Site #4

Hall Well
Borehole Geophysics and Lithology

1 inch = 20 feet

02/16/2006

12

20 80

Gamma (API units) Resistivity (ohm-meters)Lithology

Hall Well

32 44 56 68 0 306 12 18 24

Resistivity affected by
steel casing

CL

CS

GM

GW

LS

ML

NDPS

SC

SM

SP

SS

SW

Inorganic clays or low to medium plasticity, gravelly clays

Claystone

Silty gravel, poorly graded gravel-sand-silt mixtures

Well graded gravels, gravel-sand mixtures; little or no fines

Limestone

Inorganic silts and very fine sands, rock flour, silty or clayey

No Description Provided, Problems in Sampling, Topsoil

Clayey sands, poorly graded sand-clay mixtures

Silty sands, poorly graded sand-silt mixtures

Silty sands, poorly graded sand-silt mixtures

Sandstone

Well graded sands, gravelly sands; little or no fines

Lithology Explanation

6620

6625

7040

6630

7035

6635

7030

6640

7025

6645

7020

6650

7015

6655

7010

6660

7005

6665

7000

6670

6995

6675

6990

6680

6985

6685

6980

6690

6975

6695

6970

6700

6965

6705

6960

6710

6955

6715

6950

6720

6945

6725

6940

6730

6935

6735

6930

6740

6925

6745

6920

6750

6915

6755

6910

6760

6905

6765

6900

6770

6895

6775

6890

6780

6885

6785

6880

6790

6875

6795

6870

6800

6865

6805

6860

6810

6855

6815

6850

6820

6845

6825

6840

6830

6835

6615

El
ev

at
io

n
(fe

et
ab

ov
e

M
SL

)

6620

6625

7040

6630

7035

6635

7030

6640

7025

6645

7020

6650

7015

6655

7010

6660

7005

6665

7000

6670

6995

6675

6990

6680

6985

6685

6980

6690

6975

6695

6970

6700

6965

6705

6960

6710

6955

6715

6950

6720

6945

6725

6940

6730

6935

6735

6930

6740

6925

6745

6920

6750

6915

6755

6910

6760

6905

6765

6900

6770

6895

6775

6890

6780

6885

6785

6880

6790

6875

6795

6870

6800

6865

6805

6860

6810

6855

6815

6850

6820

6845

6825

6840

6830

6835

6615

El
ev

at
io

n
(fe

et
ab

ov
e

M
SL

)



MW-32 MW-27

MW-26



MW-08
MW-07

MW-28

DATE:

SCALE:

FIGURE:

USACE Atlas Missile Site #4

Nano TEM Line 2 Profile
with Adjoining Wells

As Shown

Modified 03/16/2006

14



DATE:

SCALE:

FIGURE:

USACE Atlas Missile Site #4

Nano TEM Line 3 Profile
with Adjoining Wells

As Shown

Modified 03/17/2006

15

MW-06
MW-05



DATE:

SCALE:

FIGURE:

USACE Atlas Missile Site #4

Nano TEM Line 4 Profile
with Adjoining Wells

As Shown

Modified 04/01/2006

16

MW-19 Hall Well



MW-05



DATE:

SCALE:

FIGURE:

USACE Atlas Missile Site #4

3D Orthographic Fence Diagram

As Shown

03/31/2006

18



 
 
 
 
 
 
 
 
 
 
 
 
 
 

APPENDIX B 
 
 

SURFACE GEOPHYSICS REPORT 
 



 

GEOPHYSICAL INVESTIGATION REPORT 

SURFACE GEOPHYSICAL INVESTIGATION 

  

FORMER ATLAS MISSILE SITE #4 

WARREN AFB, WYOMING 

 

Prepared For: 

 

RAS, INC. 
Integrated Subsurface Evaluation 

311 Rock Avenue 
Golden, CO 80401 

 

 

 

 

 
ZONGE GEOSCIENCES INC. 

1978 South Garrison Street, Suite 3 
Lakewood, Colorado 80227 

 

ZONGE JOB #2005.100 

March 20, 2006



TABLE OF CONTENTS 

 

EXECUTIVE SUMMARY....................................................................................................................1 

INTRODUCTION..................................................................................................................................4 

INSTRUMENTATION..........................................................................................................................7 

NanoTEM................................................................................................................................................7 

ZETA (ZONGE ELECTRICAL TOMOGRAPHY ACQUISITION).............................................10 

DATA ACQUISITION ........................................................................................................................11 

DATA QUALITY.................................................................................................................................12 

CULTURAL CONTAMINATION.....................................................................................................13 

SURVEY STATION LOCATIONS....................................................................................................14 

DATA PROCESSING: NANOTEM...................................................................................................15 

SMOOTH-MODEL INVERSION: NANOTEM...............................................................................16 

DATA PROCESSING: ZETA.............................................................................................................17 

SMOOTH-MODEL INVERSION: ZETA.........................................................................................18 

DATA PRESENTATION ....................................................................................................................19 

RESULTS..............................................................................................................................................20 

CONCLUSIONS AND RECOMMENDATIONS .............................................................................29 

APPENDIX A: FIGURES ...................................................................................................................31 

 



LIST OF FIGURES 

GENERAL SITE LOCATION MAP……………………………………………...FIGURE 1 

3D FENCE PLOT OF SELECTED LINES……………………………………... FIGURE 2 

LIST OF PLATES (in back pockets) 

LINE LOCATIONS ON AERIAL PHOTOGRAPH ..........................................................PLATE 1 

LINE LOCATIONS ON USGS TOPOGRAPHIC MAP....................................................PLATE 2 

ZETA LINE Z-1 ....................................................................................................................PLATE 3 

ZETA LINE Z-2 ....................................................................................................................PLATE 4 

ZETA LINE Z-3 .....................................................................................................................PLATE 5 

ZETA LINE Z-4 ....................................................................................................................PLATE 6 

ZETA LINE Z-5 ....................................................................................................................PLATE 7 

ZETA LINE Z-6 ....................................................................................................................PLATE 8 

NANOTEM LINE N-1 ..........................................................................................................PLATE 9 

NANOTEM LINE N-2 ..........................................................................................................PLATE 10 

NANOTEM LINE N-3 ..........................................................................................................PLATE 11 

NANOTEM LINE N-4 ..........................................................................................................PLATE 12 

NANOTEM LINE N-7 ..........................................................................................................PLATE 13 

NANOTEM LINE N-8 ..........................................................................................................PLATE 14 

NANOTEM LINE N-9 ..........................................................................................................PLATE 15 

COW CAMP LINE LOCATIONS ON USGS TOPOGRAPHIC MAP ...........................PLATE 16 

COW CAMP NANOTEM LINE N-5 ..................................................................................PLATE 17 

COW CAMP NANOTEM LINE N-6 ..................................................................................PLATE 18 

DIGITAL DATA 

DATA CD................................................................................................................................In pocket 

 



 

 

Project No. 2005.100 1 March 2006 

 

SURFACE AND BOREHOLE GEOPHYSICAL INVESTIGATION 

F.E. WARREN AFB PROJECT 

 

EXECUTIVE SUMMARY 

The primary objective of the geophysical investigation is to gain a clearer understanding 

of the litholigic and subsurface structural controls that may influence groundwater flow in the 

source area and immediately down-gradient of the source area. Figure 1, below, shows the 

general location of the Atlas Missile Site # 4 (AMS#4).  The source area is comprised of a TCE 

groundwater contaminant plume.  The auxiliary objective of this survey is to determine if similar 

lithologic and structural conditions exist in the area of the Cow Camp Well, located 

approximately five miles east of the launch facilities (i.e., the source area).  In order to meet 

these objectives, existing geologic and hydrogeologic data were integrated with surface 

geophysical data acquired by Zonge Geosciences, Inc. (Zonge), and borehole geophysical log 

data acquired by RAS Integrated Subsurface Evaluation, Inc., (RAS) in the launch facility and 

Cow Camp areas. 

