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DISCLAIMER 

This document was prepared as an account of work sponsored by the United States 
Government. While this document is believed to contain correct information, neither the 
United States Government nor any agency thereof, nor the Regents of the University of 
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assumes any legal responsibility for the accuracy, completeness, or usefulness of any 
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Introduction 

This data report presents a discussion of the borehole radar tomography experiment 

conducted at Box Canyon, Idaho. Discussion concentrates on the survey methodology, 

data acquisition procedures, and the resulting tomographic images and interpretations. 

The entire geophysics field effort for FY96 centered around the collection of the bore

hole radar data within the inclined boreholes Rl, R2, R3 and R4 before, during, and 

after the ponded infiltration experiment. The well pairs Rl-R2, R2-R4 and R3-R4 

comprised the bulk of the field survey; however, additional data were collected between 

vertical boreholes within and around the infiltration basin. The intent of the inclined 

boreholes was to allow access beneath the infiltration basin and to enhance the ability 

of the radar method to image both vertical and horizontal features where flow may 

dominate. This data report will concentrate on the inclined borehole data and the 

resulting tomograms. 

The borehole radar method is one in which modified ground penetrating radar antennas 

are lowered into boreholes and high frequency electromagnetic signals are transmitted 

through subsurface material to a receiving antenna. The transmitted signals may be 

represented as multiple raypaths crossing through the zone of interest. If sufficient ray

paths are recorded, a tomographic image may be obtained through computer process

ing. The data normally recorded are signal amplitude versus time. The information 

extracted from such data includes the following: a) the transit time which depends on 

the wave velocity, b) the amplitude which depends on the wave attenuation, c) the dis

persion which indicates a change in velocity and attenuation with frequency. 
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Instrumentation 

All of the radar data collected at Box Canyon were acquired using the Sensors and 

Software pulseEKKO 100 ground penetrating radar system equipped with prototype 

100 MHz center frequency borehole antennas. The bistatic design of the system 

(indicative of two separate antennas for transmitting and receiving) and the relativey 

low cost and flexibility led to its selection as the most desirable of the commercially 

·available radar systems. A pulseEKKO system consists of six basic components; a pair 

of identical antennas, a transmitter electronics unit, a receiver electronics unit, a control 

console and a personal computer acting as a recording system and data storage unit. 

The pulseEKKO 100 antennas are resistively damped dipolar antennas. The antenna 

radiation patterns are the pattern of a half wavelength dipole. Each antenna pair is 

designed to have a bandwidth to center frequency ratio of one~ The borehole antennas 

used at Box Canyon have a center frequency of 100 MHz and therefore have usable 

energy over the frequency range 50 to 150 MHz. 

The pulseEKKO system used at Box Canyon consisted of a 400V transmitter having a 

peak voltage of 400 volts with a rise time of 2.5 nanoseconds. The transmitter is pow

ered by 12 volts and emits a pulse on command from the control console. The power 

actually radiated from the system is dependent on the subsurface conditions. The 400V 

transmitter used here delivers a peak power of 3.2 kilowatts into a 50 ohm load. Only a 

small fraction of the available power is actually transformed into radiated electromag

netic signals because the antennas are damped and are inefficient radiators. 

The receiver electronics digitize the voltage at the receiver antenna connector to 16-bit 

resolution. The receiver design is such that it acquires the received waveform with 

very high fidelity. The receiver electronics typically clip the incoming voltage at a 50 

mV level and the receiver noise level is nominally around 200 microvolts per stack. 

The present receiver resolution for a single bit after analog to digital conversion is 1.5 
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microvolts. 

The control console provides the overall management of the transmitter and receiver 

operation. The control console is a microprocessor controlled unit which communi-

cates with both the transmitter and receiver electronics and the external PC. The PC 

passes the system configuration information and the acquisition parameters to the con-

trol console which then manages all of the hardware functions of the radar system. 

The operating principles are as follows: a) the user defines the time window, sampling 

interval and number of traces to be stacked via the PC user interface; b) the user selects 

the acquisition mode (here, transillumination); c) the PC configures the pulseEKKO 

console through the PC's standard RS232 port and the console takes over control of 

data acquisition; d) the pulseEKKO console commands the transmitter to fire; the trans

mitter generates a high voltage pulse which is shaped by the transmitting antenna into a 

radiated pulse; e) the console advises the receiver electronics to digitize the signal from 

the receiving antenna; the receiver digitizes the ambient electric field present at the 

receiving antenna after the band limiting characteristics of the antenna transfer func

tion; the digital number representing the voltage at the time of acquisition is transferred 

to the control console; f) steps d) and e) are repeated until the desired waveform length 

and stack count are achieved; g) the console transmits the stacked waveform to the PC; 

h) the PC stores the data and displays the radar trace. 

Acquisition 

The borehole radar technique utilized at Box Canyon during the infiltration experiment 

was a crosshole radar profiling method in which the transmitter and receiver antennas 

were located in separate boreholes and data were collected with the antennas at various 

vertical offsets. The data collection at Box Canyon was performed using two acquisi

tion modes. The first was a Zero Offset Profile (ZOP) in which the transmitter and 

receiver antennas were fixed such that there was no vertical offset. The second was a 

., 
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Multiple Offset Profile (MOP) in which the receiving antenna remained at a fixed depth 

while the transmitter antenna was moved incrementally in the second borehole. A 

series of multiple offset profiles were used to acquire the raypaths necessary for tomo

graphic processing. 

Over the course of the infiltration experiment, the radar system was operated by using 

identical acquisition parameters for each of the three field surveys (before, during, and 

after filling the infiltration basin). The parameter values used were: a) Pulser Voltage-

400V; b) Antenna Frequency - 100 MHz; c) Sampling Interval - 800 picoseconds; d) 

Number of Stacks- 64; e) Shot Spacing- 0.25 meters. 

All data are stored as acquired. No adjustments, filters or gains are recorded in the 

stored gathers. All subsequent data display is thus derived from raw data with no user 

controlled parameters between the time of acquisition and the time of processing. This 

is important to note because it illustrates the manner in which user dependence is 

removed from the system operation. Data acquisition and hence data repeatability is 

the same regardless of who operates the system and when - so long as the antenna con

figuration is the same. Due to the nature of the experiment conducted at Box Canyon, 

data repeatability is tantamount to successful tomographic differencing and interpreta

tion (see following processing discussion). 

The most important information to be obtained from radar data is the travel times, 

which are inverted for the velocity structure between boreholes. It is vital to know the 

precise time when the transmitter fires (known as time-zero), in order to determine 

accurate travel times between the transmitter and receiver antennas. The procedure 

used to determine time-zero for the surveys at Box Canyon consisted of taking direct 

air wave measurements (the signal from transmitter antenna to receiver antenna in air) 

with the antennas held together in air and at the boreholes in air. Additional measure

ments were taken with the antennae at their respective well heads. Four recordings of 

each were taken as a consistency check. After the time-zero data were collected, the 
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antennas were immediately moved into the boreholes and a ZOP data set was collected. 

Following this procedure, the MOP datasets were then collected with the locations 

determined before the start of the survey. In the case of the Box Canyon surveys, the 

transmitter and receiver intervals were 0.25 meters. As in all MOP gathers, the receiver 

antenna remained at a fixed location (lm, 1.25m, 1.5m, etc.) while the transmitter 

antenna occupied each of its possible locations down the borehole (e.g., 0-19m at 

0.25m spacing). In this manner, all MOP gathers were collected and sorted as receiver 

gathers with filenames corresponding to the well pair being surveyed and the fixed 

receiver location (e.g., MOP10400 - an MOP gather collected for well pair #1 at 

receiver location 4m below ground surface). In this manner, each of the necessary ray

paths is collected and recorded for the subsequent tomographic processing. 

Data gathering 

Each of the wells used in the primary survey, R1, R2, R3 and R4 (Figure 1), had acrylic· 

casing, with an internal diameter of 10 em. The stand up of the casing was 0.5m for · 

well R1, well R2, and well R4, and 0.33m for R3. In addition, other wells were used 

for ZOP data. These are given in Appendix IV. The coordinates and average drill 

angles for all wells are given in Table 1. 

