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ABSTRACT 

Ground Penetrating Radar attenuation increases sharply 

near 100 MHz if water is in the material, near 10 MHz if 0.1 

meter scatters are present, and near 1 MHz if clay is present. 

Resistivity, neutron, and Time Domain Reflectometry surveys 

were used to measure electrical properties. Based on these 

measurements as well as other measurements on laboratory 

samples, attenuation in southern Arizona alluvial basins varied 

from 20 to 40 dB/m while the southern Arizona mountain ranges 

varied from 5 to 20 dB/m. The high resolution of the 500 MHz 

system was useful in almost all our surveys, while lower 

frequencies were useful for surveying larger and deeper 

anomalies. Successful GPR surveys were obtained in archaeology, 

geotechnology, and criminology studies. Lunar and near-planet 

electrical properties appear favorable to GPR transmission. 

Extraterrestrial GPR surveys should have high resolution and 

deep penetration. 
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1 INTRODUCTION TO GROUND PENETRATING RADAR (GPR) 

Ground Penetrating Radar (GPR) detects changes in sub

surface electrical properties which are often related to changes 

in water content. Other variables that affect the electrical 

response in soils are high cation-exchange-capacity clays, 

texture, structure, soluble salts, temperature, and measurement 

frequency (Topp et al., 1980). Other electric and electro

magnetic geophysical methods generally do not produce anomalous 

responses to non-conductive materials. GPR on the other hand 

can detect both conductive and non-conductive targets (Vaughn, 

1986). 

Ground Penetrating Radar has been used for solving shallow 

subsurface investigation problems non-destructively, quickly, 

and accurately. Multiple runs over the same profiles prove 

the repeatability of the system in the investigated geological 

settings. Uses of GPR in the past have included detecting 

pipes, cables, voids, subsidence, faults, reinforcing, haz

ardous materials, archaeological artifacts, water table, tanks, 

leaks, peat depth, railbed ballast, sinkholes, mineral 

deposits, bedrock, pavement and ice thickness (Geophysical 

Survey Systems, Inc., 1988) . During surveys between November, 

1988, and April, 1990, profiles over the same types of features 

were conducted in the soils of southern Arizona to better 

understand potential uses of GPR in this area. 
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Both the dielectric constant (or permittivity) and the 

conductivity of the earth determine the depth of penetration 

in GPR surveys. High conductivities lead to large attenuation 

of radar signals. . Clays and scatterers also cause high 

attenuation of radar waves. The usefulness of GPR is therefore 

a function of the earth being surveyed. Highly resistive soils 

such as those found in the Northeastern United States can be 

surveyed to depths up to 30 meters or more (Tom Fenner, personal 

communication, 1989). As the soils of southern Arizona have 

high conductivities and also have high cation-exchange-capacity 

clays and scatters, the effectiveness of GPR in the region was 

uncertain. A test site was therefore constructed to test 

effects of variable water contents over known targets. These 

tests determined that the high attenuation of the soils did 

not change significantly with increased moisture content. 

Therefore, although the signal is altered by moisture content, 

the effectiveness of GPR is not greatly affected by increased 

water content. Also, a variety of tests on geotechnical and 

archaeological sites were performed in several areas to 

determine the usefulness of radar surveys in southern Arizona. 

1.1 Acquisition Equipment 

A Subsurface Interface Radar System-3 (SIR System-3) 

manufactured by Geophysical Survey Systems, Inc. (GSSI) was 

bought for research of high-frequency EM characteristics in 

southern Arizona soils and for research into designs of unmanned 
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subsurface imaging systems. The SIR System-3 includes a 

Profiling Recorder (GSSI model PR-8315) which produces a 

facsimile printout of the radar returns, a 30 meter cable which 

runs from the recorder to the antennas, and the antennas which 

transmit and receive the radar signal. Three antenna trans

mitters and receivers with center frequencies of 100 MHz (GSSI 

model 3027), 300 MHz (GSSI model 3205 TR) and 500 MHz (GSSI 

model 3102) provided the capability to resolve features of 

different sizes. In areas of resistivity greater than 100 

ohm-m significant changes in penetration depths occur with 

different antenna frequencies. Two 105 amp-hr 12V DC batteries 

which were charged each night of the survey powered the system. 

The recorder and battery were mounted on a small cart so that 

the equipment was transportable and the survey could be per

formed easily by two people (Figure 1). 

Although the GPR analog data are often clear enough for 

most interpretations, some cases occur when data processing 

will help with interpretation. As with seismic reflection 

data, many instances occur in GPR data where filtering, 

migration, deconvolution, and many other common data processing 

techniques can be used to enhance the data. Because GPR data, 

like seismic reflection data, are recorded in magnitude and 

two-way travel time, commercial seismic data processing 

packages can be used to process GPR data. The data must be 

digitized in order to use digital data processing techniques. 



Figure 1: Analog profiling with the 100 MHz 
antennas. 

Figure 2: Digital profiling at the Casa Grande 
National Monument, Coolidge, Arizona. 
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For surveys in which data processing was required, signal 

and sweep from the profile recorder were input to a Tektronix 

2430A digital oscilloscope. A transfer program (Appendix A) 

sent the data to a Compaq Portable II computer, where the data 

are stored on hard disk and backed up on floppy disk. Figure 

2 is a photograph of the digitizing system in the field. This 

equipment may also be cart-mounted so digital profiles may be 

recorded in the field with a two-cart system. The scope and 

computer can be powered by a 12V battery and an 110V invertor, 

however a fully charged 105 amp/hr battery will run the equipment 

for only one hour. Depending upon the survey, it is often 

preferable to use a small 1.5KW generator. 

Seismic data processing software that has been used for 

work performed at the University of Arizona are MIRA, from 

Oklahoma Seismic Corporation, based in Oklahoma City, Oklahoma, 

and SierraSeis, from Sierra Geophysics of Seattle, Washington. 

MIRA is PC based and has been used primarily for trace attribute 

presentations. SierraSeis is Mainframe based and is loaded 

on the Reflection Seismology Convex operated by the University 

of Arizona's Department of Geosciences. SeirraSeis is a 2-D 

batch seismic data processing system which includes most of 

the standard seismic data processing operations presently 

available. Several programs listed in Appendix A manipulate 
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the digitized data for use in ASCII-based data programs, 

Lotus-based programs, as well as PC-based and Mainframe-based 

seismic processing software packages. 

1.2 Procedure 

Three antennas, or transducers, with center frequencies 

of 100, 300, and 500 MHz were used. The transducers are pulled 

directly over the ground. The 100 and 300 MHz antennas have 

the receiving antenna mounted in a separate case from the 

transmitting antenna. These antennas may be connected together 

and pulled together or may be separated by one-meter spacer 

bars. When the antennas are connected together, they should 

be shorted to each other. Even with the antennas shorted, 

excessive ringing occurs in the record. Therefore, these 

antennas are usually separated by the one meter spacer bars. 

When possible, the antennas are mounted on a plywood sled for 

abrasion protection. The 500 MHz transducer has both trans

mitting and receiving antennas in a single unit mounted on 

nylon skids so that it may be pulled along the ground surface. 

Profile lines having lengths of forty meters or less are 

optimal, as the cart containing the recorder can be placed in 

the center of a profile and does not need to be shifted during 

the survey. Fiberglass meter tapes can be used to mark the 

path of the profile. The transducers can be towed directly 

over the tapes with no interference to the radar returns. 

Location reference may then be read from the tape and reference 
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marks imprinted on the record while the antennas are being 

towed. Due to the widths of the 100 MHz antennas, a large area 

may be covered in a relatively short time. The width of the 

antennas, however, may restrict coverage in the area if 

vegetation and topographical features interfere with the 

profile lines. An area of 7000 m2 was surveyed in one day 

in a moderately vegetated region of the Casa Grande Ruins 

Monument near Coolidge, Arizona. A total of 3120 line-meters 

were covered during the one day survey. The optimum speed at 

which the antennas may be towed depends upon the size of the 

target, the recording speed, and the desired resolution of the 

target on the profile record. Most of the surveys presented 

were recorded at 16 scans per second and 100 lines per inch. 

The speed of each particular profile can therefore be calculated 

as 6.25 seconds per inch on the original, nonreduced records. 

Paper record length in inches can be translated to meters of 

profile by the meter marks on the records. 