Two separate surface geophysical methods were employed by Zonge as non-invasive 

subsurface evaluation techniques: 1) transient electromagnetic (TEM) soundings, or NanoTEM; 

and, 2) an electrical resistivity / induced polarization proprietary technique called Zonge 

Electrical Tomography Acquisition (ZETA).  Data acquisition for the NanoTEM surveys was 

conducted along nine separate lines across the entire site (N-1 through N-9), and data acquired 

for the ZETA surveys were collected along six separate lines (Z-1 through Z-6). Line and station 

locations with key features at the AMS#4 site are shown on an aerial photograph (Plate 1) and on 

a USGS topographic map (Plate 2).  

The geophysical data are discussed here with respect to 10 well logs and lithologic 

summaries provided by RAS, Inc., in addition to downhole information provided by USACE for 

36 drill holes in the form of formation contacts and indications of water.  
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The resistivity results clearly show expected layering, and substantial variations both 

laterally and vertically are well defined, even though the range of resistivities seen across the site 

is not large. The variability of the resistivities appears to be confirmed in the background 

information provided to Zonge. For example, lithologic information from RAS for MW-32, 

MW-27, and MW-26 (all along NanoTEM Line 1) all indicate more than 50 feet of ML material 

(silts, very fine sands) at depth in the sections, but no ML material at all is indicated in any 

boreholes on NanoTEM Line 2, which is located just 750 feet to the east. Similarly, MW-26, 

MW-27, and MW-28 (located on the northern halves of NanoTEM Lines 1 and 2) all indicate at 

least 40 feet of GW material (well-graded gravels) in the section, but nearby wells MW-32, MW-

7 (on the southern halves of NanoTEM Lines 1 and 2) indicate no GW material. Thus there is 

substantial variation east-west as well as north-south on two adjacent lines based on the borehole 

data, and substantial variability is seen in the surface geophysical data as well. 

Based on the two geophysical methods deployed at AMS#4 a well-defined contact 

between higher resistivity material interpreted to be the Ogallala formation and underlying lower 

resistivity material interpreted to be the White River formation is evident, and this contact can be 

followed along lines from known points (the drillholes). 

The geophysical survey data also indicate several features that may be important to 

understanding subsurface fluid flow. First, some surface drainages that cross the site appear to be 

correlated with low resistivity zones at depth in the White River Formation. The intersections 

between one drainage, labeled Drainage B on our maps, and five different lines all are 

characterized by low resistivity anomalies in the White River Formation. Drainages C and D also 

show low resistivity anomalies at depth, though these anomalies are weaker than those associated 

with Drainage B. Deep low resistivities associated with surface drainage patterns suggest the 

presence of deep fracture zones or preferred flow paths (changes in permeability, for example) 

that are manifested at the surface as drainage paths.  

One set of anomalies similar to those seen beneath the drainages is also seen several 

hundred feet north of the main road into the AMS#4 site. The road itself is along a very shallow 

topographic low, but the resistivity anomaly appears to be offset from the weak topographic low 

by 200 to 400 feet.   
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The surface geophysical data also indicate that some parts of the survey site are more 

variable in resistivity laterally than others, which may also influence subsurface fluid flow. The 

southern halves of Lines N-1 and N-2 show much more variation in White River resistivity than 

the other areas in general. In contrast, segments of Lines N-4 and N-9 show stretches of very 

uniform resistivity in the White River Formation.  

Figure 2 provides a 3D fence plot diagram of selected survey lines to illustrate the 

general results.  Low resistivity anomalies (shaded red) in the White River formation can be seen 

at depth beneath Drainage B, for example, and the apparent increased variability of resistivity in 

the White River formation in the vicinity of Lines N-1 and N-2 relative to the eastern lines (N-4 

and Z-2, for example) is evident.  

Two lines of data were also acquired near the Cow Camp Well, approximately 5 miles 

east of the AMS#4. The resistivity cross sections are very different however, and due to the 

limited amount of background information and the large distance from the AMS# 4 data set, it is 

not possible at this time to establish similarities in subsurface flow between the two locations.  

Results obtained from the surface geophysical investigation are very encouraging at this 

site, and provide specific targets for testing the correlation of the geophysics and the subsurface 

fluid flow. The correlation could likely be obtained by either additional surface geophysics or by 

drilling and borehole geophysics. Correlation of the Cow Camp data with AMS#4 is more 

difficult, and will probably require more background data in addition to more surface 

geophysics.  
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INTRODUCTION 

The United States Army Corp of Engineers (USACE), Omaha District, under the Defense 

Environmental Restoration Program (DERP) is conducting environmental investigations for the 

Former Atlas Missile Site No. 4 (AMS #4).  The AMS #4 is a non-National Priorities List (NPL), 

CERCLA site.  Although this site is regulated under the National Oil and Hazardous Substances 

Contingency Plan (NCP) and CERCLA, a Remedial Investigation (RI) has been underway by the 

USACE at the AMS #4 since 2004, and the tasks completed by Zonge were in support of the 

USACE RI, and were conducted under subcontract to RAS.  Surface geophysical investigations, 

performed by Zonge at the AMS #4Site, are in concordance with requirements specified in the 

work plan, Final Work Plan For Surface and Borehole Geophysical Investigations at the Former 

Atlas Missile Site 4, F.E. Warren AFB, Wyoming (RAS, Inc. & Zonge Geosciences, Inc., 

October 20, 2005). 
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Figure 1.  General Site Location Map.

Figure 1-1 
SITE LOCATION MAP 

– Former Atlas “D” 
Missile 4, Laramie 
County, Wyoming 
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AMS #4 is located approximately 20 miles west of Cheyenne, Wyoming, and 

approximately 2 miles south of Granite in Section 20, T13N R69W.  Figure 1-1 is a general site 

location map for AMS #4.The AMS #4 is one of four former Atlas “D” missile sites operated by 

the U.S. Air Force as part of the 565th Strategic Missile Squadron at the F.E. Warren AFB.   

Consisting of 703 acres, AMS #4 was acquired by purchase and condemnation between 

1959 and 1962.  Construction of the three missile launch facilities commenced shortly after 

acquisition of the property and was completed during the aforementioned timeframe.  The 

property was excessed to the General Services Administration (GSA) for disposal in April of 

1965.  In January of 1967, approximately 330 acres of fee and easements, of which 34.44 acres 

included the developed portion of the property, were conveyed by quick claim deed to Southern 

Scrap Iron and Metal Company, St. Louis, Missouri.  The property was subsequently sold to the 

Belvoir Grazing Association of Ault, Colorado.  GSA assumed accountability for the remaining 

easements and sold the remaining portion of the property, which consisted of easements over 338 

acres, in January of 1976.  The easements were subsequently sold to the Belvoir Grazing 

Association and Timnath Farms.  AMS #4 was finally acquired by the City of Cheyenne in 2003 

and is currently leased for cattle grazing and stock watering. 

Previous documentation and investigations indicate that AMS #4 had a total of ten 

underground storage tanks (USTs) that stored fuel oil and kerosene missile fuel.  All ten USTs 

were removed by the USACE in 1993.  During operation of the missile facility, intercontinental 

ballistic missiles (ICBMs) were regularly fueled as part of operational readiness testing.  After 

these readiness exercises the kerosene based rocket fuel (RP-1) was pumped back into the USTs 

and the missiles RP-1 fuel tanks and lines were flushed with approximately 25 gallons of TCE.  