In addition to the three primary well pairs (R2-R1, R2-R4, and R3-R4), the well pair 

R3-R1 was surveyed in the preliminary data gathering trip. The well pairs surveyed for 

ZOP data in this preliminary trip were also different than those surveyed in subsequent 

trips (see Appendix IV). 

c:c A baseline data set was acquired before the infiltration test was performed and will 

henceforth be called the PRE surveys. Unfortunately, the data were acquired immedi

ately after the drilling of the boreholes and the acrylic casing and foam grout were not 

yet in place. Data were acquired across well pair R2-R4 on July 24, 1996, R1-R3 on 

July 25, 1996, R2-R1 on July 26, 1996, and R3-R4 on July 27, 1996. In addition sev

eral ZOP data sets were taken from various well pairs on July 27 and 28, 1996 (see 

.. 
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Appendix IV). The zero point for depth was taken at the top of each casing for this 

preliminary survey only. The length of stand up should by subtracted from each source 

and receiver z-position to be consistent with the next two surveys. The observer logs in 

Appendix I provide comments on the data gathering process. 

Data were next acquired during the infiltration test, which began on Aug. 27, 1996. 

These data will be called the DURING surveys. Data were acquired across well pair 

R2-R1 on Sep. 4, 1996, R2-R4 on Sep. 4 and 5, 1996, and R3-R4 on Sep. 5 and 6, 

1996. (See observer logs for which sweeps were done on each day). In addition, sev

eral ZOP data sets were acquired from various well pairs on Sep. 6, 1996 (see 

Appendix IV). The zero point for depth was taken at ground surface for this survey. 

The observer logs are given in Appendix II. 

Data were finally acquired two weeks after the infiltration test termination which 

occurred on Sep. 9, 1996. These data will be called the POST surveys. Data were 

acquired across well pair R2-R1 on Sep. 24, 1996, R2-R4 on Sep. 25, 1996, and R3-R4 

on Sep. 26, 1996. In addition, several ZOP data sets were acquired from various well 

pairs on Sep 26, 1996 (see Appendix IV). The zero point for depth was taken at 

ground surface for this survey. The observer logs are given in Appendix III. 

Processing 

The data is written to the pulseEkko system in SEG-2 format. Each file contains one 

sweep of data, i.e. signals corresponding to one receiver point and all sources (one 

MOP). The pulseEkko software provides a conversion routine which converts the 

SEG-2 format to SEG-Y or ASCII format. The SEG-Y format was used in most cases; 

however, at times the SEG-Y conversion routine drops a byte somewhere and then the 

conversion to ASCII format is necessary. The data can then be directly downloaded to 

any machine with an ethemet connection. The present data set was written first to a 3 

112" floppy, then another PC was used to ftp the data over to a UNIX machine 
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(ccs.lbl.gov). The conversion to SEG-Y format produces output that is in ffiM binary. 

Therefore, a program ch_oyster was written to covert this to IEEE format. When an 

ASCII file is output from the pulseEkko system, the program ch_asc is used to convert 

the data into SEG-Y format. 

At this point, the data still does not have any coordinates or station nu~bers in the 

headers. Therefore, another program, chh_radar, must be used to add the 

source/receiver information to the header. This program enters the information into the 

header using the station numbers and increments as input and correlating these with an 

input station file. The individual SEG-Y files are then combined into a single SEG-Y 

file for each well pair using combsgyn_rad. 

We now have a SEG-Y file for each well pair in each phase of the experiment (PRE, 

DURING, and POST) are individually read into the PROMAX seismic processing 

package where the travel times are picked and finally output. The travel times are 

picked at the first peak. The absolute time is necessary for the inversion, so time must 

be subtracted from the picked time to correspond to the first zero crossing. Also, the 

zero time, as determined from the corresponding ZOP, must be subtracted from the 

travel time. This is done using the program addtim. 

Determining the zero time 

The zero time is defined as that instant the source emits a signal. The determination of 

this time is essential for the inversion of travel times for velocity and the accuracy criti

cal for differencing of times between data sets. The determination of the zero time 

proved far more difficult than we had anticipated. We had hoped that taking a measure-

ment with the source and receiver antennae together before each surveyed well pair 

would give an adequate value for the zero time throughout that survey. It was not 

anticipated that the zero time would shift after some time, or when the battery was 

recharged, or for various other reasons. -Therefore, a different methodology had to be 

found to determine the zero time accurately. The zero time, as measured with the 
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antennae together, was subtracted from the ZOP data to find the absolute time for this 

data. An equivalent ZOP profile was extracted from the MOP data set that could be 

compared to the ZOP profile acquired from the field. The zero time was subtracted 

from this psuedo-ZOP profile and if the travel times match, then this is taken to be the 

zero time. When the times were offset, the average offset time was calculated and the 

MOP zero times were corrected for this value. This proved to provide an accurate mea

sure of zero time throughout the surveys. 

Well pair R2-Rl 

The wells R2 and R1 are approximately 5.4 meters apart at the surface. R2 is drilled at 

an angle of 41 degrees due west and R1 drilled at an angle of 28 degrees due west (see 

Table 1). The two wells are therefore in the same plane, but deviate apart from each 

other with depth. Accurate coordinates must be calculated for each source and receiver 

point before any processing can begin. This is done using the deviation'logs. Specifi

cally, we use the easting (edev.dev), northing (ndev.dev) and total depth (total.depth) 

deviation files, which give the actual x,y,z coordinates at 0.1 foot intervals down each 

well. The source and receiver coordinates, which are at 0.25 meter intervals, must be 

determined by interpolating between these 0.1 foot intervals. Since wells R2 and R1 

are virtually in an east-west plane, the x (easting) and z (depth) coordinates can be used 

as coordinates for the 2-D tomographic inversions. 

Figure 2 shows a typical receiver gather for the R2-R1 well pair. The frequency con

tent of a trace at near-zero offset (Figure 3a) shows the energy peaking at 80 to 100 

MHz and a steep roll off for higher frequencies. The higher frequencies appear to be 

attenuated for larger qffset traces (Figure 3b ). The energy peaks at a little less than 80 

MHz and drops rapidly for higher frequencies. The greater attenuation is due to the 

greater distances traveled by these ray paths and the source radiation pattern producing 

lower transmitted energy at these higher incident angles (Figure 4). The steep roll-off 

of energy at higher frequencies is not typical. The roll-off is usually not so steep, even 
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in highly resistive media. 

The data from each of the three field surveys (PRE, DURING, and POST) were pro-

cessed using the procedure outlined above. After the travel times are picked for both 

the MOP and ZOP data, the zero time is determined using the methodology outlined 

above. The ZOP and MOP travel times vs. distance down source/receiver wells are 

shown in Figure 5. Figure 5a shows the curves for the PRE data, Figure 5b for the 

DURING data, and Figure 5c for the POST data. The DURING and POST ZOP and 

MOP/ZOP travel times matched without any corrections. The PRE MOP/ZOP travel 

times had to be corrected by about 4 ns to match the ZOP travel times. Figure 5d plots 

the PRE, DURING and POST ZOP values taken from the MOP data. The PRE travel 

times are consistently faster the the DURING and POST travel times, providing rough 

evidence that the infiltration produced lower overall velocities. 

Characteristics of the travel time picks can be observed by plotting time-distance data 

(Figure 6a), velocity-incidence angle data (Figure 6b ), and time-depth data for each 

gather (Figure 6c). The bulk of the travel times form a fairly tight line; the tighter the 

line the more homogeneous the medium. The group of anomalous times at greater dis

tances are due to raypaths sampling the rubble zone (which is at about 12 meters 

depth). The velocity-incidence angle data also form a fairly fiat, tight line at a velocity 

of 0.85 (rnlns); flatter values usually indicate less anisotropic medium. The anomalous 

data at slightly lower velocities again are produced by raypaths travelling through the 

rubble zone. Note that the x-scale goes from -30 deg to 90 deg, with positive angle 

taken as degrees below the horizontal. The greater positive angular coverage is due to 

the geometry of the boreholes. The time-depth curves for each gather (Figure 6c) indi-

cate the smoothness of the picks and would show any systematic station anomalies. 