The smaller 500 MHz transducer has significantly greater 

resolution than the 100 MHz and 300 MHz systems, but can have 

significantly less depth of penetration depending on soil 

conditions, and must also make more passes for the same area 

coverage. A dense 900 m2 survey at Milagro, located in 

Northeast Tucson, was performed in a non-vegetated area during 

one day. Thirty meter E-W profiles were made every 0.5 meter 

over a 30 meter N-S area. Therefore, 1800 line-meters were 
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covered during the survey which was slowed only by clearing 

tumbleweed and rocks from the path of the profile. If no 

clearing is necessary, five line-km a day is possible for 

target resolutions necessary for archaeological purposes. 

As with seismic reflection records, the GPR record is a 

function of the two-way travel time of the radar wave, which 

is the time taken for the radar wave to travel from the 

transmitter to a reflector and back to the receiver. Two-way 

time to a reflector can be read from the record. If the 

velocity at which the wave is traveling is known, the depth 

to the reflector for vertical propagation can be calculated 

simply as: 

where v is the propagation velocity of the material, and t is 

read from the GPR record. If the depth to a reflector is 

known, the velocity can be calculated. The calculated velocity 

can then be used to determine depths to other targets as long 

as soil properties do not change. 

A visual illustration of how reflections from geological 

features produce the GPR record is given in Davis and Annan 

(1989) (Figure 3a and 3b) . Moving over an anomalous zone 

creates a hyperbolic signature because of the change in two-way 

travel time as the antennas are pulled over the anomaly. The 

( 1 )  
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Figure 3a: Conceptual illustration of radar pro
filing on a soil over an anomaly and a near-
horizontal reflector (From Davis and Annan, 1989). 
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Figure 3b: Resulting radar record from idealized 
profile of Figure 3a (From Davis and Annan, 1989). 
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bedrock reflector produces a reflection that remains horizontal 

throughout the record because the two-way travel time is not 

changing with distance. 

The velocity of the EM wave in the material is a function 

of the electrical properties of the soil. Studies were performed 

in two typical soil types for southern Arizona to quantify 

these electrical properties for the use of GPR in this area. 

A test site was established in the conductive soils of the 

alluvial basins for these measurements. 



27 

2 ELECTRICAL PROPERTIES OF THE EARTH, MOON, AND NEAR PLANETS 

2.1 General Equations for Electrical Properties 

Velocity and attenuation are the parameters controlling 

the propagation of radio waves in geologic material (Davis and 

Annan, 1989) . Velocity is a function of the dielectric constant 

and the loss tangent of the material. Attenuation is a function 

of frequency, dielectric constant and loss tangent. Equations 

used for calculating velocity and attenuation are taken from 

Annan and Davis (1977) . The general form for velocity is given 

as 

where c is the speed of an EM wave in vacuum (3*108 m/sec), eer 

is the relative real effective permittivity, or dielectric 

constant (sometimes denoted by K') and tan6 is the loss tangent. 

The general form for attenuation is 

Loss tangent is the ratio of losses to the strength of 

polarization (Daniels, 1989) and is defined by complex con

ductivity and permittivity. A thorough derivation of loss 

tangent and complex conductivity and permittivity can be found 

in King and Smith (1981). Important parameters determining 

rock and soil electrical properties for GPR are present in the 

c ( 2 )  v = 

(3) 
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effective loss tangent definition 

a. a' + uoe" 
pB = tan 6 = = —77 (4) 

CA_) 6 „ uoe -a 

where pa is the notation for effective loss tangent used in 

electrical engineering and tan6e is the notation used in 

geophysics. The real effective permittivity, ee, is defined 

as the relative real effective permittivity, (eer) , multiplied 

by the permittivity of free space, e0 = 8.85* 10"12C2/V"'m"2. 

Imaginary components of the complex conductivity (o'') and 

complex permittivity (6") are caused by time lags in conduction 

responses and polarization responses, respectively. King and 

Smith state that in general, it is impossible to distinguish 

between a' and cue" or between €' and — without a molecular or 
(A) 

atomic interpretation and observed differences in behavior 

with changes in parameters such as frequency or temperature. 

Therefore, measurements of a' and e'at appropriate frequencies 

can be used to determine the loss tangent of the material so 

that velocities and attenuations can be calculated. 

Because of the high dielectric constant of water and the 

effects of water on soil resistivity, the electrical properties 

of geological materials are primarily controlled by water 

content (Topp et al., 1980). Clays, scatterers, and the water 

relaxation effect begin to influence complex conductivity and 

permittivity in typical geologic materials at frequencies above 
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1 MHz (King and Smith, 1981, and Olhoeft, 1986). Water 

relaxation is caused by the rotation of the dipolar water 

molecule in the presence of an applied electric field. The 

resonance frequency of the water molecule occurs at approxi

mately 24 GHz, but losses due to rotation of the water molecule 

can occur as early as 1 MHz in 1000 ohm-m rock or soil. 

Archie's Law empirically describes the relation between 

resistivity and water content. 

R w 
R.= — (5) 

where Rt is the true resistivity of a geologic formation, Rw 

is the resistivity of the water in the pores, 4>m is the porosity, 

and 52, is the water saturation. Because volumetric water 

content (0„) is equal to the product of the porosity and water 

saturation , volumetric water content can be calculated 

by resistivity measurements. From Topp's equation relating 

£er to 0U/ (Topp et al., 1980), 

Ka = 3.03 + 9.3QU + 146.00^-76.70^ (6) 

dielectric constants in soils are a function of water content. 

Increased water content therefore raises both the conductivity 

and the dielectric constant of the material. Substituting the 

loss tangent equation tan6e = — into the attenuation equation, 

the changes of attenuation in the soil due to water is not as 
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large as would be expected, because the increased conductivity 

is partially cancelled by the increased value of the dielectric 

constant. 

2.2 Conductivity effects on attenuation 

A plot of attenuation versus frequency for water at four 

different conductivities using the general equation for 

attenuation is shown in Figure 4. 
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Figure 4: Attenuation plots for water at four different 
constant resistivities calculated from the general attenu
ation equation. Dielectric constant is 80 for the solid 

lines and 4 for the dashed lines. 

2.3 Water relaxation effects on attenuation 

The equation x_/r attenuation given above does not account 

for the water relaxation effect. Addition of the water 

relaxation effect to the previous plot results in the data 

plotted in Figure 5. 
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Figure 5: Attenuation plots for water at four different 
conductivities with the classic Debye relaxation effect 

added. Dielectric constant is 80 for the solid lines and 4 
for the dashed lines. 

A complete derivation of the Debye relaxation mechanism 

may be found in King and Smith (1981). A simplified version 

from an unpublished text "A Simple Model for Predicting EM 

Wave Propagation Parameters in Soils", by A.P. Annan, 1986, 

will be repeated here. The dielectric constant can be expressed 

as 

r- ' f )  
K-KfUK.-K „)** '-f, (8) 

( ' - '£)  

where K0 is the zero frequency dielectric constant which is 

81 for water, Ka is the infinite frequency dielectric constant 

which is 3.03, / is the excitation frequency, and fr is the 
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relaxation frequency defined as 10 GHz in a classic Debye model 

for water. The real part of the dielectric constant K' is 

given as 

The transition to the relaxation curve is not sharp as 

indicated in Figure 5. Data from Olhoeft (1986) (Figure 6) 

shows the effect of resistivity and water relaxation on the 

loss tangent when resistivity is constant and the dielectric 

constant is 80. Figure 7 is a conversion of the loss tangent 

plot to an attenuation plot which indicates a smooth transition 

between conductive effects and water relaxation effects. 

From Figure 7, effects of water relaxation on EM attenuation 

can be seen in 1000 ohm-m resistivities as early as 100 MHz 

and with 10 ohm-m resistivities at 500 MHz. With typical 

resistivities in southern Arizona ranging from 150 to 50 ohm-m, 

attenuation due to water relaxation is greater than attenuation 

from soil resistivity. From these idealized plots, at 500 MHz 

attenuation will not change until resistivities drop below 

(9) 

and the imaginary part of the dielectric constant is 

( 1 0 )  
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Figure 6: Water relaxation and DC resistivity 
effects on loss tangent (From Olhoeft, 1984). 
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Figure 7: Water relaxation and DC resistivity 
effects on attenuation. 
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about 30 ohm-m. At 300 MHz, approximately 0.7 dB/m increase 

in attenuation will occur with a decrease in resistivity from 

150 to 50 ohm-m. 

2.4 Attenuation dependence on water, clays, and scatterers 

Clays and scatterers increase attenuation of the EM signal 

at lower frequencies than does the water relaxation effect. 