TCE was used to flush fuel tanks and lines to remove any residual RP-1 fuel, thereby preventing 

accidental explosions.  The waste TCE and residual RP-1 fuel were then released into flame pits 

and subsequently discharged on the ground surface. 

Several previous investigations have been completed on Site, including a Site Inspection 

(SI), an Expanded Site Investigation (ESI), and an ESI Addendum.  The investigations involved 

surface water/sediment samples taken from Lone Tree Creek, surface and subsurface soil 

samples at the launch and service buildings, and groundwater samples from monitoring wells 
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installed on Site and outside AMS #4 perimeter.  Data acquired from these investigations are 

presented in the USACE reports regarding this Site and will not be presented in this report. 

INSTRUMENTATION 

Two separate surface geophysical methods were employed by Zonge as non-invasive 

subsurface evaluation techniques: 1) transient electromagnetic (TEM) soundings, or NanoTEM; 

and, 2) an electrical resistivity / induced polarization proprietary technique called Zonge 

Electrical Tomography Acquisition (ZETA).  These two techniques are well-suited to meet the 

project needs and objectives based on site conditions and geologic setting. 

The equipment used to conduct this survey includes a Zonge NT-32II multipurpose 

receiver.  This receiver is a backpack-portable, 16-bit, microprocessor-controlled receiver, with 

an installed NanoTem transmitter capable of acquiring NanoTEM data on as many as three 

channels simultaneously.  This processor was also used in the collection of ZETA electrical 

resistivity and induced polarization data. 

NanoTEM 

NanoTEM is a sounding (i.e., 1-dimensional) technique aimed at initially defining the 

overall conductivity contrasts defined by lithologic interfaces and variations in depth.  This 

survey technique involves transmitting a 50% duty cycle, time domain, square-wave signal into 

an ungrounded loop of wire.  These square-wave signals alternate between positive, zero, 

negative, and zero voltages and this cycle repeats 32 times per second (system specifications 

available only with Zonge Engineering Research Organization’s equipment).  The measurements 

are made when the transmitter is off, or, when the transmitter voltage is zero.  While the 

transmitter voltage is zero, decaying magnetic fields from subsurface conductors can be 

measured.  The decaying voltages can be mathematically modeled, thereby providing a vertical 

sounding of resistivity beneath the receiver loop.  Both lateral resolution and depth of 

investigation are dependent on the size of the wire loops. 
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NanoTEM is a fast-turn-off, shallow-sensing TEM system developed by Zonge for 

shallow minerals exploration, environmental applications, and groundwater applications.  The 

transmitter is capable of turning off in one microsecond, and the receiver’s first measurement 

point (corresponding to the shallowest data) is at 1.2 microseconds after transmitter turn-off.  

This fast turn-off and high sample rate allows good vertical resolution in the near-surface.  The 

turn-off time and sample rate can be adjusted according to the size of the transmitter loop, where 

the size of the loop is designed specifically for the depth of investigation and the resolution 

required. 

In the field, a square loop of wire, measuring 40 feet on each side in the launch facility 

area, and 50 feet wide in the Cow Camp well area, will be laid on the ground.  Centered inside 

the transmitter loop will be the receiver loop, measuring 3 feet on each side (for the 40-foot loop) 

and 5 feet on each side (for the 50-foot loop).  The time domain signal is transmitted into the 

transmitter loop and received with the central, smaller loop.  The receiver operator monitors data 

quality by examining standard error values, which are displayed as the data are acquired, and 

decay curve plots with error bars displayed on-screen after each set of measurements.  Each 

measurement consists of several hundred stacked and averaged cycles.  Each measurement is 

repeated at least twice to ensure data repeatability.  Once data of acceptable quality has been 

acquired, the loops are disconnected from the console and moved to the next survey station. 

Due to the instrumentation set-up described above, the NanoTEM technique is an 

electrical sounding method that produces high-resolution, one-dimensional geo-electric earth 

models through a mathematical inversion process.  The depth of investigation is, in general, 

based on the size of the transmitter loop and is typically anticipated to be approximately five-

times the loop size.  That is, for a 40-foot transmitter loop has an effective depth of investigation 

of approximately 200 feet below ground surface (bgs), depending on the lithologic properties 

beneath the instrument set-up.  Vertical resolution for layer thickness of this one-dimensional 

sounding method is considered to be better than 10 per cent of depth of burial; or approximately 

10 feet at a depth of 100 feet and approximately 20 feet at a depth of 200 feet bgs.  The accepted 

depth of investigation and vertical resolution standards in the industry are neither based solely on 

the TEM hardware, nor the field configurations of the transmitter and receiver loops; it is 
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predominately determined by the conductivity of the lithologic formation and the content of 

fluids in the subsurface formations.  Therefore, it is often difficult to substantially define these 

limits prior to on-site data acquisition.  At AMS #4, numerous borehole conductivity (or 

induction) logs were acquired by RAS.  Existing logs acquired at AMS #4 prior to this 

investigation indicate that, in general, a large (~50-100%) decrease in resistivity at the 

Ogallala/White River formation interface (e.g., FEW4-MW26), as well as fairly uniform 

conductivity in the underlying White River Formation.  These two conditions are conducive to 

good vertical and lateral resolution of changes in lithology, structure, and/or water content. 

The field approach of acquiring multiple soundings along a semi-fixed line (i.e., 

transmitter loops consecutively placed side-by-side in traverse along the ground surface 

following a general prevailing direction) permits the one-dimensional inverse model data to be 

interpolated into a two-dimensional geo-electric cross-section.  The horizontal resolution of 

NanoTEM data then becomes a function of two things: 1) the transmitter loop size; and, 2) the 

lateral variability of the geologic layers.  The more consistent the formations are laterally, the 

mathematical interpolation and contouring of the one-dimensional sounding data can reflect 

variations on a relatively tight scale (i.e., less than 40 feet).  Structures such as faults, shear 

zones, and fracture zones, generally known to contain greater water content, can be imaged 

because of the wide affect they have on uniform lithology.  However, independent fractures or 

joints may go undetected unless significantly different formation (or water) properties exist in 

the area of a single, narrow subsurface structure.  The presence of water bearing zones within the 

uniform lithologic formations generally changes the conductivity, but the characteristics of the 

water are important.  Total dissolved solids, brine and other contaminants in significant 

concentrations can provide a sufficient contrast from the background geologic signature to allow 

saturated water bearing zones to be mapped with the NanoTEM method.  It is important to 

integrate the existing geologic, hydrogeologic, and borehole geophysical data into the modeling 

of NanoTEM data.  This integration of data was done for AMS #4 geophysical data in order to 

constrain the one-dimensional inverse modeling, the two-dimensional interpolation, and the final 

interpretation of the NanoTem data. 
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Data processing for NanoTEM data was performed using proprietary software developed 

at Zonge Engineering and Research Organization.  The manual, detailing software operation and 

design, for NanoTEM data processing is available from Zonge upon request. 

ZETA (Zonge Electrical Tomography Acquisition) 

The other geophysical survey technique that was used at AMS #4 is an electrical 

resistivity (ER) and induced polarization (IP) survey technique, where the data was acquired in 

the dipole-dipole configuration using the ZETA technique. 

In the dipole-dipole electrode configuration, a controlled electrical signal is transmitted 

into the ground via a grounded dipole consisting of two current electrodes.  At varying distances 

from the current dipole the electrical signal is received at a different grounded dipole, called a 

“receiver” or “potential” electrode, the signal is recorded digitally by the microprocessor 

controlled electronics.  The grounded dipole has two electrodes with constant spacing, referred to 

as the “a” spacing; and, the distance between the transmitting and receiving dipoles is spaced at 

integer multiples of “a”.  One electrical property of the subsurface that can be measured in this 

manner is called resistivity; a change in subsurface resistivity (the ability of the subsurface to 

conduct electrical current) affects the strength of the received signal.  A different electrical 

property is called chargeability, or IP.  A change in IP, the ability of material in the subsurface to 

polarize at subsurface interfaces, affects the shape or timing of the received waveform. 