The curves in this case are quite smooth, again indicating a somewhat homogeneous 

geology. 
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The velocity inversion was performed using the picked travel times from each R2-R1 

survey (PRE, DURING, and POST). An Algebraic Reconstruction Technique (ART), 

as described in Peterson ( 1986), is used for the inversion. The program name is art3, 

and the damping parameter used is 0.02. _A 20.0 x 20.0 meter field in the plane of wells 

R2 and R1 is divided into a grid of 80x80 pixels producing a pixel dimension of 

0.25x0.25 meters, which corresponds to the station spacing (Figure 7). The number of 

raypaths for which an arrival time was picked ranged between 2500 and 2800 for each 

survey. This creates a dense coverage of the area between wells (Figure 7). 

The inverted times produce the velocity fields for the PRE, DURING, and POST sur-

veys shown in Figure 8. The tomograms are all similar, with only subtle differences 

observable. Each tomogram clearly shows a very thin (less than 0.5 meter) low veloc

ity layer at about 6 meters depth and the rubble zone at about 10 meters. The thickness 

of the rubble zone is undetermined because there are no raypaths below the rubble zone 

in R2. One change in velocity that can be easily observed occurs at the surface where 

the velocities are slightly higher for the PRE tomogram. The differences can be high

lighted by inverting the differenced travel times. The travel times for each source

receiver pair from different surveys are subtracted, producing three travel time differ-

ence data sets: DURING-PRE; POST-PRE, and POST-DURING. These can be 

inverted for slowness. (The original travel times are also inverted for slowness, but 

velocity, the inverse of slowness, is shown in the. tomograms. However, the inverse of 

the difference slowness does not produce the difference velocity.) The results are 

shown in Figure 9. Note that an increase in slowness (red) corresponds to a decrease in 

velocity. 

These difference tomograms highlight the significant changes that occurred in the sys

tem. The average absolute slowness value is about 10x10-9s/m, so a difference value 

of 0. 1x10-9s/m is about a 1% change in slowness (or velocity). There are several areas 

where the velocity decreases by over 5% in the DURING-PRE and POST-PRE 

' 
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tomograms (Figure 9a and b). A decrease in velocity, with all other variables remain

ing constant, is assumed due to an increase in saturation. A large decrease in velocity 

is seen near the surface extending from the R2 wellhead diagonally to Rl. Two thin 

horizontal layers of decreased velocity occur at about 6 to 7 meters depth. Another thin 

zone intersects this zone in R2 and angles toward R 1 at about a 30° angle, intersecting 

the rubble zone. A general decrease in velocity exists above 5 meters. 

The POST-DURING difference tomogram (Figure 9c) indicates primarily velocity 

increases, which is what one would expect if a region were drying. Note that the slow

ness changes are much smaller here than in the POST-PRE and DURING-PRE differ

ence tomograms. Above the horizontal low velocity zone at 6 meters depth (seen in the 

velocity tomograms) there is a general increase in velocity, except for the very near sur

face. Below this depth, there is generally no change, except for some anomalous spots 

in the rubble zone itself. 

The pifference tomograms are consistent with an increase in water content during the 

infiltration test, then a decrease in water content two weeks after the termination of 

infiltration. This decrease is only observed above the intermediate fracture zone at 6 

meters depth, while the increases in velocity below this zone may be due to inversion 

anomalies. 

Well pair R3-R4 

The wells R3 and R4 are approximately 5.6 meters apart at the surface. Both R3 and 

R4 are drilled at an angle of 28 degrees due west (see Table 1). The two wells are 

therefore parallel and in the same east-west bearing plane, which is -5 meters away, and 

parallel to, the plane formed by the R2-R1 well pair (Figure 1). The source (R3) and 

receiver (R4) station coordinates, which are at 0.25 meter intervals, are determined in 

the same manner as for the R2-R1 well pair. 
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Figure 10 shows a typical receiver gather for the R3-R4 well pair. The frequency con

tent of a trace at near-zero offset (Figure 11) shows the spectral energy is consistent 

with that of the R2-R1 data. The spectral amplitude is higher, most likely due to the 

smaller distance between wells. 

The data from each of the three field surveys (PRE, DURING, and POST) were pro~ 

cessed using the same procedure as for the R2-R1 data. The ZOP and MOP travel 

times vs. the distance down borehole curves are shown in Figures 12a-c for use in 

determining an accurate zero time. Figure 12a show the curves for the PRE data, Fig

ure 12b for the DURING data, and Figure 12c for the POST data. Note that the DUR

ING MOP curve has a few glitches in it; one at approximately 2.0 meters and one at 

approximately 11.0 meters. These correspond to a change in batteries and a halting of 

acquisition until the next day, respectively. Only the first glitch was corrected for since 

there also seemed to be a slight drift in zero time so that the correcting the second 

glitch would not improve the fit to the ZOP curve (Figure 12d). Also note that the fit 

between the MOP and ZOP curve for each survey is poor at about 15.0 meters, above 

which the travel time is very slow, then suddenly decreases. An interface is assumed at 

this point which produces diffractions, making it difficult to pick a consistent travel 

time (Figure 13). Figure 12e plots the PRE, DURING and POST ZOP values taken 

from the MOP data. The PRE travel times are consistently faster the the DURING and 

POST travel times, providing rough evidence that the infiltration produced lower over

all velocities. 

The plots of the time-distance data (Figure 14a), velocity-incidence angle data (Figure 

14b), and time-depth data for each gather (Figure 14c) show slightly different charac

teristics than the R2-R1 plots. The time-distance data are much more scattered than for 

the R2-R1 data. Most of the scatter is due to more rays passing through the rubble 

zone, since the boreholes are deeper than the R2-R1 well pair. This scatter is also seen 

in the velocity-incidence angle data. The time-depth curves for each gather (Figure 

( 
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14c) indicate several deviations from a smooth structure, the greatest being below 15 

meters where other data has indicated a high velocity contrast. Some gaps in the 

curves may indicate inaccuracies or glitches in the zero time or possible inaccurate 

anttenae locations. 

Velocity inversions were performed using the picked travel times from each R3-R4 sur-

vey (PRE, DURING, and POST). The inversion parameters are the same as for the 

R2-R1 well pair; a 20.0 x 20.0 meter field in the plane of the wells R3 and R4 is 

divided into a grid of 80x80 pixels producing a pixel dimension of 0.25x0.25 meters. 

The number of raypaths for which an arrival time was picked was about 3500 for each 

survey creating a dense coverage of the area between wells (Figure 15). 

The inverted times produce the velocity fields for the PRE, DURING, and POST sur

veys shown in Figure 16. The tomograms are all similar, with only subtle differences 

observable. Each clearly show a very thin low velocity layer (less than 0.5 meters, sim

ilar in thickness and location as the layer observed in the R2-R1 velocity field) centered 

at about 6 meters depth and the rubble zone at about 12 meters. The thickness of the 

rubble zone can be determined because there are raypaths below the rubble zone in 

both R3 and R4. There is also a second intermediate low velocity layer two meters 

below the low velocity layer at 6 meters depth. This layer appears to pinch out a few 

meters away from R4. One change in velocity that can be easily observed occurs at the 

surface where there are decreases in velocity from the surface to the top of the low 

velocity zone at 5 meters. Other differences include the area below the rubble zone 

below 15 meters. This corresponds to the zone in Figure 12 which shows large changes 

in travel time and diffracted radar energy (Figure 13). The difficulty in picking travel 

times suggests that the velocities in this region are less reliable. 

The differences can be highlighted by inverting the differenced travel times. The travel 

times for each source-receiver pair from different surveys are subtracted, producing 

three travel time difference data sets: DURING-PRE, POST-PRE, and POST-DURING. 
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These can be inverted for slowness, as for the R2-R1 data set. The results are shown in 

Figure 17. Note that an increase in slowness (red) corresponds to an decrease in veloc

ity. 

These difference tomograrns show that some changes occurred to the system. How

ever, the zero times for this well pair are less accurate than for the R2-R1 well pair, cre

ating many inversion artifacts which show up more strongly on the difference plots. 