Ohlhoeft's (1984) loss tangent curves are normalized so that 

only effects due to clays and effects due to scattering are 

added to the changes in loss tangent from the water relaxation 

and conductivity. The conductivity is held constant for each 

curve, and the permittivity is kept constant at 81 in these 

plots. 

A plot of the effects of 0.1 meter scatterers in addition 

to resistivity and water relaxation on the loss tangent is 

shown in Figure 8. Figure 9 is the conversion of Figure 8 to 

an attenuation curve. The addition of scatterers increases 

the attenuation at frequencies an order of magnitude lower 

than does the water relaxation effect. 

The addition of clay does not allow the loss tangent to 

decrease much lower than 1 (Figure 10) . The conversion of the 

loss tangent curve to an attenuation curve (Figure 11) indicates 

that an increase in attenuation at the higher resistivities 

occurs at frequencies two orders of magnitude lower than in 

clay-free soils. 
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Figure 8: DC resistivity, water relaxation, and 
0.1 meter scatterer effects on loss tangent (From 
Olhoeft, 1984). 
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Figure 9: DC resistivity, water relaxation, and 
0.1 meter scatterer effects on attenuation. 
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Figure 10: DC resistivity, water relaxation, and 
clay effects on loss tangent (Olhoeft, 1984). 
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Figure 11: DC resistivity, water relaxation, and 
clay effects on attenuation. 
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Figure 12 from King and Smith (1981) is a combination of 

three sets of measured data using different samples and mea

suring techniques to observe changes in relative effective 

permittivity and effective conductivity with frequency. The 

samples used were from typical clay-loam soils with approxi

mately 10% water content by weight. As frequency increases, 

dipolar relaxation associated with the water content of the 

rock or soil begins to produce dispersion in the electrical 

properties. Effective permittivities are not affected by water 

relaxation until frequencies above 1 GHz. Effective conduc

tivity is affected as early as 1 MHz. Below 1 MHz, the effective 

conductivity is a constant, indicating that the real part of 

the conductivity, or the DC. conductivity is the dominant 

factor in determining the loss of the material. Above 1 MHz, 

the loss from water relaxation t/oe0er" is the dominant factor. 

2.5 Electrical Properties of Southern Arizona Basins 

In earth measurements, dielectric constant and resistivity 

also change with frequency. Therefore, measurements in which 

these factors do not vary are insufficient for estimating 

representative electrical properties for field data. Labo

ratory samples have been prepared and measured to better 

approximate electrical properties which would more reasonably 

be found in a field situation. Olhoeft (1986) measured 

dielectric permittivities and loss tangents of a variety of 

mixtures of percent weights of distilled water, pure silica, 
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Figure 12: Relative effective permittivity, or 
dielectric constant, and effective conductivity 
a function of frequency for a typical clay-loam 
soil with 10% water content by weight (From King 
and Smith, 1981). 
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and montmorillonite clay. Montmorillonite clay has a high 

cation exchange capacity (CEC) which causes large attenuations 

of the radar signal. 

Table 1 from Olhoeft (1986) indicates measurements of the 

DC. resistivity,- 100 MHz relative permittivity and loss tangent 

for various weight percentages of sand, clay and water used 

to make up the samples. 

Table 1: 100 MHz properties of sand -clay-water 

mixtures 

Sample DC Res. tan6e Sand Clay Water 

# ohm-m % % % 

1 3.4 62.6 1.14 0.0 22.9 77.1 

2 4,4 52.8 1.00 17.9 16.5 66.4 

3 4.7 49.7 1.00 29.3 13.9 56.8 

4 6.6 32.3 1.09 58.2 10.1 31.7 

5 15.7 16.4 0.91 79.5 4.9 15. 6 

6 13.4 20.2 0.84 77.5 4.0 18.5 

7 33.5 18.1 0.40 76.7 1.9 21.4 

8 125 14.0 0.1.4 80.7 0.0 19.3 

9 269 12.1 0.088 83.6 0.0 16.4 

Noteworthy from Olhoeft's measurements are large increases in 

loss tangents with very small amounts of montmorillonite clay. 

These increases are seen to level off at roughly 5% weight 
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clay. Increases in the water content decreases the DC 

resistivity and increases the relative permittivity, but has 

little effect on the loss tangent. 

The general equations for attenuation and velocity are 

functions of the less tangent and the permittivity. As can 

be seen from Samples 3 and 4 in Table 1, in high loss materials 

ee changes with water content and tan6e remains constant. 

Therefore, the loss tangent was held constant for all repre

sentative electrical property calculations. Permittivity is 

proportional to water content as predicted by Topp's equation 

and as can be seen in Table 1. Therefore, the representative 

electrical properties of the soils and rocks of southern Arizona, 

were calculated by keeping loss tangent constant and by scaling 

the permittivity according to the measured volumetric contents 

during average seasonal changes. 

Percent weights and volumes of water, sand, and clays were 

measured at the San Xavier GPR test site which is representative 

of southern Arizona alluvial basins, and at the Apache Leap 

nuclear repository test site near Superior, Arizona, which is 

representative of southern Arizona mountain ranges. Clays 

were measured both by particle size as well as by X-Ray 

Diffraction (XRD). Percent weights were matched to Olhoeft's 

samples and values of loss tangents and permittivity from lab 

measurements were taken to be representative of the electrical 

properties in situ. Dielectric constants were scaled according 



41 

to ranges of moisture contents measured at both sites so the 

electrical properties of both dry and wet conditions could be 

estimated. 

The GPR test site soil properties by particle size are 56% 

sand, 11% silt, and 33% clay at the surface, and average 79% 

sand, 10% silt, and 11% clay to a depth of 3 meters. The 

particle size analysis was performed by the Soils, Water, and 

Plant Testing Lab at the University of Arizona using the Stokes 

method of separation to determine weight percentages. The 

clay portion of the soil was then analyzed using X-Ray Dif

fraction (XRD) by Dr. David Hendricks of the Department of 

Soil and Water Science at the University of Arizona to determine 

the percentages of high and moderate Cation Exchange Capacity 

(CEC) clays present in the soil. XRD determined the San Xavier 

surface soil contained 13% montmorillonite (a high CEC clay), 

9% illite or mica (a moderate CEC clay) and 11% kaolinite (a 

low CEC clay). Below the surface, these percentages dropped 

to a range between 4% and 8% montmorillonite, 5% and 2% illite, 

and 1% and 2% kaolinite. The San Xavier soils therefore are 

highly attenuative due to the greater than 5 percent high CEC 

clays found in the soils. 

From gravimetric samples, water contents are 10% at the 

surface and average 5% to 3 meters under dry conditions. The 

San Xavier site has comparable effective permittivities and 

effective conductivities to the sample from King and Smith 
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shown in Figure 12. Calculating weight-percent water-contents 

from the neutron and TDR logs indicates increases in subsurface 

moisture contents to 10% to depths below 1 meter under very 

wet conditions. 

The laboratory sample from Olhoeft (1986) best matching 

these values was a mixture of 79.5% sand, 4.9% clay and 15.6% 

water (Sample #5 from Table 1). DC resistivity of this sample 

is 15.7 ohm-m, which is slightly lower than the wet test site 

resistivity of 45 ohm-m. Again, dielectric constant was scaled 

to match 5% and 10% water contents. This is possible due to 

the near-linear relation of relative permittivity to percent 

water volume at high frequencies. Dielectric constants increase 

with frequency below 100 MHz, but are relatively constant above 

100 MHz. The 5% clay is representative for large percentages 

of clays due to the limits of attenuation with clay content 

at roughly 5% clay content. 

Dry and wet plots of representative electrical properties 

for southern Arizona basin regions are produced from scaled 

permittivity and loss tangent measurements of the 5% clay 

laboratory sample (Figures 13 and 14). 
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Figure 14: GPR test site electrical properties when soil is 
wet. 

From these plots, 500 MHz attenuation can range between 34 

dB/m and 48 dB/m, indicating a factor of 1.7 decrease in depth 

of penetration from dry to wet alluvial soils. Velocities 

will range between 1.5*108 to 1.0*108 m/sec between dry and wet 

soils. Velocity values agree with measurements from reflections 
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of targets at the test site, however observations of changes 

in attenuation at the test site are difficult to quantify. 

A one meter maximum depth of penetration of the 500 MHz profiles 

at the site agrees with attenuation values from the lab mea

surements . 

2.6 Electrical Properties of Mountain Ranges in Southern 

Arizona 

The nuclear repository test site near Superior, Arizona 

is located in a volcanic tuff. The mountain ranges in southern 

Arizona have a much higher annual rainfall than the basins, 

and the rock tends to have higher water contents than the 

alluvial soils. Water contents therefore range from between 

10% and 20% in dry and wet conditions. 