Variations in subsurface moisture content, porosity, permeability, and soil or rock type 

can all affect resistivity measurements.  Cultural features (man-made features such as fencing, 

power lines, and pipelines can all affect resistivity measurements.  The former missile site is 

relatively free of man-made cultural features (aside from fencing) and did not affect data quality 

in a significant manner. 

The transmitted signal along the ER surveys was a 0.5 Hz time domain signal (50% duty 

cycles).  Eight cycles were stacked and averaged to comprise one measurement.  All 

measurements were repeated at least one additional time to establish repeatability of data.  

Adverse affects from cultural features were minimized through proper placement of survey lines.  

At each station, electrodes consisting of tin-coated copper grounding braids were buried 
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approximately two-inches deep in the soil.  Once a spread of 30 electrodes was in place and 

connected to the geophysical data processor data was acquired.  A laptop computer was used to 

control the measurements and switching of electrodes along the survey line, storing each 

measurement along with standard error of the mean (SEM) statistics to memory.  Both data sets 

(IP and ER) were acquired simultaneously. 

Data processing for electrical resistivity and induced polarization data acquired using the 

ZETA technique was performed using proprietary software developed by Zonge Engineering and 

Research Organization.  A manual detailing the procedure for processing ZETA collected data is 

available from Zonge, upon request. 

 

DATA ACQUISITION 

Data acquisition for the NanoTEM surveys were directed along nine separate lines across 

the entire site (L1 through L9), and data acquired for the ZETA surveys were collected along six 

separate lines (Z1 through Z6).  Orientation of each survey line was dependent on several 

factors: 1) the overall regional geological trend from west to east; and, 2) the established 

locations of groundwater monitoring wells; and, 3) additional areas where there is little to no 

borehole, groundwater, or geophysical data.  By positioning geophysical survey lines to intersect 

with previously established and constructed monitoring wells we were able to more easily 

integrate and correlate data and information obtained from each well with geophysical data along 

each survey line. 

NanoTEM survey lines N-1, N-2, and N-3 have a predominantly SE to NW orientation 

across AMS #4; line N-4 begins, at the south end, heading from SE to NW and then turns to the 

NE halfway through the survey line following the general contours of the topography; lines N-5, 

N-6, and N-7 are oriented predominately north to south, line N-8 serves as an east to west 

connection between N-2 and N-3, and N-9 is oriented SW to NE.  Survey line N-1 intersects 

monitoring wells MW-32, MW-27, and MW-26, progressing from south to north, respectively.  

Line N-2 intersects, again from south to north, monitoring wells MW-08, MW-07, and MW-28.  

Line N-3 intersects just two monitoring wells, head south to north, MW-06 and MW-05.  Survey 
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line N-4 mimics a “dog leg” right, beginning from the south and intersecting MW-19 and 

proceeding north for approximately 1000 feet and then proceeding to the NE towards the “Hall 

Well”.  Lines N-5, N-6, and N-7 are relatively short survey lines that run north to south and do 

not intersect any monitoring well.  Survey Line N-8 is oriented east to west and intersects N-3 at 

MW-05 and N-2 at MW-28.  Line N-9 is oriented from SW to NE and does not intersect any 

monitoring wells.  All NanoTEM surveys were conducted with either a 40-foot or a 50-foot 

transmitter loop. 

ZETA survey line orientations were based off NanoTEM data acquired prior to 

conducting ZETA surveys.  The majority of ZETA lines were oriented along NanoTEM lines, 

but some were oriented toward areas where there was minimal borehole (geologic) or 

groundwater data and little to no NanoTEM data; this was done in order to develop a more 

complete understanding of the subsurface at AMS #4.  ZETA line Z-1 was oriented from SE to 

NW between NanoTEM lines N-2 and N-3.  Line Z1 begins at MW-06, along line N-3 and 

proceeds NW to MW-28, along line N-2 and continues past N-2 following a NW trend for 

approximately 550 additional feet.  ZETA survey line Z-2 approximates the orientation of the 

southern portion of line N-4.  Line Z-3 follows line N-3 exclusively, starting at approximately 

300 feet south of MW-06 and ending at approximately 1575 feet north of MW-06.  Survey line 

Z-4 is oriented from SE to NW and intersects lines N-4, at the start of the “dog-leg”, and N-9 at 

approximately the center of the line.  Line Z-5 begins at approximately MW-05 along line N-3 

and proceeds NW for approximately 2225 feet.  Line Z-6 approximately bisects the distance 

between the northern half of N-4 and N-9, and is similarly oriented SE to NW.  All ZETA 

surveys were conducted at an electrode spacing of approximately 25 feet and a dipole size of 75 

feet. 

DATA QUALITY 

Standard Zonge field procedure requires that the receiver operator make multiple 

measurements of each data point while monitoring real-time standard-error values displayed on 

the screen of the receiver.  For both NanoTEM and ZETA data acquisition, multiple waveforms 

are stacked and averaged to reduce random noise in the data blocks, and all data blocks are 
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repeated at least once to establish data repeatability. All individual blocks are recorded and saved 

digitally, along with standard error of the mean values. The data quality is monitored in the field 

by the receiver operator.  Data quality for this project ranged from fair to excellent with respect 

to standard error of the mean (SEM) and block repeatability; specific stations where data were 

adversely affected by cultural noise is described in detail below in the line-by-line discussion.  

CULTURAL CONTAMINATION 

Cultural contamination of the geophysical data can include the effects of power lines, 

metallic pipelines, radio transmitters, metallic fences, or other man-made conductive objects that 

either generate electrical noise or alter the transmitted or received signal or EM field in the 

vicinity of the survey. At the AMS#4 site, the cultural features include fences that intersected the 

survey lines and suspected utility lines, particularly in the vicinity of the buildings in the western 

half of the site. Specific cultural problems are discussed below, but in general, the NanoTEM 

data appeared to be more influenced by culture near the buildings than the Zeta data.  

After the surface geophysical survey was completed, Zonge received two maps which 

indicated the presence of buried water pipelines in the survey area. Although the pipelines are 

assumed to be small, they could cause spurious effects if they are metallic and if located within a 

few feet of an electrode (in the ZETA survey) or if they were parallel and close to the side of a 

NanoTEM wire loop. The maps gave contradictory information about the pipeline locations, so 

Zonge returned to the AMS#4 site with an EM61 system in order to verify the presence or 

absence of metallic pipelines. The EM61 system is manufactured by Geonics Limited, of 

Mississauga, Canada , and is a modified transient electromagnetic (TEM) survey instrument.  

This type of survey involves transmitting a 25% duty cycle, time domain, square-wave signal 

into an ungrounded loop of wire.  This square wave signal alternates between positive and zero 

voltages, at a frequency of 75 Hz.  The measurements are made when the transmitter is off, that 

is, when the transmitter voltage is zero.  During these times, decaying magnetic fields from 

subsurface metal conductors can be measured.  In the EM61 system, these magnetic fields are 

detected in up to two horizontal ungrounded loops of wire.  The measurements are made at a 

fixed time, or time-gate, after the background earth response has decayed, but while decaying 
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secondary fields from strong conductors, such as metallic objects, are still detectable.  Since it is 

a small TEM instrument, using loops only 1-meter by ½-meter in size, and it measures only late 

time data, the EM61 is relatively insensitive to variations in ground resistivities, and therefore 

only responds only to metallic objects (both ferrous and non-ferrous metals).  EM61 data can not 

normally be used to discriminate metal types (copper, steel, etc.), thus interpretation is usually 

based on the size, shape, and strength of anomalous features.  