There are several areas where the velocity decreases by almost 10% in the DURING

PRE and POST-PRE tomograms (Figure 17a and b). A decrease in velocity, with all 

other variables remaining constant, is assumed due to an increase in saturation. How

ever these decreases are at the surface where the inversion and picks are less reliable, 

and near the rubble zone where the picks are much less reliable. Two thin horizontal 

decreases in velocity occur in the region of the intermediate fracture zones; one at 6.0 

meters and one at 8.0 meters. The velocity appears to increase below this, in the region 

from 11 to 15 meters. The rubble zone (at 13 to 15 meters depth) also produces a 

decrease in velocity after infiltration. 

The POST-DURING difference tomogram (Figure 17c) indicates primarily velocity 

increases, which is what one would expect if a region were drying. Note that the slow

ness changes are much smaller here than in the POST-PRE and DURING-PRE differ

ence tomograms. Above 12 meters there almost no change in velocity, with a slight 

decrease below this leveL There is a decrease in velocity in the zone above 4 meters 

near R4 as seen in the DURING-PRE and POST-PRE difference tomogram. There is 

also a slight velocity increase in the zone from 12 to 15 meters, as seen in the DUR

ING-PRE and POST-PRE difference tomograms. The anomalies below 15 meters are 

most likely artifacts of the inaccurate picks due to the diffracted arrivals. 

The R3-R4 results are consistent with the R2-R1 results, but appear to contain more 

inversion artifacts. The difference tomograms suggest an increase in water content dur

ing the infiltration test, then a decrease in water content two weeks after the termination 
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of infiltration. In the R3-R4 well pair this decrease is observed throughout the imaged 

region. 

Well pair R2-R4 

The wells R2 and R4 are approximately 4.8 meters apart at the surface. R2 is drilled at 

an angle of 41 degrees due west and R4 are drilled at an angle of 28 degrees due west 

(see Table 1). The two wells are not parallel and in fact are quite skewed out of plane. 

The source (R2) and receiver (R4) station coordinates, which are at 0.25 meter inter-

vals, are determined in the same manner as for the R2-R1 well pair. 

Figure 18 shows a typical receiver gather for the R2-R4 well pair. The frequency con

tent of a trace at near-zero offset (Figure 19) shows the spectral energy is consistent 

with that of the R2-R1 and R3-R4 data. The spectral amplitude is similar to that of the 

R3-R4 data, most likely due to similar distance between wells. 

The data from each of the three field surveys (PRE, DURING, and POST) were pro

cessed using the same procedure as for the R2-R1 data. The ZOP and MOP travel time 

vs. the distance down borehole curve are shown in Figures 20a-c for use in determining 

an accurate zero time. Figure 20a show the curves for the PRE data, Figure 20b for the 

DURING data, and Figure 20c for the POST data. In each cas_e, the pair of curve do 

not match well, showing that either the zero times drifted significantly, or the anttenae 

did not occupy the same location between surveys. This indicates that the difference 

tomograms may not be very reliable. The low velocity rubble zone can be easily seen 

at about 15 meters. Figure 20d plots the PRE, DURING and POST ZOP values taken 

from the MOP data. The PRE travel times are consistently faster the the DURING and 

POST travel times, providing rough evidence that the infiltration produced lower over

all velocities. However, there are many glitches, and other evidence shows that the 

zero times may not be reliable. 

'-j' ··~ 

·. 
'' 
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The plots of the time-distance data (Figure 21a), velocity-incidence angle data (Figure 

21b), and time-depth data for each gather (Figure 21c) show slightly different charac

teristics than the plots for the other well pairs. The time-distance data and the velocity

incident angle data are much less scattered than for the R2-R1 data. The time-depth 

curves for each gather (Figure 21 c) indicate several deviations from a smooth structure, 

the greatest being below 15 meters where other data has indicated a high velocity con

trast. 

The velocity inversion was performed using the picked travel times from each R2-R4 

survey (PRE, DURING, and POST).· The inversion technique used in this case is 

slightly different than that used for the other well pairs, because the wells are so 

skewed. In this case the inversion grid is not just 2-D, but extends in an east-west 

direction, parallel to the ground surface. A 5.0 x 20.0 meter field in a north-south verti

cal plane is ·divided into a grid of 20x80 pixels producing a pixel dimension of 

0.25x0.25 meters. The number of raypaths for which an arrival time was picked ranged 

between 3300 and 3700 for each survey creating a dense coverage of the area between 

wells (Figure 22). 

The inverted times produce· the velocity fields for the PRE, DURING, and POST sur

veys shown in Figure 23. The tomograms are all similar, with only subtle differences 

observable. Each clearly show a very thin low velocity layer (less than 0.5 meters, sim

ilar in thickness and location as the layer observed in the R2-R1 velocity field) centered 

at about 6 meters depth and the rubble zone at about 12 meters. The thickness of the 

rubble zone can be determined because there are raypaths below the rubble zone in 

both R2 and R4. There is also a second intermediate low velocity layer two meters 

below the low velocity layer at a 6 meter depth. Both intermediate low velocity layers 

correspond to similar zones in the R2-R1 and R3-R4 tomograms. The second is at the 

same depth as the pinched out layer observed in the R3-R4 velocity tomogram, indicat

ing that it is continuous between R2 and R4, pinches out toward R3 and Rl.. The 

' ( 
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surface shows a low velocity zone near R2 and a corresponding high velocity zone near 

R4. This pattern is indicative of slight errors in station location, probably in depth. 

There are many changes in velocity that can be readily observed, but their locations are 

scattered. The zero time analysis suggests that the velocities in some regions may be 

less reliable. 

The differences can be highlighted by inverting the differenced travel times. The travel 

times for each source-receiver pair from different surveys are subtracted, producing 

three travel time difference data sets: DURING-PRE, POST-PRE, and POST-DURING. 

These can be inverted for slowness, as for the R2-R1 data set. The results are shown irt 

Figure 24. Note that an increase in slowness (red) corresponds to an decrease in veloc

ity. These difference tomograms show that some changes may have occurred to the 

system, but because of the zero time and/or station location inaccuracies the tomo

grams appear totally unreliable. 

The R2-R4 velocity tomgrams are consistent with the R2-R1 and R3-R4 tomograms. 

However, the difference tomograms contain too many artifacts to be reliable. 

Conclusions 

The radar velocity tomograms taken before infiltration, during infiltration, and after 

infiltration, show significant differences. The absolute velocity values appear be con

sistent between all three well pairs, R2-R1, R3-R4, and R2-R4. Each show an exten

sive half-meter thick low velocity layer at six meters depth. Another thin low velocity 

zone at eight meters depth pinches out toward the east (wells R1 and R3). The rubble 

zone is easily identified at about 12 meters depth, but this depth is probably quite vari

able. A thin high velocity layer occurs beneath the rubble zone. 

The differences in the PRE, DURING, and POST tomograms may be attributed to 

changes in saturation due to infiltration from the pond. The velocity changes in two of 

the well pairs studied, R2-R1 and R3-R4, are consistent with each other, but there 
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appears to be slightly different geology between the two well pairs. The changes 

include a decrease in velocity in the intermediate low velocity zone and a slight 

decrease in velocity above this zone. These results are consistent with increased water 

content propagating from the surface. 
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BOREHOLE RADAR OBSERVER SHEET 

Date: 'f(,<ij/&J' Location: 44~4 /&~z~Y.e.- __ 
Operator: ~M~aJHJ",_.s-.~,..fiYPe of System:. fa~tl S ~ 

Antenna Freq.: 50 ~ 200 Antenna Separation:_ ----~-
Start Position: ~---=--__ End Position:----- Step Size: (), 251'H. ......:.. __ 
Zero Adjust: __ Sampling Interval: St>o f?~ l'{o. of Stacks: __...;..--.::-. __ _ 
Type of GPR survey· ~ MOP 

RECEIVER 

Borehole name: .... Casm. g LD .. · __ lf_" __ _ Type: UHI'«s~4 

Height of stand up: --"--- Type of protective well casing:· .me.W s-hnd e/tt 

Depth of hole: I'' 1>.,. 
/Witt -fop IJ p 
tS/ruo.J.p,-,e 

Start Position: (J""" - End Positioil: · .. .' 