A thin section of the tuff was analyzed by Dr. Spencer 

Titley of the Department of Geosciences of the University of 

Arizona to be a glowing tuff, slightly hydrothermally altered, 

with some chloritic alteration around biotite present in the 

sample. The rock consists of about 40% crystals with no clay 

content in the crystals. The remaining 60% is very fined 

grained and difficult to differentiate between minerals. Most 

of the matrix is made up of glass. Some pyrite and sulfides 

are present in the matrix. Pockets of montmorillonite are 

present in the matrix. Total percentage of montmorillonite 

present in the rock can be best estimated as less than 2% of 

the volume of the sample. 
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A rock sample from the Superior site was analyzed with 

X-Ray Diffraction by Dr. David Hendricks. In the whole rock 

analysis, XRD did not detect any montmorillonite. When a 

ball-milled sample was separated into clay-sized particles, 

it was found that of any clays present, 70% were illite, and 

30% were montmorillonite. The failure of XRD to detect 

montmorillonite in the whole rock sample indicates that 

montmorillonite probably makes up less than 1% of the Superior 

tuff. 

The laboratory sample from Olhoeft (1986) best matching 

these properties was made up of 83.6% sand, 0% clay, and 16.4% 

water (Sample #9 from Table 1). DC resistivity of the sample 

was 269 ohm-m which is similar to non-fractured tuff 

resistivities of about 300 ohm-m. Again, plots scaled according 

to water content were produced after calculating associated 

attenuations and velocities (Figures 15 and 16) . 
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trical properties when rock is dry. 
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Figure 16: Southern Arizona mountain range test site elec
trical properties when rock is wet. 

A significant difference between the mountain range and the 

alluvial basin plots is noted in the attenuation curves. The 

exponential characteristic of the mountain range attenuation 

shows that lower frequencies will have substantially greater 
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penetration than the higher GPR frequencies. Depth of pene

tration can increase 5 fold between 100 and 500 MHz antennas, 

so as long as high frequency resolution is not necessary, the 

lower frequencies can be used for deep profiles. 

2.7 Electrical Properties of the Moon and Near-Planets 

Earth-based radar has been used to determine statistical 

descriptions of the surface and near-surface electrical 

properties of the moon and the near planets (Evans et al., 

1968). The deductions of the lunar surface and subsurface 

were verified by experiments carried out by the Apollo missions 

(Strangway et al., 1977). With the understanding of GPR 

behavior obtained from terrestrial test sites, planetary 

electrical properties can be used to design the proper 

parameters for an extraterrestrial radar survey system. 

Samples have shown that the lunar soils have loss tangents 

of approximately 0.003 and are very good dielectric insulators. 

Scatterers were insignificant in measurements up to 32 MHz 

during the Surface Electrical Properties (SEP) experiment 

performed by the Apollo 17 crew. Measurements from the SEP 

experiment indicate dielectric constants of 3 to 4 for the 

upper 50 meters and 6 to 7 below 50 meters (Simmons et al., 

1973.) In dry conditions such as these, surface velocity 

estimates may be accurate for depths to 50 meters. D.C. 

resistivity ranges from 1012 to 1015 ohm meters and dielectric 

constants range from 3 at the surface to 6.5 below the surface 
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(Strangway, 1969). No water is found in the samples. 

Attenuation curves for the moon should therefore not include 

effects from water relaxation or from clays. A large depth 

of penetration can therefore be expected on the lunar surface. 

The mean atmospheric pressure and temperature of Mars is 

far below the triple point of water. Venus has surface 

temperatures and pressures that are far above the critical 

point of water. Therefore, water will most likely not contribute 

to the electric properties of these planets. Electrical 

properties for the near-planets are predicted to be similar 

to those for the moon (Strangway et al., 1977). Lunar and 

near-planet electrical properties are ideal for GPR surveys 

with deep penetration and high resolution. 
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3 6PR TEST SITE 

3.1 Purpose of the GPR Site 

GPR records are graphically similar to high-resolution 

seismic records such as 28 kHz echosounder or fishfinder 

profiles. Both seismic and electromagnetic reflections occur 

at boundaries where the wave propagation velocity has changed. 

Whereas seismic profiles are the result of elastic wave 

reflections due to changes in physical properties of the 

material, radar profiles result from radio wave reflections 

due to changes in the electrical properties. The dielectric 

constant of most dry geological materials ranges between 4 and 

8 while the dielectric constant of water is 80 (Davis and 

Annan, 1989). The large difference in dielectric constant 

explains the strong dependance of the radar wave on the moisture 

content in the material. 

Because soil moisture content directly affects both the 

velocity of the radar wave in the soil and the conductivity 

of the earth being surveyed, a test site was established to 

quantitatively measure the effects of water saturation on the 

radar profile. Figure 17a is a location map of the GPR test 

site at the San Xavier Mining Laboratory, and Figure 17b is 

a plan view of the test site. Several targets were buried at 

depths ranging from . 3 meters to 2.7 meters. The soil was 

sampled during trenching to be analyzed for clay, silt, and 

sand content as well as for carbonate and iron content. Rainfall 
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was to be used to observe changes in the radar record, but 

when rain failed to penetrate beyond 0.5 meters, a sprinkler 

system was installed to obtain infiltration information to 

depths beyond 2 meters. A borehole was drilled to a depth of 

three meters for neutron probe measurements of soil moisture 

content and infiltration monitoring. A Schlumberger array 

monitored conductivity changes at the site. Because temperature 

is a factor in conductivity measurements, temperature probes 

were buried to depths of 1 meter to measure surface temperature 

and a temperature gradient in the soil. Time Domain Reflec-

tometry (TDR) probes were installed to depths of 3 meters to 

monitor changes in EM velocity and soil moisture content. 

Horizontal plates were also buried to determine EM velocities 

by the Common Mid Point (CMP) method used in seismic surveys. 

EM velocity changes can be monitored from the two-way 

travel-time of the GPR pulse to targets of known depths, by 

GPR CMP soundings over a horizontal reflector, and by TDR 

surveys. Velocity can be approximated by moisture content, 

and likewise, moisture content can be inferred from velocity 

measurements by using Topp's equations (Topp et al., 1980). 

Moisture content data can also be estimated from conductivity 

surveys. 

The area chosen for the test site is in highly conductive 

soils with high percentages of clays, which is typical for 

soils in southern Arizona alluvial basins. The site is therefore 



55 

an ideal test site for defining the limitations of GPR in 

southern Arizona so that the full potential of GPR can be 

utilized in areas with similar soil properties. 

The site can also be used for fundamental GPR experiments. 

For example, the site can be used to determine whether changes 

in the profile caused by increased moisture content or increased 

temperature are created by a change in antenna coupling with 

the earth, or are created by an increase in attenuation. 

The test site was designed to be multi-functional and 

expandable according to need. One purpose of the test site 

is to study in-situ values of electrical properties in local 

soils. These studies could then define the limitations and 

uses of GPR in regions with similar properties to those of 

southern Arizona. Pits filled with soils other than the native 

soils may be added to the site for basic GPR research related 

to differing soil properties. Other potential studies include 

the use of real data in designing systems and training neural 

networks for extraterrestrial subsurface imaging and mining 

applications. Location and depths to targets of known 

dimensions and properties can be used to develop both electrical 

and seismic methods of detection. 

3.2 Site Characterization 

3.2.1 Soil Parameters 

Soil samples were obtained when a 3 meter deep trench was 

dug for the installation of TDR probes. Ring samples taken 
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from the sidewall opposite probe positions were used for 

gravimetric sampling, bulk density determination, textural 

classification, and natural carbonate and iron content. Samples 

were collected from the surface and at 0.5m intervals to a 

depth of 3.0 meters. 

Clays have unique electrical properties which make them 

highly attenuative to the frequencies used in GPR. More 

important to the electrical properties than the particle size 

of clay is the level of cation exchange capacity of the clays. 

High surface clay contents cause a thin, low-resistivity layer 

at the San Xavier test site. Knowledge of clay content helps 

to better understand the DC conductivity profiles as well as 

depth of penetration of the GPR profiles. A plot of the soil 

textures at the test site (Figure 18) indicate a sandy clay 

loam at the surface trending increasingly towards a pure sand 

classification with depth. 
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Figure 18: Analyses of textural classification of soils at 
the GPR test site. Surface soils have high clay content and 

trend towards pure sand with depth. 