EM61 data were acquired along Zeta Lines 2, 4, and 6, NanoTEM Line 2, and portions of 

NanoTEM Line 9. Data were also acquired in the general area north of the main road into the 

AMS#4 site. Although suspected utilities near the AMS#4 buildings were detected, as well as a 

few small, isolated pieces of metallic debris on the surface, there was no indication of the 

pipelines shown on the maps provided to Zonge. This suggests that the pipelines are no longer in 

place, or are not metallic, and therefore are not the source of anomalies in the NanoTEM and 

ZETA data. The ranch manager indicated that the main waterline from the Kennedy Well going 

south is constructed of PVC, which would not be detected by the EM61 survey technique. 

SURVEY STATION LOCATIONS 

Stations were located in the field using measurement chains or pre-cut wires, with 

compass or GPS for line bearings. Once established, GPS data were acquired by the field crew 

using hand-held Garmin GPS or a Trimble Asset Surveyor GPS. GPS positions were acquired at 

each NanoTEM loop center; for ZETA lines, positions were acquired at numerous electrodes on 

the lines, and positions were interpolated from the acquired positions. Although positions are 

usually self-consistent on a given day, these horizontal positions should be assumed to be no 

more accurate than a few meters, and accuracy may vary from day-to-day depending on terrain 

and satellite accessibility. Vertical positions (elevations) are also usually consistent on a given 

day, but are traditionally less accurate, and may be 10s of meters off.  Unrealistic erratic points 

were not used in the modeling. For reference purposes, GPS data were also acquired for fixed 

features such as wells, roads, and fences. The location maps (Plates 1 and 2) show the field 

crew’s horizontal x-y GPS positions, in addition to locations provided by the USACE; agreement 
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between the two data sets is good. In addition, the field crew’s GPS positions of features visible 

on the aerial photograph and USGS topographic map are also in good agreement.  

Since the elevation data from the field crew’s GPS were less accurate, and therefore in 

conflict with the well elevations provided by USACE, modeling of the surface geophysical data 

used elevations from the USGS topographic sheets rather than the field crew’s GPS data. The 

USGS elevations are in good agreement with the USACE data at all wells except MW05 and 

MW19, where it is assumed that road building and/or leveling has altered the surface elevation. 

(The USGS elevation for the MW05 location is 7260 feet, versus 7240 feet from the USACE, 

and the USGS elevation for the MW19 location is 7205 feet, versus 7164 feet from the USACE.) 

For modeling purposes, the USACE elevations were used for the stations at and adjacent to these 

two wells.  

DATA PROCESSING: NANOTEM 

Data processing for NanoTEM data is performed with software developed at Zonge 

Engineering and Research Organization.  The software is proprietary.  The processing flow is 

shown in following flow chart (next page).  Three main programs are used, SHRED, which pre-

processes raw field data, TEMAVG which does the computational modeling, and ZPLOT which 

creates the 1D geo-electric models.  The manual for this software can be made available from 

Zonge upon request. 
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TEM Data Processing Flow Using SHRED, TEMAVG, and ZPLOT 

 

SMOOTH-MODEL INVERSION: NANOTEM 

Smooth-model inversion is a robust method for converting TEM measurements to 

profiles of resistivity versus depth. Observed TEM time and dB/dt magnitude data for each 

station are used to determine the parameters of a layered-earth model. Layer thicknesses are 

fixed by calculating source-field penetration depths for each window time. Layer resistivities are 
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then adjusted iteratively until the model TEM response is as close as possible to observed data, 

consistent with smoothness constraints set by the data processor. The smoothness constraints 

limit resistivity variation from layer to layer.  

The result of the TEM smooth-model inversion is a set of estimated resistivities which 

vary smoothly with depth. Lateral variation is determined by inverting successive stations along 

a survey line. Results for a complete line are presented in cross section form by contouring 

model resistivities.  For contouring, resistivity values are placed at the midpoint of each layer, 

forming a column below every station; the columns for an array representing a cross section of 

resistivity. Smooth-model inversion does not require nay a priori estimates of model parameters.  

The smooth-model inversion program used for this data is called STEMINV, written by 

Dr. Scott MacInness of Zonge Engineering.  

DATA PROCESSING: ZETA 

Data processing for electrical resistivity and induced polarization data acquired using the 

ZETA technique was performed with the flow sequence shown below. The programs were 

developed at Zonge Engineering Research Organization and are proprietary.  ZETA data are 

processed through the SHRED program initially to pre-process raw field data, then TDAVG and 

TSDIP to computationally model (in 2D) the resistivity or induced polarization data.  Two-

dimensional plots are generated using either standard (over-the-counter) GEOSOFT tools or 

through Zonge’s ZPLOT package.  The manual for performing ZETA data processing can be 

made available upon request.  
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ZETA Data Processing Flow Using SHRED, TDAVG, AVG-GDAT, ZPLOT and 

GEOSOFT Programs 

SMOOTH-MODEL INVERSION: ZETA 

The final model cross sections presented here for the ZETA resistivity are the smooth-

model inversion results of the dipole-dipole data.  Since the dipole-dipole array is not a vertical 

sounding method, a buried IP responder or change in resistivity can affect measurements that are 

not directly over the responder, making the interpretation of location, size, and depth very 

difficult. Briefly, smooth-model inversion mathematically “back-calculates” (or “inverts”) from 
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the measured data to determine a likely location, size and depth of the source or sources of IP 

and resistivity changes. The results of the smooth-model inversion are intentionally gradational, 

rather than showing abrupt, “blocky” changes in the subsurface.  

The inversion results should not be considered a unique solution, and some ambiguity 

remains in any mathematical representation of the data. The likelihood that the interpretation is 

correct increases with corroborating information, of course.  The smooth-model inversion 

program is called “TS2DIP”, written by Dr. Scott MacInnes of Zonge Engineering & Research 

Organization.   

DATA PRESENTATION 

Data are presented as color cross sections of resistivity from the smooth-model inversion 

process. Station numbers are shown across the top of the cross section, and elevation (in feet) is 

down the side of the section. With the exception of the 3D perspective plot in Figure 2, the 

horizontal-to-vertical ratio of these plots is 1:1. The data (apparent resistivities in ohm-meters) 

are contoured and shaded on a logarithmic scale, and all plots have been contoured and shaded 

using the same scale. On these plots, trends toward “warm colors” (yellow, orange, red) indicate 

low resistivities, and “cool” colors (green, blue) indicated high resistivities.  

For the ZETA lines, each line plot includes the cross section from the 2D smooth-model 

inversion result (top image in each plot), the raw resistivity in traditional pseudosection format 

(center) and the calculated results in pseudosection format (bottom). Comparison of the raw and 

calculated pseudosection plots (center and bottom) is a useful method for evaluating how well 

the mathematical model fits the raw data.  

For the NanoTEM lines, the cross sections are a 2D presentation of the 1D smooth-model 

inversion results.  

It is important to note that gridding process extends the model section, particularly 

toward deeper data, and in order to model the data itself, the smooth-model inversion process 

contains cells that extend beyond the ends of the lines (in the case of the ZETA lines) and 

beyond the normal depth of the investigation; these “outlying cells” are necessary in the 
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mathematical modeling process. For the sake of completeness, the plots included here contain 

the outlying cells, as well as the extension of the gridding, but the results in these areas should be 

considered very tentative. For example, the deepest part of the plots, particularly for NanoTEM 

data, show strong changes toward very resistive or very conductive values; the trends (toward 

higher or lower resistivity) are usually valid, but the strength of those changes should be 

considered to be an artifact of the modeling and gridding routines.  