TRANS1\1ITIER 

Borehole name: -'/ " Casm. g· I D · Type.· u~<e~ """ J ••• ___;::.:.._.__ .... -~ Q 

Height of stand up:------ Type of protective well casing: wu.o/i./ s-laMdf''ft: 

Depth of hole: · ~0 w.. Start Position: 0 
Ilk J;!nd Position:. 19. ~ ~ 

6o"' 'lbe fiUile·"f.t. -----
. l''a" Distance between boreholes: __ (17_ 1 

Distance from RX box to TX borehole: _ __;...__.~-

Distance from TX box to RX borehole: -----
Distance from RX box to TX box:-------

Name of File: ___,z;o.::;;..._-r_t ____ _ 

C01.\1l\1ENTS: 



' I (, 

Date: Cf/z_l/ /9 (;, ~ _ 
) . 

BOREHOLE RADAR OBSERVER SHEET 

Location: ~~A '7&?T ~T«-

Operator: J{_ll(r'l//tl,~,>cllSlV""':'. Type of System:. ;FEIOO 

Antenna Freq.: 50 ~ 200 · Antenna Separation:_ -=...vt4--.:. __ ---="----

Start Position:~:=---- End Position: _,:LM~74;__ __ Step Size: ~ ! ~~ h\. -----
Zero Adjust: __ Sampling Interval: 8.~' f s_ l'{b. of Stacks: 

--'---"----

Type of GPR survey· zap· 

RECEIVER 

Borehole name: £1 ,,~ . Casing lD.: _7 ___ Type: ~a.~ 

t't,5'_ ~~ { 0' fi ~Type ~f protective well casing:· ~ s-~--,-.. -"1:<--Height of stand up: 

Depth of hole: I 'I·?-~-. Start Position: _...:.[,.,,.;,;.:_ __ End Positioit: 1 'I • t.~w.. 
-I¥ 0 (! &-/c.KtJ.fll'(. ---

TRANS1\1ITIER 

Borehole name: RZ Casing LD.: _tf~'· __ Type: ~~e.J 

Height of stand up: I''·· . ( b • Lf b W'-~ Type of protective well casing: ~ s~tp.t 
Depth of hole: 2-"- Start Position: 0 ~ 

top -0~ ~,.p.( 
I 

]_:nd Position: /f ~ 5" 1111. 

Distance between boreholes: J6 '1" 

Distance from RX box to TX borehole: 33 'o " ------'--=--

Distance from TX box to RX borehole: __ ~,r..;;o...:'~~"---

r-u.' •• 
Distance from RX box to TX box: ;;> ., ' -------
Name ofFile: /}oP10ttJo -t*IPP11'JJ..S 

. COM:MENTS: 

,41oP11ooo : C ~ R.,t. {Tf... ~tt-~~v.ie-5 
Mbfl10~ -l"ofHfl? : ~ ~ {i..r:!) ·4 ~ ~ ~I~ .14tJ.W i ~ 
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BOREHOLE RADAR OBSERVER SHEET 

Location: £y 4:~A "7$?z ~.Te..-

Operator: gt_ViJI,~r 5~'1.""1 Type of System:. ;l>EIOC 

V:~Jcl n 
AntennaFreq.: 50 .@ 200 AntennaSeparation:_. lr' ------=--
Start Position: ~-()-=-¥-__ End Position: 1 't, 5" ""'- Step Size: ... -------
Zero Adjust:_.__ Sampling Interval: ·ft>o~s No. of Stacks: ~ lf 
TypeofGPRsurvey @ MOP 

RECEIVER 

Borehole name: .. l[" .... -~-·~ Casing lD~-: ---- Type: _ ~--_.. __ _ 

·Height ofstand up: _1;...1..;:;.5 ..... ~_" __ Type of protective well casing:· J~Y..t.k,J s-irJ.tVI..(l J Pt 

Depth ofhole: ~rJw.. Start Position: _.-.::,;..0 __ End Positioil: t~.s 

TRANS:MII"IER 

Borehole name: R? ll 1 ' I 
Casing I.D.: --'=----- Type: ~4 

Height of stand up: 1 12" 

Depth of hole: _ · · ~ q "'-

Type of protective well casing: ~ ~~~ 1 (J~ 

Start Position: __ D __ ~nd Position: I ~,.5· 
-~------

Distance between boreholes: __ll' (SMA~} 

'2r'2 '.' Distance from RX box to TX borehole: iP _ __.;;....___;:;-....:._._ 

, ~ 1/ ,, 

Distance from TX box to RX borehole: --~-"'---

~'~''""? ~· Distance from RX box to TX box: '1 7 7 -------
Name of File: Z:.OP 2-__:;;;;;;.__,;;.....:::;;.__ __ _ 

CO:M:MENTS: 



BOREHOLE RADAR OBSERVER SHEET 

Date: 'l/2.5./qt, .. , . 

Operator: '!t!'ii/;4HU. 5_~>~~ Type of System:. ;l>EIOO 

J: rJr~pJdt. A 
Antenna Freq.: 50 @ 200 AnteiUla Separation: _M!!-4~.Lji.L..-_ ___.=----

Start Position: _jff.t1 End Position: -u.~.~J.YA~-- Step Size: o 1.~ --=---

Zero Adjust: __ Sampling Interval: ftJD (>,$ l'{o. of Stacks: r;, _ t{ __.;;.....::..:... __ 
Type of GPR survey zop· @V 
RECEIVER 

Borehole name: /?.1 ll II t... Casing LD.: --..:..7 _ _;.._ Type: '-"'lt~~~ 

Height of stand up: f ~ ,r (o.Gow..) Type ~f protective well casing:· ~ ~ 

Depth of hole: Zo wt Start Position: 0 End Positioil: _ iq, ~-~---

TRANSl'vliTIER 

Borehole name: 1(3 Casing LD.: /f~' Type:_ '""~.(..«\'.e.«' 

Height of stand up: /"2"' (tJ.33w-J Type of protective well cas~g:. ~ ~,:fJ{ 

Depth of hole:_ -~ t/tt1.. Start Position: 0 ~nd Position: V7 5'" -"1.-

Distance between boreholes: _1!_' { SJA.Nh..u,..) 

. ...;z. r ,., #I 

Distance from RX box to TX borehole: --~'-'............__ 

. 2" ,/ II Distance from TX box to RX borehole: _. ·_"_.~?:::...._ __ 

*IN/-:::~. 11 

Distance from RX box to TX box: _~...;,...__7__;_T ___ _ 

Name of File: t[()P2,~too- ,A1()P;t ff5t:~ 

CO:M::MENTS: 

/"tOP~ 1100 ! Gh~l. T;<. ( Rf-~ 

fotoPZf"i~.-:? : ~ I'~ &~., ~~ ~ a-f ~· "~~ 
{{g-=t5 • ,-~r Q < ';.- -

6(v..t.4Ar'X: ~ ~ ~nd. Lo .AJ(.I.,4Gt ~~ I<. 'I. f.J~ 
~ ~· 1'1114f ~ ? ~ ~ 1-o ~ ,W. 

. J1A1r. ~ ~ ftt.QPJ..1(,00 bAti. ltf1o I ~ v.;o..4 ~od&J. ~ N/A ! 

I 

• 

i \ 

I 



BOREHOLE RADAR OBSERVER SHEET 

Date: ~/jj,/fc, .... 
) I i 

Antenna Freq .: 50 

Start Position: ~...!!..::..-__ 

Zero Adjust: - l~0"-S 

Type of GPR survey 

RECEIVER 

Borehole name:_ f:;_1~. __ 
,. 

Location: 44:~4 /$?L~Y._.e-__ _ 
. 