The 33% clay content at the surface was analyzed by x-ray 

diffraction to consist of 39% montmorillonite, 28% illite, or 

mica, and 33% kaolinite. No vermiculite or chlorite is present 

in these soils. Therefore, the surface consists of 13% 

montmorillonite clay at the test site. Percent clay by size 

distribution decreases to 7.7% by 3 meters depth, but below 

the surface, the percentage of the clay which is montmorillonite 

increases to 55% and the percentage which is illite remains 

at about 29%. Therefore, below the surface, montmorillonite 

ranges between 4% to 8% of the total content of the soil. As 
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is demonstrated in Olhoeft (1986), 5% high cation exchange 

capacity clays is enough to highly attenuate GPR signals. With 

the addition of the montmorillonite content at the surface, 

it is not surprising to have shallow GPR depths of penetration 

at the test site and throughout the alluvial basins of southern 

Arizona. 

Other soil property tests performed were percent calcium 

carbonate and iron content of the soil. The calcium carbonate 

was run due to the high cementation of the soil. The iron 

test was run because of the reddish color noted in the soils. 

Percent calcium carbonate was measured at 0. 366% at the surface, 

and 0.213% at 1.5 meters. These measurements are much lower 

than expected from knowledge of caliche cementation in the 

area. A possible explanation for the low values is that the 

samples were ball milled prior to testing. Medium to coarse 

sands make up much of the soil and it is possible that the 

caliche coats these grains and cements them, but is not a large 

percentage of the total content of the soil. Iron content was 

measured at 71.6 mg of iron in 1 kg of soil (ppm) at the surface 

and 60 ppm at 1.5 meters. 

Volumetric water content data (Figure 19) were obtained 

from the ring soil samples. A plot of percent water volume 

with depth shows a relatively constant water volume content 

near 5% below the surface. 
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Figure 19: Volumetric water content from gravimetric soil 
samples taken from a three meter trench at the GPR test 

site. 

Bulk densities range from 1.38 to 1.87 g/cc, porosities range 

from .29 to .49 and water saturations range from 40.6% at the 

surface to an average of 15% below the surface. 

3.2.2 Temperature 

Temperatures are important to monitor because conductivity 

is a function of temperature. Temperature data provided by 

environmental engineer Tony Gomez of the Sierrita Cyprus Mine 

near the test site (Figure 20) indicate an annual mean high 

temperature of 27.4°C and an annual mean low temperature of 

11.7°C. A graph of the high and low temperatures from April, 

1989 to March, 1990 show deviations from these means during 

the year. 
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Figure 20: Daily high and low temperatures recorded near 
the GPR test site during the year of April 1989 and March 

1990. 

All data included in this thesis were collected between 

October, 1989 and April, 1990. In any comparison of conduc

tivities, temperature effects must be taken into account. Most 

EM profile depths exceed depths of temperature changes, but 

in a shallow conductivity investigation such as the test site, 

temperature must be monitored for data normalization. 

3.2.3 Precipitation 

As stated earlier, water is a major factor affecting the 

GPR record. Rainfall data from the Sierrita Mine (Figure 21) 

gives the total rainfall in this region during the year of 

April, 1989 to March, 1990 to be 14 inches. From the plot, 

it is observed that most of this rainfall comes during the 

months of July and August. 
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Figure 21: Daily precipitation recorded near the GPR test 
site during the year of April 1989 to March 1990. 

Hydraulic properties of soils are such that infiltration rates 

change with soil moisture content. Observations from the test 

site indicate dry soil will not allow rainfall to infiltrate 

beyond 0.5 meters in a period of one week, whereas rain 

infiltrates a saturated soil to depths of 2 meters within one 

week. Therefore, effects of rainfall on the electrical 

properties of the soil are a function of how wet the soil is 

before the rain. As most of the rainfall will not penetrate 

beyond 0.5 meters, and annual temperature changes below one 

meter are small, electrical properties below one meter remain 

reasonably consistent with time. 

3.3 Resistivity Surveys 

A Schlumberger configuration resistivity survey was used 

to detect changes in conductivity during the radar profiles. 

_ 
Total precipitation 

: J 

13.8 inches 

1 li .,1 1 
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An Earth Resistivity Meter Model ER-2 manufactured by the 

Geophysical Specialties Division of Mintech Laboratories, Inc., 

was used for these surveys. Four inch galvanized nails were 

used as the current and potential electrodes with AB/2 spacings 

of 0.2, 0.4, 0.65, 1.0, 1.5, 2.0, 3.0, 5.0, 10.0, and 15.0 

meters. The goal of the resistivity survey was to monitor 

changes in conductivity with water infiltration and observe 

subsequent changes in GPR attenuation. The Schlumberger array 

was chosen for the resistivity survey. Descriptions of 

resistivity arrays and sounding techniques may be found in an 

introductory geophysics book such as Parasinis (1986) and will 

not be repeated here. 

3.3.1 Changes in Resistivity due to Temperature 

Thornberg (1990) measured resistivity from a Wenner survey 

over a period of one year on a volcanic tuff near Superior, 

Arizona. The curves are repeatable, but are offset according 

to temperature changes throughout the year. This effect is 

also seen in daily temperature changes at the San Xavier test 

site at depths less than one meter. As viscosity of water is 

decreased with higher temperatures, increased mobility of ions 

in soil moisture creates higher conductivities in the elec

trolyte. The dependence of resistivity on temperature is given 

empirically by Keller and Frischknecht (1970) as: 

P 18° r i i \ 
p ,  =  —  ( 1 1 )  
K' (1 +a,(i- 18°)) v J 
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where p18°is the resistivity measured at a reference temperature 

of 18 °C, t is the ambient temperature and <x is the temperature 

coefficient of resistivity which is about 0.025 per degree 

Centigrade for most electrolytes. 

At the San Xavier test site, near-surface spacings taken 

during cooler, morning profiles are more resistive than these 

points profiled during warmer afternoon profiles. Temperature 

probes at the surface showed up to 15 °C changes between morning 

and afternoon surveys while probes at 0.3 and 1.0 meters did 

not indicate a change except on the day after sprinkling. The 

temperatures at 0.3 meters depth remained at 12°C and at 1.0m 

depth at 15°C until the mean temperature began to rise. The 

effects from the rise in the temperature mean is seen only on 

the last profile, 36 days after sprinkling. Using Roy and 

Apparao's (1971) depth of investigation of 0.125AB for 

Schlumberger arrays, the daily changes should not be seen in 

AB/2 spacings greater than 1.2m. Using Barker's (1989) depth 

of 0.19AB for Schlumberger arrays, daily changes in resistivity 

should not be observed in AB/2 spacings greater than 0.8 meters. 

During surveys prior to sprinkling, in which temperature 

was the only parameter varied between profiles, significant 

changes in conductivity occur in AB/2 spacings smaller than 

1.0 meters. An example of these changes can be seen in the 
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profile immediately prior to sprinkling (Figure 22). Surface 

temperatures between profiles changed from 14 °C in the morning 

to 24°C in the afternoon. 

10001 
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Figure 22 
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Changes in the resistivity profile before sprin
kling due to a 10"C change in temperature. 

A 21% change in resistivity occurs in the upper 0.5 meters, 

decreasing to a 10% change in the next 2 meters. 

Profiles from the day after sprinkling show effects of 

infiltration and temperature (Figure 23). 
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Figure 23: Resistivity profiles taken immediately after 
sprinkling, and 5 hours later. Changes due to temperature 

and water infiltration are present in this plot. 

A change in surface temperature between 9°C and 15"C explains 

the decrease in surface resistivity during the afternoon. This 

is not as large a decrease as would be expected from temperature 

alone. A possible explanation for the discrepancy could be 

a decrease in percent saturation from further infiltration 

during the period immediately following sprinkling. The 

decrease in resistivity at depths to one meter is due in part 

to a change in temperature at depth between surveys. Tem

peratures changed at a depth of 0.3 meters from 13"C immediately 

following sprinkling to 12°C five hours later and at 1.0 meter 

from 16°C to 13°C during the same period. Resistivity decreases 

at depths below one meter because of infiltration between 

profiles. 

Four days after the sprinkling, the pattern saen before 
7 
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sprinkling repeats, indicating that infiltration has slowed 

so as to become undetectable over a 5 hour period, and that 

the temperature changes account for the changes in the 

resistivity profile (Figure 24) . 
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Figure 24: Changes in resistivity resulting from a 6°C 
change in temperature three days after sprinkling. 