Digital data files, as well as Figure bitmaps (BMP) are included on a CD-ROM in a 

pocket on the inside back cover. See the file named ReadMe.doc on the data disk for a 

description of contents.  

RESULTS 

The purpose of this survey was to gain a better understanding of the lithologic and 

structural controls that may influence groundwater flow within the source area and immediately 

down-gradient of the source area, as well as the Cow Camp well located approximately five 

miles east of the aforementioned source area.   

General Notes- Although the two surface geophysical data sets (NanoTEM and ZETA) 

show very similar general results at AMS#4, some variation between the results of the two 

methods are expected, since the methods have several inherent differences. ZETA resistivity is a 

geometry-dependent galvanic method and is modeled with a 2D program, while NanoTEM is an 

inductive sounding method which is modeled with a 1D program. As a result, some subsurface 

features are more easily detected in one dataset than the other. For example, a thin low resistivity 

layer in the near surface is clearly evident in the NanoTEM data on Line 4 from approximately 

the northeast end of the line to approximately station 217, but is less well defined in nearby 

ZETA Line 6. The TEM method sometimes tends to couple into flat-lying conductors better than 

a 2D galvanic method. In addition, the deeper data in the NanoTEM survey tend to be more 

variable than the ZETA results, since the NanoTEM results are 1D, and therefore less smooth; in 

addition the deeper NanoTEM data correspond to later times in the decay curve, when signal 

strength is at a minimum, resulting in noisier data. Both methods are sensitive to cultural 
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contamination, but in different ways, thus some cultural features may affect one survey method 

but not the other.  

For purposes of this discussion, the significant resistivity change from moderately high 

resistivities to lower resistivities that is evident in most downhole resistivity logs is generally 

assumed to be the contact between the Ogallala and the underlying White River formation. 

Based on general information about the area, as well as the borehole information from the 

USACE, this is probably a good approximation, but it is important to note that this significant 

resistivity decrease in the downhole logs does not always coincide with a contact between two 

specific lithologies, and even occasionally occurs within a given lithology (i.e., not at an 

interpreted contact between lithologies). A good example of this is the borehole geophysics and 

interpreted lithology for MW-05 (RAS Figure 2).  

To extrapolate the Ogallala/White River contact from the borehole interpretations along 

the surface geophysical lines, the resistivity curve shapes (from the surface geophysics) in the 

vicinity of several wells have been examined, and characteristics of the curve shape that fit the 

borehole position for the top of the White River are used to estimate the contact at other 

locations along the survey lines. On the cross sections discussed below, this significant resistivity 

change is shown as a horizontal black diamond below each station at the interpreted elevation. In 

most cases, this probably represents the Ogallala/White River contact, but it is important to note 

that in some areas, there may be multiple points on a given resistivity curve that meet the 

selected criteria, and the automated picking routine may therefore denote more than one point.  

As noted above, resistivity changes can occur within a given lithology, which contributes to 

some ambiguity in the interpretation.  

ZETA Line 1- Line Z-1 extended from approximately MW-06 to the northwest, past 

MW-28. The resistivity cross section and data are shown in Plate 3. The strong resistivity change 

associated with the top of the White River formation does not mimic the surface topography on 

this line; the overlying Ogallala is relatively thin in the vicinity of Drainage B (centered at station 

500) and thickens to the southeast and northwest. This is consistent with borehole information 

from the USACE, which indicates depth to the White River is 108 feet on the southeast end of 
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the line at MW-06 and 94 feet on the northwest end of the line at MW-28, but only 43 feet at 

MW-29 in the center of the line.  

Moderately low resistivities are seen in the White River formation centered at stations 

375 and 625, straddling Drainage B. Decreased resistivities at depth in the White River 

associated with Drainage B is consistent with data on Lines Z-2, Z-3, N-3, and N-4, which also 

intersect this drainage. A very weak change toward slightly lower resistivities is also seen in the 

White River centered below station 1100.  

ZETA Line 2- Line Z-2 was centered on MW-19, located in the southwestern part of the 

AMS survey area. The resistivity cross section and data are shown in Plate 4.  The resistivity 

change associated with the top of the White River formation is somewhat more variable on this 

line than on other lines, apparently deepening to 190 feet in the vicinity of station 450, but 

appearing quite variable and shallow in the central part of the line. In the vicinity of MW-19, the 

resistivity change occurs at approximately 60 feet, in reasonable agreement with the borehole 

information (67 feet in the USACE data).  

A strong low resistivity anomaly is evident in the White River formation centered at 

station 775. Based on the shape of the anomaly in the raw pseudosection, this anomaly is not the 

result of a very shallow feature. This anomaly is very similar to anomalous features that are seen 

where Lines Z-3, N-3, and N-4 cross this same surface drainage (Drainage B). 

Since one of the maps provided to Zonge showed the possibility of a buried water line in 

this general area, EM-61 data were acquired along the length of Line Z-2. One metallic anomaly 

(due to visible surface debris) was evident in the vicinity of station 325, but no other anomalous 

features were detected along the length of the line. The absence of an EM-61 anomaly in the 

vicinity of the strong resistivity anomaly at station 775, in addition to the absence of an IP 

anomaly at that location, strongly indicates that the anomaly associated with Drainage B on this 

line is not the result of a shallow cultural object such as a pipeline.  

ZETA Line 3- Line Z-3 was a north-south line, extending from south of MW-06 to north 

of MW-05. The resistivity cross section and data are shown in Plate 5.  Like Z-1 and Z-2, this 

line also crossed Drainage B, and a distinct low resistivity anomaly is again associated with the 
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drainage (centered at approximately station 575) in the data below the contact between the 

Ogallala and the White River formations.  

The resistivity change associated with the top of the White River is fairly well defined on 

this line, although in the vicinity of MW-05, the auto-pick of this resistivity change is erratic on a 

station-to-station basis. On the north end of the line, from approximately station 1425 to the end 

of the line, the resistivity change is shown as being very shallow; this probably indicates that 

there is a conductive layer within the Ogallala that is producing a resistivity change that is strong 

enough to be misinterpreted as the transition to the White River formation.  

Moderately low resistivities are evident in the White River from approximately station 

1200 to station 1425. This is coincident with the intersection of the line and a fence, but 

examination of the raw data suggests that this change is not the result of a surface feature. A 

third weak low resistivity anomaly is seen in the White River beneath station 1550, and probably 

correlates with narrow low resistivity anomalies seen at this location on N-3 at station 38.  

ZETA Line 4- Line Z-4 was oriented from S-SE to N-NW and was acquired primarily to 

obtain data across Drainages C and D. This line crossed a fence, which does not appear to have 

had any effect on the data. The significant change in resistivity associated with the top of the 

White River indicates that the Ogallala is probably not present north of approximately station 

1650 on this line. Note that at numerous stations along this line, there are shallow equivalent 

changes in resistivity within the Ogallala that could be misinterpreted as the top of the White 

River.  

Low resistivity anomalies in the White River are associated with both Drainages C and 

D. Drainage C, the southern of the two, exhibits the weaker change of the two, although it is 

broader. A much stronger, narrow low resistivity anomaly is seen at station 1275 (at Drainage 

D). A fairly strong low resistivity anomaly is also seen centered at station 1950, approximately 

200 feet northwest of the main road into AMS#4 site. This location does not correspond to a 

wash or local topographic low, but may correlate with a low resistivity anomaly seen on Z-5, 

also located approximately 200 feet north of the same road.  
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ZETA Line 5- Line Z-5 parallels Line Z-4, and is approximately 1600 feet to the west. 

This line crosses the same fence as Z-4; a moderately weak low resistivity anomaly is seen 

centered on the fence, but based on the raw data pseudosection, the fence is probably not the 

source of this anomaly.  