..:PEIOO 

~ 200 Antenna Separation:_ -----=--

End Position: l'l. S W\.. Step Size: 0! "?$ __._ __ 
Sampling Interval: ~ (:!~ ~o. of Stacks:-"-' .. ~:::.~J/..;....._, __ 

1§V MOP 

Casing lD.: ---.:'~:.....·· __ Type: ~ 

Height of stand up: ....:1:...'..;..~..:..-__ _ Type of protective well casing:-__ _ 

Depth of hole: __;_.;.2D_M-___ Start Position: ____ o __ End Positioil: r ,,_5_~--

TRANSMII"IER 

Borehole name: /(Z -
q·· ..... ./ 

Casing LD.: --"--- Type: ~ 

I I b M Height of stand up: __:..__..;... __ _ Type of protective well casing: -------
Depth of hole:_ .· Z/Jw.. Start Position: __ o __ . ~nd Position: l 'i, 5 _ _..... ___ _ 
Distance between boreholes: __ 

Distance from RX box to TX borehole: ---~----

Distance from TX box to RX borehole:-----

Distance from RX box to TX box: -------
Name of File: zOf' 5 --=---"-------

COMJ\1ENTS: 



\I ~, 

BOREHOLE RADAR OBSERVER SHEET 

Location: £y4~?T ~Y.e-

Operator: J!W:ffl~~ 
()fple,~ 

Type of System:. 

) 

200 

.!PEIOG 

Antenna Freq.: 50 Antenna Separation: _!!__()-
----~-

Start Position: ·1164 ----=--- End Position: ...;.vM...&-. __ _ Step Size: ... ----.---
Zero Adjust: - 2 '50~ Sampling Interval: «JJOf' l'{o. of Stacks: fo '-1 

TypeofGPRsurvey· zap· ~ 
RECEIVER 

Borehole name: f( 1 . __... __ 1./ II 
Casing lD.: ---- Type: · fAn~---

,,t! •• "'\ 
Height of stand up: I q_ (,5.,.,.. Type of protective well casing:- . ---
Depth of hole: ~~-oM. ___ Start Position: 1 ~ . End Positioil: ·1 q' §' ftll.. ---

TRANSMII'IER 

Borehole name: C . - ,JI " ,( asmg I.D.: ---==-:1..__ __ Type: . ~ . 

Height of stand up: I' ( rr f. S"" 111\ ') Type of protective well casing: -------
Depth of hole:_ t~....;.'~- Start Position: __ 0 ___ ~nd Position: I? 1 ~ ~ 

Distance between boreholes: ---"..!_ /:, 11 

~~~ I Distance from RX box to TX borehole: A/ t 
-~-=----.:...-

Distance from TX box to RX borehole: _ ..... ~2'-l_' __ 

Distance from RX box to TX box: ~' ---==-----

Name of File: M~P30100 ... MoP~ 1'f5o 

CO:MMENTS: /lltJh: 7?~?U.~o f's-/fi~vt r~sef ~ fo S'f rkwr uii~Lf'St' ! 
--· ''~?\( ~o ~d.Jtt sk..d 1-o - z 5o 11 > . 



.,. ~ . 

BOREHOLE RADAR OBSERVER SHEET 

Date: '1-/;_ 9/96 Location: £y 4-~A /$?7 ~re-

Type of Syst~m:. ..:PEl 00 Operator:'!.0-"''l/r'4YI<s. _ 
T!JreYI/~ 

Antenna Freq.: 50 ~ 200 Antenna Separation: _£ k,;_U ___ --=--

Start Position: __Jtl_jj_ End Position: _.._#.._./A __ _ Step Size: tJ..' R. 5' ~-__...._ __ 
Zero Adjust: - 29J~-t_5_ Sampling Interval: 8°0 f': l'{o. of Stacks: (p 1 

~.....:.o....--

Type ofGPR survey ZOP. (§) 
RECEIVER 

Borehole name: R. ... fL...:.·-- if' 
Casing LD.: ---- Type: ~ . 

Height of stand up: 1 ''3 .. 5'' (o.S'l.,.} TYJ>e ~fprotective well casing:· ~ ~ru£1 

Depth of hole: 1?- "9·5 h Start Position: II 1""' End Positioil: f q ,2..5 """----c.f. 5~1-pip-t 

TRANSl'vill'IER : 

Borehole name: R~:--- -w· Casing lD.: ---':...--- Type: ~ d 

Height of stand up: t'Z '' (C?·?3"') Type of protective well casing:·~ ~~eci 

Depth of hole: -~ t.J ~ -kp Start Position: C'""" 
t>.f 'flilfla ffl 

1a 1 
Distance between boreholes: __ , 

211. In'' . Distance from RX box to TX borehole: ~7_...,_6 __ _,___ 

Distance from TX box to RX borehole: //, r -----
Distance from RX box to TX box: ,gq ' _-=..,::....,__ ___ _ 

Name of File: f!ol'fiJtoo -!1oF¥1f2.5 

~nd Position: ;Z 3.? ""'-

COMJ\1ENTS: A1oPljD.{:f-5- ()~,.c~-,·IT'Y\. ~ ~ry . .Z2 m bjs ( .1W s-'J~ -cf /11/s ~pfl..) 
N~"9!-oc~J fkt/e~f1..et-- . ~ ........ t?, 5'Yk... 



Date: Iff:<! /Cf f.. 

BOREHOLE RADAR OBSERVER SHEET 

Location:. £t. 4-~~A ~T ~Ye.-
Operator: !!01•'/},'tl.NK.s_ V: _ Type of System:. ;l>EIOO 

'P.)I'C'l'«-:cL 

Antenna Freq.: 50 ~ 200 Antenna Separation:_. _rq_'----=--

Start Position: ~~=--__ End Position: l lf)S"" ------- Step Size: 0, 25 . --=---

Zero Adjust: -2?o1A~ Sampling Interval: goop.;_ l'{o. of Stacks: ~ 1 ---==----
Type ofGPR.survey ·~ ·MOP 

RECEIVER 

Borehole name: l?~f __ lJ ,. CasinglD.: ____ Type: ~~;{ 

Height of stand up: ...;I;_' I_,; ..... '_' __ Type of protective well casing:· __ _ 

Depth of hole: I~ ,95'11-t !e Start Position: _.......,_o __ End, Positioii: _ 1 '\ , z.. 5 ""'-
of5~f'f-e. 

TRANSMITIER 

Borehole name: lf_ ,. 
Casing I.D.: ---"'--- Type: ~ 

1/211 
Height of stand up:------ Type of protective well casing: -------
Depth of hole: _ ·~ 1 w-- }ve Start Position: __ o ___ ~nd Position: lq, 2.:S Ilk 

().f s:r;;:;tdf' '& 

Distance between boreholes: ~'I' 

Distance from RX box to TX borehole: -------'--
Distance from TX box to RX borehole: -----
Distance from RX box to TX box: -------
Name of File: Z:OPL/ --------

C01\1MENTS: 



APPENDIX II 

' I 



.. • 

BOREHOLE RADAR OBSERVER SHEET 

Date: r f5 Itt~ ----- Location: tfo-! ~s;Y.t:'_h__.__ 

50 Antenna F req.: ~ 200 Antenna Separation: _ A/lA ----:...........:::....;... ____ _ 
Start Position: End Position: ----- Step Size: tP :. 2 ~ ~ ---
Zero Adjust: - 2'/o..!!:!._ Sampling Interval: Foot=-!-. l'fo. of Stacks: 6 1 

Type of GPR survey: (CMP(WARR) zap· 

RECEIVER 

Borehole name: .fJ'/ _ _..__ __ CasingLD.: ~~(W\. Type: ~r;,·c. 

Height of stand up: () w.- Type of protective well casing:· ---
Depth ofhole: /~ 5"~ Start Position: I End Position: If~ 

-~--- ---

TRANSl\UTIER 

Borehole name: Casing I.D.: 1':. 7" ~ h-1. Type:· __ ~__..t'-:h_,._c. __ 

Height of stand up: IJ, ~c111. Type of protective well casing: -------
Depth of hole:_ jJ, 25M- Start Position: __ tJ_'---_ ~nd Position: 2.2._725 ""'-

Distance between boreholes: f. "i '""-- P ~ 

Distance from RX box to TX borehole:----~-

Distance from TX box to RX borehole: -----
Distance from RX box to TX box:-------

Name of File: ./'(P/'.3 P fr;o '.AftJP.:I f'/()O 

zof' ~ 

CO.MMENTS: tYIOf) o 1oo - MoP31o"t) ~ '1 { 5 I 'l& 

.Ntol'311g1-f .. tftoP3 t'[oo ~ "t[,f'lC. 

~y ~Q( o.y{-u Aof3 b1SO 

I J z_ 

22·Y4 

9.1. D /) ., I .; 'I~ .-41tJI' 



BOREHOLE RADAR OBSERVER SHEET 

Location: Box.. (a.·~-'-':.. __ ..__ 

Operator: l{lY'_,'//hf'r!,S _ Type of System:Sen-.:--or.!'"J? Sa..f-iw,rc. PE 100 

~ 200 Antenna Separation: _ 1/(A 
--=~.;..:.._ ___ _ Antenna Freq.: 50 

Start Position: End Position: Step Size: o. i~tt~. ---
Zero Adjust: ~ ~ Sampling Interval: ffJO f 5..... l'{b. of Stacks: {pf 

Type of GPR survey: (CMP(WARR) zop· 

RECEIVER 

Borehole name: !<._;,~-----

Height of stand up: _...~""""ff';;.:;...· __ _ Type of protective well casing:----
Depth ofhole: ~ fq,51lStartPosition: _......_/ __ End Position: ~ I'M 

. TRANSI\tl!TIER 

Borehole name: Casing I.D.: [. 1- eM Type:· a c-v-tj I/ c 

Height of stand up: o. ?5tvt Type of protective well casing: -------
Depth of hole:_ 'J'/.) Start Position: __ 0_'---_ ~nd Position: ( 1 h1. 

&e>m. jnf4.«!.{_ -~---

Distance between boreholes: ~M @ f-tr'fct e.t. 

Distance from RX box to TX borehole: ---------
Distance from TX box: to RX borehole: -----
Distance from RX box: to TX box:: -------

~oPt 

.McP20JQO- l't-Of20b~'i· 7 'f/'ffq,~ 

Mop).. o ~oo - ('ttof'). {qoo --? '!/, /1f{ 



BOREHOLE RADAR OBSERVER SHEET 

Date: J}j_ fq~ Location: __ /b)(_ ~!!_(_~>""---

Operator: J(JtJ(/!Na~ _ Type ofSystem:Sen.:"'"or..""d?So~rc:pEIQO 

. 50 Antenna Freq.: @ 200 Antenna Separation: _ . .V£1 ___......_.._;._ ___ _ 
Start Position: End Position: ----- Step Size: ~- 2~ ---
Zero Adjust: ~o~ Sampling Interval: 5'00eJ l'{b. of Stacks: 6 'I 

Type of GPR survey: (CMP(WARR) zop· 

RECEIVER 

Borehole name: If/ ..;.......;... __ Casing I.D.: ;', "1 t:.M Type: a.-'-+''f_r;)_t'_t __ 

Height of stand up: 0.·.~"' Type of protective well casing:· &:< ,,.. yi ,_· e_....;..._ 

Depth of hole: I f.O l"A Start Position: 1 ,.,... . End Position: 1 :;. , 6'...., 
.P~, ttt ,,IIU\J 

-------~-------------·---------
TRANSl\1l'ITER 

Borehole name: R,l --- Casing I.D.: {· f e._ Type:· ------
Height of stand up: !l,r;W\ Type of protective well casing: -------

Depth of hole:_ 'I"' S' M-- Start Position: 0 ~ End Position: L ~ ~ 
--·------~tr~·~~~,~ro~w=~~«~-------~;~r·~~~~-d-'~~~~6~!~~~-----~~.~~-------
Distance between boreholes: f~ 1 w- ('V .o;uf«.c(... 

Distance from RX box to TX borehole: __ __.._.;__ 

Distance from TX box to RX borehole: -----
Distance from RX box to TX box: 

------~ 

Name ofFile: /v/OP'IOIOO- /110Pt 1r50 

zOP1 ( R.x: 0 -11.fj rv-. T;: 0- I 'I~) 
-

COl\11YfENTS: 

ft. T.~ ~oftitNi6 vkaAfd (2 MOf I ftJ27 



BOREHOLE RADAR OBSERVER SHEET 

. Date: 9 /.J..fljq? , . 

Operator: _J(.J//fl!~r _ 
A Pt...A-#'~11'--

Antenna Freq.: · 50 

Start Position: 

Zero Adjust: __ 

Type of GPR SUIVey: 

RECEIVER 

Borehole name: R1 

Location: _. !Jot .C~~ c_,.. ----=-----

Type of System:S~r..!'"d? -SO~.-.c:PEIOO 

~ 200 Antenna Separation: --.:.:·-.._,,v~IA:..:_. ___ _ 

End Position: Step Size: ~ ·l ~ ~ 

Sampling Interval: loC'r~:.. 1-{o. of Stacks: ~f 

(CMP(WARR) zap· 

CasingLD.: f-"7c~M. Type:.~--

Height of stand up: _...:..(?=-"""'~- .Type of protective well casing:· ---" .. , 
Depth ofhole: 11,, ..-. Start Position: /M 