Surface temperatures changed from 10°C in the morning to 16°C 

in the afternoon. Although the 6°C temperature difference is 

the same as immediately following the sprinkling shown in 

Figure 10, the resistivity changes are greater near the surface, 

indicating less infiltration during the time between profiles. 

3.3.2 Rainwater vs. Well Water conductivity 

A Yellow Springs Incorporated (YSI) Model 33 Salinity -

Conductivity - Temperature (S-C-T) meter was used to measure 

conductivity values of rainwater and of the well water used 

for the sprinkling test. The conductivity of rainwater at 
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25 °C was measured to be 17 /iS/cm, or 588 ohm-m. Well water 

conductivity at 25°C was measured as 650 juS/cm, or 15 ohm-m. 

Rainwater was obtained from snow collected at the site. 

Well-water was pumped from wells in the Tucson Basin and trucked 

to water tanks at the San Xavier Mining Laboratory. 

Due t.o the shallow infiltration of rainwater during the 

surveys, it is difficult to determine differences in conduc

tivity due to well water versus rainwater. This test could 

be possible during the July and August rains when greater 

infiltration from rainfall is expected. 

3.3.3 Changes in Resistivity due to Rainfall 

Originally, rainfall was to be used to monitor all soil 

property changes related to soil moisture content. A survey 

recorded from a dry period plotted with a profile from the day 

following a rain demonstrates no change in the resistivity 

profile from the rain at depths greater than 0.2 meters (Figure 

25) . 
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Figure 25: Resistivity profiles from before and after a 0.5 
inch rainfall. Repeatability of AB/2 spacings greater than 
1 meter indicate a lack of infiltration beyond 0.2 meters. 

3.3.4 Changes in Resistivity due to Infiltration of Well 

Water 

A sprinkling system was installed to better control amounts 

of saturation so the electrical property changes caused by 

increased moisture content could be monitored. The system 

used a 10,000 gallon water tank installed at the Mining Lab

oratory for well injection purposes in order to apply 3.3 

inches of simulated rainfall over the survey area. No runoff 

was observed during the 20 hours of sprinkling, so it was 

assumed that the water was uniformly distributed over the test 

site. 

Surveys were performed immediately prior to sprinkling and 

immediately following sprinkling (Figure 26). 

D After Rainfall 
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Figure 26: Before and after sprinkling resistivity profiles 
at the GPR test site. Models indicate significant changes 

in resistivity values of upper two layers. 

Temperature before sprinkling was 14°C while the profile 

temperature after sprinkling was 15°C so the decrease in 

resistivity is a function of increased soil moisture content. 

A noticeable effect of infiltration is in the flattening of 

the resistivity curve, which can be seen in the model as thicker 

layers. 

Four days after sprinkling, the flattening of the 

resistivity curve is more pronounced, again with a thicker 

surface layer and also with a decrease in the resistivity of 

the second layer (Figure 27). 
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Figure 27: Comparison of resistivity profiles 1 and 4 days 
after sprinkling. Little change occurs in the upper meter, 
while infiltration flattens the profile below one meter. 

There is again only a 1°C surface temperature difference between 

these profiles, so resistivity changes are caused by changes 

in moisture content. 

Four days after sprinkling, the resistivity survey becomes 

more consistent. Profiles from 4 and 8 days after sprinkling 

almost overlay each other (Figure 28). Temperatures differed 

2°C at the surface between profiles. 
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Figure 28: Comparison of resistivity profiles 4 and 8 days 
after sprinkling. Little conductivity change occurs after 4 

days 

Another survey 14 days after sprinkling again shows very 

little change (Figure 29). 
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Figure 29: Comparison of resistivity profiles 8 and 14 days 
after sprinkling. Profiles do not indicate a change in 

moisture content. 
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Temperature profiles between 8 and 14 days after sprinkling 

measured a 2 ° C lower surface temperature, a 4 ° C higher tem

perature at 0.3 meters, and a constant temperature at 1.0 

meter. Temperature can account for all shifts in the curves 

between the profiles. 

The last survey was performed 36 days after sprinkling 

(Figure 30) . During the 23 day interval between surveys, mean 

temperatures rose significantly, increasing the temperatures 

at 0.3 meters by 7°C, and at 1.0m depth by 4°C. Surface 

temperatures were also 4°C higher during the final survey than 

the previous survey. Taking into account the shifts due to 

temperature, the curves indicate little change in moisture 

content within the three layers. 
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Figure 30: Comparison of resistivity profiles 14 and 36 
days after sprinkling. Shift between profiles is due to 

temperature shifts between surveys. 
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The near surface was drier during the last survey, increasing 

the contact resistance of the electrodes used for the 

Schlumberger survey. Therefore, readings were less reliable 

than previous surveys. An increased percent error calculation 

reflects this effect. 

A comparison between the survey before sprinkling and 36 

days after sprinkling indicate that the conductivity of the 

site has been altered due to the infiltration of water (Figure 

31) . 
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Figure 31: Comparison of resistivity profiles before and 36 
days after sprinkling. 

Little drying has occurred in 5 weeks time, which is confirmed 

by the neutron probe profile and the TDR surveys. Because 

infiltration has ceased, the comparison of profiles before and 

36 days after sprinkling indicate the total change in con

ductivity due to the sprinkling before significant drying 

begins. 
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Conclusions from the resistivity surveys stress the 

importance of measuring temperature gradients to the depth of 

survey investigation if these measurements are possible. If 

resistivity profiles are to be analyzed by comparison of 

profiles, temperature corrections must be made. Once these 

corrections have been made, the resistivity sounding is a 

useful tool for measuring infiltration. The effect of changes 

in water content upon the conductivity of geological layers 

can be modeled with the Schlumberger array. 

3. 4  Neutron Probe Surveys 

Two Campbell Pacific Nuclear (CPN) Corp. neutron hydro-

probes, models 503 and 503DR, with 50 mCi Am 241/Be sources 

were used to determine soil moisture content. These probes 

count the number of low energy or "thermal" neutrons during 

a one minute interval, which will be proportional to the total 

amount of hydrogen present in the surrounding material. 

Soil moisture content can be calculated from a calibration 

curve for a specific probe. The calibration curve is plotted 

as the ratio of measured counts over standard counts vs. the 

soil moisture content in grams per cubic centimeter. Therefore, 

in order to find soil-moisture content, the ratio of measured 

counts to a standard count must be computed. The standard 

count is calculated from averaging ten or more counts obtained 

while the probe is in the gauge case. The measured count is 

a count obtained with the probe at the desired depth in the 
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borehole. The ratio of the measured count over the standard 

count is then plotted on the probe's calibration curve, and 

soil moisture content can then be read from the curve. 

Counts were taken at depths of 0.5, 1.0, 1.5, 2.0, 2.5, 

and 3.0 meters. The area of investigation for the neutron 

probe is a function of the moisture content of the soil, but 

generally is considered to approximate a 30 cm sphere centered 

about the probe. The presence of a person near the borehole 

did not change the 0.5 cm depth readings, indicating that no 

surface effects are present at this depth. 

3.4.1 Infiltration from Rainfall 

A composite graph showing 8 profiles over a period of 7 

weeks indicates the infiltration of rain into the soil (Figure 

32) . 
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Figure 32: Neutron probe data from the GPR test site 
between 21 Dec 1989 and 8 March 1990. All changes in mois
ture content are due to rainfall and water does not infil

trate to one meter. 
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These data indicate that rainfall has infiltrated beyond 0.5 

meters, but not to a depth of 1.0 meter. 

3. 4.2 Infiltration from Sprinkling Test 

The sprinkling test consisted of 20 hours of simulated 

rainfall. An approximately uniform 3.3 inches of water pre

cipitated over the test site area. Neutron profiles immediately 

before and after sprinkling indicate the sprinkled water 

infiltrated beyond one meter during the day of sprinkling 

(Figure 33). 

Figure 33: Neutron probe determination of changes in volu
metric water content before and after one day of sprinkling. 

Most of the water is still concentrated in the top meter. 

Counts taken 4 days after sprinkling show that much of the 

water in the top 0.5 meter has infiltrated farther in depth 

(Figure 34). 
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Figure 34: Neutron probe determination of changes in volu
metric water content 1 and 4 days after sprinkling. 

At a depth of 0.5 meters, the moisture content is lower than 

immediately following sprinkling. There has been an increase 

in moisture content from 1.0 to 2.0 meters, indicating water 

from 0.5 meters and higher has infiltrated below 1.0 meters. 

A similar infiltration effect is present between 4 and 8 

days after sprinkling (Figure 35). 
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Figure 35: Neutron probe determination of changes in volu
metric water content 4 and 8 days after sprinkling. 