Neither Drainage C nor D continues far enough west to intersect this line, but a shallow 

local topographic low is centered at station 800, where the line crosses the same main road into 

the AMS#4 site as Line Z-4. No resistivity anomalies are associated with this local topographic 

low, but a strong low resistivity anomaly at depth in the White River formation is seen 

approximately 200 feet north of the road centered at about station 1000, similar to what was seen 

on Line Z-4. This suggests the possibility that the local shallow topographic low (which the road 

follows into the AMS site) may be similar at depth to other drainages in the area.  

A moderately low resistivity anomaly is also seen centered at station 1425 at depth in the 

White River formation. North of station 1525, there is probably no Ogallala at the surface, based 

on the change to low resistivities. North of station 1625, the broad topographic low associated 

with Lone Tree Creek is dominated by low resistivities.  

ZETA Line 6- Line Z-6 was a short line in the northeast part of the survey area crossing 

Lone Tree Creek, in order to determine resistivities beneath this major drainage feature; the 

results are shown in Plate 8. Raw resistivities are all relatively low compared to the main survey 

area, as expected, and the cross section model results suggest a variable, broken up subsurface. 

Very low resistivities are seen beneath stations 325, 550, and 700. The line crosses Lone Tree 

Creek at station 450. North of station 775, the Ogallala probably reappears at the surface as the 

line continues uphill out of the Lone Tree Creek topographic low even though resistivities on this 

north side of the creek are not as high as on the south, and the automated picking does not quite 

detect the curve parameters used to identify the White River contact on the lines south of the 

creek.  

NanoTEM Line 1- Line N-1 was the furthest west line, crossing past MW-32, MW-27, 

and MW-26; the results are shown in Plate 9. The line intersects the east-west fence near station 

50, and both stations 50 and 60 (the adjacent station) may be adversely affected. Stations 10, 12, 

13, 15, and 21 are also almost certainly affected by buried utilities, as these stations show very 
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low resistivities and are coincident with linear features visible on the aerial photograph of the site 

(Plate 1). These linear features extend between the control building to the other three main 

buildings, and anomalies are seen in the NanoTEM data each time a line crosses these linears. 

Station 31 also shows very low resistivities, coincident with a road running between two the site 

buildings; it is possible there is a buried utility line of some sort along the road that is the source 

of this anomaly.  

In general, resistivities on this line are lower south of station 27 than north, but this is 

also the part of the line that is the most culturally dense. The top of the White River formation 

appears to be moderately well defined, and north of station 27, resistivities in the White River 

increase begin to increase below an elevation of approximately 7150 feet.  

NanoTEM Line 2- Line N-2 was approximately north-south, passing MW-08, MW-30, 

MW-07, and MW-28 (see Plate 10). Anomalous stations are again seen near roads and linear 

features (as discussed above) at stations 23, 26, and 28-29; these low resistivities are probably 

the result of the cultural influences.  

The significant resistivity change associated with the top of the White River formation 

seems to mimic the topography at most locations along this line, and with the exception of MW-

08, is in relatively good agreement with the data provide by the USACE. At MW-08, the top of 

the White River formation is reported in the USACE’s Table 3-5 as 156 feet, but the NanoTEM 

data indicate the resistivity change occurs at a depth of approximately 64 feet.  (The NanoTEM 

data do correlate well with the well log resistivity data from RAS, however, which indicate that 

the most significant resistivity change occurs at a depth of approximately 59 feet.) At this 

location, stations 18 through 22 are more resistive than stations to the south in the depth range of 

100 feet to about 200 feet, suggesting that locally there is a more resistive block of White River 

formation in this area. 

Low resistivities are seen in the White River formation at the two stations just south of 

MW-08; this location is near a road, thus the anomaly could be the result of some unidentified 

cultural feature. Low resistivities are also seen in the White River at stations 50 and 51, just 

north of the main road into the AMS site, and weakly at stations 57 and 58, approximately 400 
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feet north of the road. Either of these anomalous areas may correlate with the low resistivity 

anomaly seen on Line Z-5 approximately 200 feet north of the road.  

NanoTEM Line 3- Line N-3 runs south-to-north past MW-06 and MW-05 (see Plate 11). 

The dominant feature on N-3 is the low resistivity anomaly in the White River formation 

associated with Drainage B, consistent with the strong anomaly at this location on Line Z-3. A 

strong anomaly is also seen at station 31, near MW-05, but examination of the raw data at this 

location suggests that this anomaly is the result metallic culture, and probably does not reflect a 

valid change in subsurface resistivity.  

Stations 23 through 27 also show low resistivities in the White River formation on this 

line, however, the data on Z-3 in this area are not anomalously low. The reasons for this 

contradiction are not clear; the map and aerial photo show no visible culture in this area, and the 

field crew noted no culture. Examination of the raw NanoTEM data do not indicate cultural noise 

(like station 31 above, for example), although the data in this area is somewhat noisier (less 

repeatable) than other areas. The validity and source of this anomalous area is uncertain, and 

additional data at this location would be necessary to properly interpret it. 

Narrow, single station low resistivity anomalies are noted at stations 38, 40, 46, and 52; 

the anomaly at station 38 correlates with the small anomaly at station 1575 on Line Z-3.  

NanoTEM Line 4- Line N-4 is on the eastern part of the AMS survey site, running from 

south to north past MW-19 and bending to the northeast past the Hall well (see Plate 12). This 

line crosses all four drainages, in addition to Lone Tree Creek. Similar to the other lines, there is 

a low resistivity anomaly in the White River formation where the line crosses Drainage B. Also 

similar to Line Z-4, a weaker low resistivity anomaly is associated with Drainage C. Drainage D, 

at station 212, does not show anomalous values in the White River, although Line Z-4 was 

anomalous where it crossed Drainage D at a different location. It is noted that there are some low 

resistivities southwest of Drainage D at stations 217 and 220; the surface location of Drainage D 

on this line is on top of a large resistive block (discussed below), which may be the reason that it 

is not evident in the White River as a low resistivity anomaly. 
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There are numerous other one-to-two station low resistivity anomalies in the White River 

along this line; while these may represent valid, low resistivity zones, there is no apparent 

connection to other features on other lines.  

Also of interest on this line is a segment of the line between station 196 and station 216. 

At depths below 75 feet, this area is more uniform laterally and higher in resistivity than the rest 

of the line, giving the appearance of a large resistive block of White River formation extending 

from Drainage D to the vicinity of the Hall Well. A similar area, but weaker, is also seen on Line 

N-9 to the west.  

The significant resistivity change associated with the top of the White River suggests that 

the White River is probably at the surface or very shallow from approximately station 205 to 

station 190; north of Lone Tree Creek, the Ogallala appears to return at about station 189, and is 

present from there to the northeast end of the line.  

NanoTEM Line 7- Line N-7 was a short line near MW-24; Plate 13 shows the results for 

this line. The northern half of the line shows very low resistivities at depths below 100 feet; this 

area is several hundred feet north of the main road, and is consistent with anomalies seen north 

of the road on other lines.  

The significant resistivity change that is associated with the top of the White River 

formation is very shallow or non-existent, indicating little or no Ogallala formation on this line. 

However, downhole information from the USACE for MW-24 indicates that the depth to the 

White River formation is 72 feet at this location.  

NanoTEM Line 8- Line N-8 was a short line running from near MW-28 on the west to 

MW-05 on the east; the results are shown in Plate 14. Stations 395, 402, 404, and 407 were are 

all very noisy or showed unrealistic curve shapes, and were not included in the modeling. The 

other stations show a very uniform near-surface, with uniformly low resistivities in the White 

River formation. The noisy stations, combined with the fact that this 1000-foot stretch of data is 

different from most other lines in that the deep data is so conductive, is of concern. It is possible 

there is some unidentified cultural feature running along or very near the length of the line, such 

as a pipe line or buried power line.  
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NanoTEM Line 9- Line N-9 ran from the east end of Line 8 northeast past the Kennedy 

Well. The results are shown in Plate 15. The fence between stations 413 and 414 appears to have 

caused a strong low resistivity anomaly in this area; data at both 413 and 414 are particularly 

noisy. Several other stations on this line were excluded from the models due to very strong noise 

or unrealistic curve shapes (stations 419, 426, 427 432, 455, 469, 470, and 471).  