~~~ 
End PositioD.: 19 ;.J.m-:=--__ 

TRANSMITTER 

Borehole name: fl.3 Casing I.D.: f-r?l-~ TyPe:· a. c~ 

Height of stand up: I • f~ Type of protective well casing: __ '•_. _,_. __ _ 

Depth of hole: _ Z ~ • 2. 5 Start Position: __ fJ_.___ ~nd Position: 2? .':}5 ~ 

Distance between boreholes: __i&_ ~ f SMK ~ 

Distance from RX box: to TX borehole: -----=--
Distance from TX box: to RX borehole: -----
Distance from RX box to TX box:: -------
Name of File:. Mol~ o '~M-oP $Jt:Jul1 

lDfJ 
COMMENTS: 



Date: '/~:?_)-'I~ 
-- ----''-----> 

BOREHOLE RADAR OBSERVER SHEET 

Location: ... /3_cx fJ:!..~b/1\ 

Operator: tM/.1/i.amf_ 
A- fears,, 

Type of System:Sen.:""<::'r.!"'J! So.f.iw..l"'e. PEl 00 

Antenna Freq.: · 50 ~ 200 Antenna Separation: --=·-.... M,.;i...__f_· ___ _ 

Start Position: End Position: ----- Step Size: tP,J.f"W<-___ 
Zero Adjust: -l_io~ Sampling Interval: f 0 fJtr...... l'{b. of Stacks: a, f· 

Type of GPR survey: ( Cl\1P ( W ARR) zap· 

RECEIVER 

Borehole name: R'( Casing LD.: ~~c,... 
-, 

Type:_~--

Height of stand up: ---'.!!-=-. "-__ _ .Type of protective well casing:·_· __ , .. _ ·--?-~ 

Depth of hole: I 'I· S',.,.. Start Position: _ _..f..'"'-#f..'\.-- End Position: f'11k. __ _ 
~sur~ 

TRANSMITIER 

Borehole name: Casing LD.: f: ?e-.. /1~· TyPe:·---~---#&-----

Height of stand up: ().~sVIA. Type of protective well casing: -------
Depth of hole: _ ~If, ~ ~ Start Position: t; ~ ~nd Position: _-:;l.:....'f;......;..;~...;;._-

. &tot\- r~ . 'S"""'N« > 
Distance between boreholes: 'S".D ,__ e$«-W~ 

Distance from RX box to TX borehole: -----=--
Distance from TX box to RX borehole: -----
Distance from RX box to TX box: -------

Name of File: fi'lt'/'~~ 1tJP"' ,ttt.P!'R 1:'/PP 

cot<. (tb )r~: o .. ,"""'-) 
COMMENTS: 



BOREHOLE RADAR OBSERVER SHEET 

Date: 9--21_--- 1t. Location: < fiK_ {'_~_6_&1. ____ 

Operator: J/ ... Jt~./11_,~ _ Type ofSystem:Se..,.~cr..:£..SO~r.:::pEIOO 
A· p~c~ A 

Antenna Freq.: 50 @ 200 Antenna Separation:___.--..__.. -.v;;JJ:-~Z..:J4.£... ___ _ 