Moisture content from above 1.0 meters depth decreases, while 

between 1.0 and 2.0 meters, the moisture content increases. 

A slight increase in moisture content occurs below 2 meters. 

After 14 days, the top meter has stabilized, but a slight 

shift in moisture content is present around 2.0 meters as water 

infiltrates (Figure 36) . 

i- « i 
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Figure 36: Neutron probe determination of changes in volu
metric water content between 8 and 14 days after sprinkling. 

The values of change are small, indicating a stabilized system. 

Rain during the fourth week after sprinkling added water 

to the test site area. Although previous rains did not 

infiltrate beyond 1.0 meters the change in the moisture content 

between 14 and 36 days following sprinkling indicate that rain 

did infiltrate beyond 1 meter (Figure 37). 
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Figure 37: Neutron probe determination of volumetric water 
content 14 and 36 days after sprinkling. 

According to the neutron calculations, the change in the area 

under the curves indicates that more moisture is present after 

36 days than was present after 13 days. Therefore, rainfall 

may have infiltrated to depths between 1.5 and 2.5 meters after 

the sprinkling test. This is possible because of the vadose 

zone properties of soils in which permeability increases with 

increased water saturation. The change of moisture content 

at 2 meters between 14 and 36 days after sprinkling was not 

seen by either the resistivity profiles or the TDR profiles. 

The repeatability of all other points of the neutron logs would 

indicate that the reading is not a malfunction in the tool. 

Further testing should be done to determine if the area of the 

neutron borehole is anomalous, or if the value from the neutron 

probe is anomalous. 
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Comparisons of the moisture-content profiles before 

sprinkling and 36 days following sprinkling indicate a uniform 

increase in moisture content to depths beyond 2.0 meters (Figure 

38) . 
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Figure 38: Comparison of neutron probe determinations of 
volumetric water content between the first day and 36 days 

after the sprinkling test. 

The comparison between before sprinkling and after 3 6 days 

indicates that some water may be infiltrating below the mea

surement depth of 3.0 meters. The amount of water above 0.5m 

could not be measured due to the half-space influence on the 

neutron probe so that it is unknown how much water infiltrates 

from the top 0.5 meters after sprinkling. These unknowns make 

drying estimations difficult. Time Domain Reflectometry probes 

measure moisture content without half-space effects and can 

be used to monitor near-surface moisture changes. 
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3.5 Time Domain Reflectometry Surveys 

Time Domain Reflectometry (TDR) is being used to monitor 

velocities of 1MHz to 1GHz EM waves in soils. From the 

velocities, dielectric constants of the soil as well as 

approximations of soil moisture-content can .be calculated. 

TDR was developed to locate faults in high-voltage 

transmission lines by sending a sharp rise time pulse down the 

line. A reflected pulse will travel back to the pulse generator 

when a short or break is encountered. The reflection pulse 

can then be compared in phase, time, and amplitude to the 

original pulse to calculate distance to the fault, and to 

determine the nature of the fault. 

Topp, Davis, and Annan (1980) published a paper describing 

the development of soil probes simulating a transmission line 

in which soil or water is the dielectric between the conductor 

and the shield. Topp found that the apparent dielectric 

constant of soil, Ka, is related to the volumetric water content 

of the soil, 0U by Topp's equation, 

0„ = -5.3* 10~2 + 2.92* 10~2 ATa - 5.5* 10"4/^| + 4.3* 10"6/^ (12) 

Inversely, an equation to calculate the dielectric constant 

from volumetric water content is given as 

K a = 3.03 + 9.30„ + 146.00^-76.70^ (13) 

Since the 1980 paper, many improvements have been made to 

the TDR as well as to the probes. With the improvements, 
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Topp's equation has been found to vary for different soil 

types, and is now considered to be an approximation (Levitt, 

1989). A discussion of soil probe design may be found in 

Zegelin et al. (1989). 

3.5.1 Probes and Calibration Waveforms 

A Hewlett-Packard Model 1415A Time Domain Reflectometer 

module was used with an HP Model 14OA Oscilloscope for the TDR 

experiments. The 1415A sends out a pulse with a rise time of 

less than 150 ps at a repetition frequency of 133 kHz. 

Soil probes have been designed to simulate a coaxial cable. 

Just as a coaxial cable acts as a waveguide for a transmitted 

pulse, the probes can also be described as waveguides. Changes 

in voltages combined with reflections from connections, 

interfaces, and terminations in the probe permit the accurate 

measurement of the travel time down the wires of the probe. 

When the travel time in the wires is measured, and the length 

of the wire is known, the velocity of the EM wave in the 

material can be calculated. 

The probes were fabricated after a three-wire design by 

Hubert de Jonge and Jim Simpson from the Soil and Water Science 

Department at the University of Arizona. These probes were 

buried at the surface and at depths of 0.25, 0.5, 1.0, 1.25, 

1.5, 2.0, 2.5, and 3.0 meters. 

A 17.5 cm wire length was chosen for the probe for more 

accurate measurements (Figure 39). 
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Figure 39: Schematic of the TDR probe 
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Because TDR probes measure properties between the wires 

of the probe, inserting the probe horizontally into the sub

surface will measure the properties of specific depths. Probes 

inserted at the surface can accurately measure changes in 

surface properties and do not have problems caused by half-space 

effects. Accurate changes in velocity above 0.5 meters may 

be monitored. 

Probes should first be calibrated in air and water before 

measuring soil moisture. An example of the interpretation of 

a TDR waveform is shown on the calibration profile of a probe 

in water (Figure 40). 

[probe connection 

water 

.p "lead-in coble 

Tine (nsecs 

Figure 40: Interpreted waveform of TDR probe in water. 

The first reflection occurs where the lead-in is soldered to 

the wires of the probe. Tangents drawn along the lead-in 

voltage and the rise in voltage due to the reflection from the 
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connection gives the time the pulse has traveled to get to the 

connection. The next reflection occurs when the pulse arrives 

at the plexiglass-water interface. Again, tangents drawn along 

the waveform locate the time to the interface. The next 

reflection occurs at the end of the probe. After this 

reflection, several multiples will continue as the pulse is 

reflected back and forth between the plexiglass and end of the 

wires. 

The peak caused by the probe connection appears to be flat 

instead of a sharp peak because the waveform is digitized with 

only 64 points. Also the resolution of the oscilloscope used 

can be seen in the stairstep appearance of the waveform. These 

two resolution problems can give rise to inaccuracies of 0.2 

nsecs which can give rise to 20% error in very dry soils such 

as those found at the test site. The error decreases in wetter 

soils as the velocity is slower and more time is necessary for 

the pulse to travel the length of the probe and back. A 20% 

error, or from 5% to 6% volume water content was not critical 

for this survey, but should be noted. 

To calibrate the probe, the known dielectric constant of 

water (80 at 20°C) is used. Using Equation (2) to calibrate 

velocity from dielectric constant, the velocity of the EM wave 

in water is 3.33* 107 m/sec. The time taken for the pulse to 

travel down the wire and back is measured with the cable tester. 

Therefore, the length of the wire between the plexiglass and 
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the end of the probe can be calculated as one-half the velocity 

multiplied by the time. This can be checked by measuring this 

distance on the probe. 

The same test should then be made with the probe in air 

(Figure 41), but due to the short travel time of the pulse in 

air, measurement errors such as those due to poor resolution 

are magnified. 

probe connection 

multiples 

lead-in cable 

Tine (nsecs) 

Figure 41: Interpreted waveform of TDR probe in air. 

By definition, the dielectric constant of air is one and has 

a velocity of 3*108 m/sec. Tangents can be drawn to locate 

the inflection points of each of the transition points of the 

air waveform. 

3.5.2 Installation Procedures 

Because the soil was too cemented for the probe design and 

installation method, two of eleven probes were broken during 
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installation. The probes had to be buried in holes chiseled 

out of the sidewall of the trench. The holes were repacked 

with dry soil, as wet soil would further disturb the TDR 

readings. Problems arose due to the dry soil pouring out of 

the holes, leaving void space and unconsolidated soil between 

the wires of the probe. An example of how the measurements 

were disturbed can be seen in the following trace from a probe 

buried in soil (Figure 42). 

probe connection 

soil 

-transition 

lead-in cable 

/\ 

Tine (nsecs) 

Figure 42: Interpretation of waveform from TDR buried in a 
disturbed soil. 