The significant resistivity change associated with the top of the White River formation is 

relatively uniform in depth from the southwest end of the line to about station 428. This location 

is very close to the same topographic elevation on other lines corresponding to where the White 

River formation is at or very near the surface. However, from approximately station 428 to 445, 

the data are laterally uniform and more resistive than the rest of the line at depths from 

approximately 75 feet to 250 feet; there are similarities between this area and the resistive block 

on Line N-4 discussed above (stations 196 to 216). Within this laterally uniform block on Line 

N-9, a vertical change is noted that could be considered an alternative interpretation for the top 

of the White River formation. Downhole information from nearby well MW-24 indicates a depth 

to the top of the White River as 72 feet; this is more consistent with the NanoTEM alternate pick 

of approximately 90 feet, compared to the primary pick which indicates that the White River 

formation is at the surface.  

Low resistivity anomalies in the White River on this line include stations 423 and 447; in 

addition, the topographically low area containing Lone Tree Creek is laterally variable, with 

strong low resistivity features at station 453-454, 461-462, and 465-466. This is similar to other 

lines which extend into the Lone Tree Creek area.  

Note that this line does not show a low resistivity anomaly in the White River formation 

several hundred feet north of the main road, as other lines have. Station 446 is anomalously low; 

this location is about 400 feet from the road.  

Cow Camp- Two north-south lines of NanoTEM data were acquired approximately 5 

miles east of the AMS#4 site at the location known as Cow Camp. Plate 16 shows the station 

location on the USGS topographic map. Cow Camp is several hundred feet lower in elevation 

than the AMS# 4 site.  Lone Tree Creek, located in the northern part of the AMS#4 survey area 

extends to the Cow Camp survey area, and is approximately ¼ mile north of the northern ends of 
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the Cow Camp lines. N-5 was acquired using 50 by 50 foot transmitter loops. Stations 269 

through 302 on Line N-6 also used 50 by 50 foot loops, but on stations 303 through 319, 100 by 

100 foot loops were used to increase the depth of investigation.  

Both lines show generally higher resistivities than the data at the AMS#4 site. Plates 17 

and 18 show the smooth-model inversion results for these two lines. Resistivities at the surface 

are generally 40 to 60 ohm-meters, and continue to increase with depth at most stations, unlike 

the AMS# 4 site where a sharp decrease in resistivities is evident across most of the survey area.  

Line N-5 shows low resistivities in the deepest data below stations 328 to 333; this is the 

vicinity of a drainage and steep topography. The low resistivities that are evident at depth appear 

to be deeper than anomalies associated with drainages at the AMS#4 survey area, however.  

Numerous stations of the 50-foot data on Line 6 show strong low resistivities at depth, 

but these appear to be noise-related. Like Line N-5, the 100-foot data on Line N-6 also show 

resistivities generally increasing with depth to a depth of approximately 150 to 200 feet, below 

which resistivities decrease gradually. No strong low resistivity anomalies are evident in this 

data.   

CONCLUSIONS AND RECOMMENDATIONS 

The surface geophysical data at the AMS#4 location appear to be of good quality and 

correlate well with most of the background information available to Zonge. Some of the 

resistivity anomalies are likely associated with fluid flow characteristics, such as the low 

resistivity anomalies associated with Drainage B, but some ambiguity remains with respect to the 

line-to-line connectivity of the resistivity anomalies as a result of the large line separations and 

the possibility of cultural features in and around the site buildings that were not noted in the field 

or during follow-up “pipe location” survey.  The interpretation of the current data set can be 

strengthened by: the addition of background data (utility maps or shallow utility surveys such as 

the EM-61 performed along selected lines); additional boreholes at key selected locations - such 

as at or between resistivity anomalies associated with drainages; or, additional surface 

geophysical lines - such as fill-in lines between the existing lines in anomalous areas or cross 

lines to tie the current data together.  If additional surface geophysical data are acquired at this 



 

 

Project No. 2005.125 30 March  2006 

 

site, it may be useful to expand the ZETA array to use dipoles of 100 feet at AMS#4, and 100 to 

150 feet at the Cow Camp location.  

 

Respectfully Submitted,  

 
Phil Sirles      Norman Carlson 
Managing Geophysicist    Chief Geophysicist 
Zonge Geosciences, Inc.    Zonge Engineering and Research Org. 
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LIMITATIONS 
 



Limitations 
 

Water levels have been measured in the wellbores at the times and under the 
conditions stated in the report.  These data have been reviewed and interpretations 
have been made in the text of this report.  However, fluctuations in the level of the 
groundwater may occur due to variations in rainfall and other factors different 
from those prevailing at the time measurements were made. 

 
Except as noted within the text of the report, no quantitative laboratory testing 
was performed to verify the calibration of the logging tools.  Where such analyses 
have been conducted by an outside laboratory, RAS, Inc. has relied upon the data 
provided, and has not conducted an independent evaluation of the reliability of 
these data. 

 
Conclusions and recommendations contained in this report may be based in part 
upon various types of chemical data and are contingent upon their validity.  These 
data have been reviewed and interpretations made in the report.  As indicated 
within the report, these data are developed based on the field calibration of the 
logging tool.  Where more specific information is necessary, the tool 
measurements should be verified based on quantitative lab analyses of grab 
samples obtained directly from the wellbore.  Moreover, variations in the types 
and concentrations of groundwater constituents and variations in their flow paths 
may occur due to seasonal water table fluctuations, past site practices, the passage 
of time, and other factors.  Should additional chemical data become available in 
the future, these data should be reviewed by RAS, and the conclusions and 
recommendations presented herein modified accordingly. 
 
The values for bedrock hydraulic conductivity, if given in the report, should be 
viewed as "equivalent hydraulic conductivities", which are computed based on an 
assumed, or equivalent, interval length and a uniformly pervious porous media 
behavior.  This industry standard approach has several limitations which are well 
documented in the current literature.  In addition, the accuracy of the equivalent 
hydraulic conductivities when presented herein is subject to the applicability of 
the boundary condition assumptions inherent in the permeameter/slug 
test/pumping test analysis method used. 
 
RAS’s work was performed in accordance with generally accepted industry 
practices involving similar studies at the same time and in the same general area.  
RAS has observed that degree of care and skill generally exercised by others 
under similar circumstances and conditions.  Interpretation of logs or surveys, 
whether made directly from visual observations or by data processing or 
otherwise, or interpretation of test or other data, and any recommendation or 
hydrogeologic description based upon such interpretations, are opinions based 
upon inferences from measurements, empirical relationships and assumptions.  
These inferences and assumptions require engineering and scientific judgment, 
and therefore are not scientific certainties.  As such, other professional engineers 



or analysts or scientists may differ as to their interpretation.  Accordingly, RAS 
cannot and does not warrant the accuracy, correctness or completeness of any 
such interpretation, recommendations or hydrogeologic description.  All technical 
data, evaluations, analysis, reports, and other work products are instruments of 
RAS’s professional services intended for one time use on this project.  Any reuse 
of work product by Client for other than the purpose for which they were 
originally intended will be at Client's sole risk and without liability to RAS.  RAS 
makes no warranties, either express or implied.  Under no circumstances shall 
RAS or its employees be liable for consequential damages. 
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