Start Position: End Position: . ----- Step Size: (? .' ? 5". 
_..._.'-"--'-- ---

Zero Adjust: - 28° ~ Sampling Interval: 90of $ ~o. of ~tacks: 1P J{ 

Type of GPR survey:. {CMP(WARR) zop· 

RECEIVER 

Borehole name: ... Casing LD.: 7,?- cH-\ -~ Type: a~ 

Height of stand up: _o~' _'5"_.....,. __ .Type of protective well casing:· __ _ 

Depth ofhole: 1r~o~ Start Position: 1 W\ . End Positioil: 

~ 
TRANSlVITITER 

Borehole name: £2 Casing LD.: 5, ('ew.. TYPe:· _____ _ 

Height of stand up: () , r 5 ~ Type of protective well casing: _ -------
Depth of hole: r 'I $ ~ Start Position: 0 #111. . End Position: tff ~ 

. =&"~rUM-a - . fkiMil.Wfi"<t 
Distance between boreholes: ____2.1 "" e. SV¥~ 

Distance from RX box to TX borehole: __ ____. ____ _ 

Distance :from TX box to RX borehole: -----
Distance from RX l;>ox to TX box:-------

Name of File: ;t40f1P?to- Nt 0 P·fff5o 

t:o f 1 { Tt. : fJ - 1 q t'.' 
-:: 

C01\1MENTS: 



BOREHOLE RADAR OBSERVER SHEET 

Operator: ~: w. 'II,·~ 
;;r.. g,e-~cJ-

Antenna Freq.: 50 

Start Position: ~---=--__ 

Zero Adjust: - .Z~ ~ 

Type of GPR survey 

RECEIVER 

Borehole name: _!I/ / {(,~ 

Location: 44~4 ~?L~Ye..-

Type of System:. ;l>EIOO 

~ 200 Antenna Separation:_ -----=--

End Position: ----- 0, --:JL"". 
Step Size: ---::.....;:....:...:;.,:-;;7----

Sampling Interval: ff'~" t>! 1-{o. of Stacks: 6 J.f 
-_.c-.;~--

~ MOP 

Casing LD.: _·'I_~ ___ Type: lAM.~=.;..-.--

Height of stand up: t'rs "/1 'I " Type of protective well casing:· __ _ 
I 

Depth of hole: /1,1-5-rj to,.. Start Position: ()*_h., . End Positioil: l't~tfrw. .fttt ·'~ 

TRANSl'vlll'IER 

Borehole name: _JJ· 3;_ __ Type: (A.M.~ 

Height of stand up: 0·2?w. Type of protective well casing: .,w.J.l. ~ 
.· 

Depth of hole: _ 11. ?-._5__ Start Position: __ 0_...,. __ ~nd Position: l ':1-, t;"" 

Distance between boreholes: __ 

Distance from RX box to. TX borehole: -------..:..--

Distance from TX box to RX borehole: ____ _ 

Distance from RX box to TX box:-------

Name of File: e()f' II- 2:-orJZ. 
( fi&J) ( t,Z) 

CO~NTS: ~P#-1~ 



) . - . 

Date: 9-/2-J'_ / if C. 

BOREHOLE RADAR OBSERVER SHEET 

Location: ,6'qy 4_~ ~?T ~Y.e.... 

Operator:~,W/J/.·~ _ 
rr:~n::~ 

Type of System:. -=PEIOO 

Antenna Freq.: 50 ~ 200 Antenna Separation: _ 
-'------=--

Start Position: ~~.=--__ End Position: ----- Step Size: 0 • z.,> 
~--

Zero Adjust: - Z-60~ Sampling Interval: ~00 r: 1-{o. of Stacks: 6 'I -----=----
TypeofGPRsurvey· @) MOP 

RECEIVER 

Borehole name: ... tf·"" ' ' ' - - . . j 
Casing lD.: ---- Type: ~-----:..-

Height of stand up:---=----

·" Depth of hole: _____ Start Position: 0 
"'- . End, Positioil: 

TRANSMITIER 

Borehole name: CasinglD.:__..-~-=-'-___ Type: ~~ 

Height of stand up:------ Type of protective well casing: ~ ~.._it· f.t 
Depth of hole:_ Start Position: o ..,_ E. nd Position: ---- ------- ---~---

Distance between boreholes: 

Distance from RX box to TX borehole: __ ___.__,__ 

Distance from TX box to RX borehole: -----
Distance from RX box to TX box: ----------
NameofFile: ~OP5- &oP10 

"1:;0 PI~,.. l'f • (p.t. &~) 

.. ., 
CO:MMENTS: ().P ~of'~-fo ~ ~ T~ 

··.~·\ .,. ''1 .. "~" "• o''> 
., , "· II g It 

('f./) L~~-) ( lo (7JL, (i'(} (Tt') (R() (7it) (-r.,.) (Rorl 

r~-r'1 
(Tt > (f!~) 

T1.,..TZ Ta,.. Ttl rt- rq 'T2-T'3 r1- r3 
,.1~ t-1-n--. 1 ........ 7"""\ '?- i"~ 6-"/flt\ -?-- ~...... , .... 
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BOREHOLE PARAMETERS 

WELL EASTING NORTHING ELEVATION ANGLE 

R-1 72.79 62.84 1.91 28.0 

R-2 67.36 63.04 1.62 41.0 

R-3 71.8 67.89 1.94 27.0 

R-4 66.16 67.6 1.66 30.0 -

Table 1. Radar well parameters. All distances are in meters; angle is in degrees from vertical. 



. Box Canyon Well Layout 
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Figure 1. Layout of the wells at the Box Canyon site with approximate pond boundary given as the solid line. 
The radar wells are R-1, R-2, R-3, and R-4. 
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Figure 2. Typical receiver gather for R2-R1 with the receiver held at 8.25 meters down R-1 
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Figure 3a. Spectra for a trace at near zero offset (Receiver at 10 meters down R-1 ). 
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Figure 3b. Spectra for a trace at a large offset source-receiver pair (receiver 10 meters down R-1 ). 
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Figure 5a. Travel time vs. distance down source/receiver wells for the PRE data set. 
The solid line is the MOP values; dashed is ZOP values. 
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Figure Sb. Same as Figure Sa, but for the DURING values. 
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Figure 5c. Same as Figure Sa, but for the POST values. 
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Figure 6c. Travel times for each receiver gather are shown by a single solid line. 
Values for the DURING data set. 
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Figure 10. Typical receiver gather for R3-R4 with the receiver held at 4.75 meters down R4. 
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Figure 11. Spectra of a representative trace, 11 meters down R-4, 13 meters down R-3. 
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Figure 12a. Zero-offset travel times vs. distance down source/receiver wells for the PRE 
data set. The solid line is for the zero-offset MOP values; dashed is for ZOP values. 
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Figure 12b. Same as Figure 12a, but for the DURING data set values. 
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Figure 12c. Same as Figure 12a, but for the POST data set values. 
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Figure 20a. Zero-offset travel times vs. distance down source/receiver wells for the PRE data 
set. The solid line is for the zero-offset MOP values; dashed is for ZOP values. 
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Figure 20b. Same as Figure 20b, but for the DURING data set values. 
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Figure 20c. Same as Figure 20c, but for the POST data set values. 
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Figure 21 a. Travel time vs. distance values for the DURING data set. The difference in 
travel time values between data sets is relatively small. 
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Figure 21 c. Travel times for each receiver gather are shown by a single solid line. 
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Figure 23b. Velocity tomogram inverted from the DURING R2-R4 travel times. 
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Figure 23c. Velocity tomogram inverted from the POST R2-R4 travel times. 
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Figure 24a. Slowness difference tomogram determined by inverting the differences in the DURING 
minus PRE travel times. Note that an increase in slowness corresponds to a decrease 
in velocity. 
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Figure 24b. Slowness difference tomogram determined by inverting the differences in the POST 
minus PRE travel times. Note that an increase in slowness corresponds to a decrease 
in velocity. 
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Figure 24c. Slowness difference tomogram determined by inverting the differences in the POST 
minus DURING travel times. Note that an increase in slowness corresponds to a 
decrease in velocity. 
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