A transition is located roughly halfway between the length of 

the probe wires. In an undisturbed soil, the curve is smooth 

between the first contact between the wire and the material 

and the end of the probe, such as may be seen in the water 

example. If the wires were not submerged, but only inserted 

halfway into the water, a similar curve to the curve in Figure 
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42 would be created. Therefore, this transition is most likely 

due to the installation of the probe, where the end of the 

probe is more uniformly surrounded by undisturbed soil than 

the top of the probe. This would cause the pulse to travel 

faster than if the probe were inserted in an undisturbed soil. 

Calculated velocities would therefore be faster and dielectric 

constants lower than for probes properly installed in a soil. 

During sprinkling, 5 to 10 cm subsidence occurred over the 

trench area. Because the trench had only been dug and refilled 

5 weeks prior to the sprinkling test, it is possible that 

preferential infiltration could also be affecting the moisture 

content readings of the probes. Relative changes in moisture 

content from survey to survey are similar to the relative 

changes observed in the neutron logs so it is believed that 

preferential infiltration did not have as large an effect as 

probe installation. 

Due to installation problems, the TDR measurements obtained 

at the test site should be used as relative measurements, 

rather than absolute values. Because of the strong cementation 

present in the soil, the site will take a long time to return 

to an undisturbed state, but it can be expected that the 

measurements will become more accurate with time. 

Changes in probe design and installation can avoid these 

problems. Probe wires should be inserted into holes which are 

drilled out of the sidewall. The bit used in drilling the 
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holes should be the same length and diameter of the probe 

wires. A brace or template arrangement would insure that the 

holes drilled were-parallel. With this arrangement, probes 

would be considerably closer to in-situ conditions, and would 

be able to give absolute values for velocity and dielectric 

constant. 

3.5.3 Infiltration Measurements at the Test Site 

The real part of the dielectric constant is not strongly 

frequency dependent over the frequency range of 1 MHz to 1 GHz 

so velocities measured with TDR should be comparable to GPR 

velocities (Topp et al., 1980). TDR probes were installed at 

the test site to study near-surface moisture content which was 

unattainable with the neutron log, and to study the effec

tiveness of using TDR for velocity determination of GPR records. 

Comparisons of TDR waveforms at various depths over time 

give an idea of how moisture content is changing with time. 

A probe placed at the surface is able to monitor surface 

moisture conditions (Figure 43). 
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0 2 10 4 6 8 14 

Tine (nsecs) 
Figure 43: TDR waveforms of surface velocities from before 

sprinkling to 36 days after sprinkling. 

From this profile, it can be seen that the highest moisture 

content occurred on the day after sprinkling. Gradual drying 

takes place with each successive survey until the final survey, 

at which time the surface is much drier than before the 

sprinkling test. 

Measurements were not obtained at 0.25 and 0.5 meters depth 

on the day after sprinkling because the step stability of the 

cable tester was not properly adjusted for the high water 

content of the soil at these depths. This problem was corrected 

for the subsequent surveys. At .25 and 5 meters, the moisture 

content is seen to rise immediately after sprinkling and remain 

constant for the following 36 days (Figures 44 and 45). 
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Figure 44: TDR waveforms of velocities at 0.25 meters dur

ing the period of the sprinkling test. 

before 

4 days 

8 days 

14 days 

36 days 

Figure 45: 
Time (nsecs) 

TDR waveforms of velocities at 0.5 meters during 
the period of the sprinkling test. 

The 1.0 meter depth profile (Figure 46) reveals that little 

water infiltrated a meter after one day of sprinkling. The 

maximum amount of moisture content occurring at one meter depth 
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had taken place by the fourth day after sprinkling. A very 

slight drying of the soil appears during the month after 

sprinkling. 

4 days 

8 days 

14 days 

36 days 

0 2 4 6 8 10 12 14 

Tine (nsecs) 
Figure 46: TDR waveforms of velocities at 1.0 meters during 

the sprinkling test. 

The profile at 1.25 meters indicates more variation in 

moisture content than the other profiles (Figure 47). 
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Figure 47: TDR waveforms of velocities at a depth of 1.25 

meters during the sprinkling test. 

Although the before and after curves at 1.25 meters are offset, 

measurements of time are the same for the two days. Therefore, 

an insignificant amount of water infiltrated to 1.25 meters 

after one day of sprinkling. The fourth day again is the 

wettest trace. Differing from all other depths other than the 

surface, significant drying can be observed from the traces. 

One interpretation of these data is that the 1.25 meter depth 

has increased permeability, which may be natural or induced 

by trenching. 

The profile of 1.5 meters indicates no infiltration after 

one day of sprinkling (Figure 48). 
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Figure 48: TDR waveforms of velocities at 1.5 meters during 

the sprinkling test. 

The wetting front is located at this 1.5 meters after four 

days, and the front has passed by 8 days following sprinkling. 

The following profiles at 2.0, 2.5, and 3.0 meters (Figures 

49, 50, 51,) show no change over the measured period. 
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Figure 49: TDR waveforms of velocities at 2.0 meters during 
the sprinkling test. Profile indicates no infiltration to 

2.0 meters. 
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Figure 50: TDR waveforms of velocities at 2.5 meters during 

test. 
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Figure 51: TDR waveforms of velocities at 3.0 meters during 

test. 

A conclusion from these profiles is that infiltration can 

be monitored by quick TDR observations. At this site, 3.3 

inches of simulated rain was able to infiltrate to a depth 

greater than 0.5 meters in a 24 hour period and the wetting 

front was 1.5 meters deep after 4 days. Further infiltration 

occurred, but did not reach 2.0 meters. 

3.5.4 Percent Water Content Profile Comparisons 

Percent water contents were calculated from the TDR 

waveforms by using Topp's (1980) equation. This equation is 

not valid for water volumes less than about 5% and will calculate 

negative water contents for dielectric constants less than 2. 

Although the absolute values for the probes are too low before 
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wetting, TDR values for water content approach values calculated 

from the neutron probe after the wetting front has moved past 

the probe. 

A comparison of daily water content surveys show quanti

tative changes observed from traces at each depth. The profiles 

before and after sprinkling indicate the majority of the 

sprinkled water has not infiltrated to 1 meter, although a 

slight change is present to 1.25 meters (Figure 52). 

Percent volumetric Voter Content 

o.s 

a 
Q 

Figure 52: TDR determination of changes in volumetric water 
content 

determination 
content before and one day after sprinkling. 

Of interest in this profile is the jump in the 0.5 meter 

value. The value for the after profile was read from the 

analog reading of the TDR because the signal could not be 

stabilized for digital recording. The relative increase in 

moisture content between the before and after surveys is larger 

than that calculated by the neutron probe (Figure 33) , but the 
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value of the after profile is similar to the neutron probe 

value. The difference in relative value changes between the 

neutron probe values and the TDR values may be created by 

slumping near the TDR probe such that the probe is implanted 

better into the soil. Another explanation could be that water 

is collecting in the hole chiseled to bury the probe. 

Infiltration continues as the water front moves to 1.5 

meters after 4 days (Figure 53). 

Percent Volumetric Water Content 

o.s 

Figure 53: TDR determination of changes in volumetric water 
content 1 and 4 days after sprinkling. 

Between 4 and 8 days after sprinkling, the only significant 

change is the wetting front-moving below 1.5 meters (Figure 

54) . 
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Figure 54: TDR determination of changes in volumetric water 

content 4 and 8 days after sprinkling. 

A small amount of drying at 1 meter is seen in the comparison 

of the profiles from 8 and 14 days after the survey (Figure 

55) . 

Percent Volumetric voter Content 

days 
0.S 

14 days 

z  

TDR determination of changes in volumetric water 
content 8 and 14 days after sprinkling. 
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The drying trend at 1.25 meters continues to 36 days after 

sprinkling while all other depths except the surface remain 

constant (Figure 56) . 

Percent Volumetric Water Content 

14 days 

36 days 

a 
E 

8.5 : 

Figure 56: Comparison of TDR values of volumetric water 
content 14 and 3 6 days after sprinkling. 

Comparing profiles from before and 36 days after sprinkling 

show that no infiltration occurred below 2 meters (Figure 57) . 
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Percent Volumetric Water Content 

36 days 

1.3 

TDR determination of changes in volumetric water 
content between the dry soil before sprinkling to the soil 

36 days after sprinkling. 

The surface has dried beyond the value before sprinkling. 

Other than the surface, only 1.25 meters indicates any sig

nificant drying. This may be due to non-uniform drainage 

between the 1.25 meter and other probe locations. 

3.5.5 Conclusions from TDR surveys at the GPR test site 

Proper installation of the probes is essential to TDR 

measurements. When the probes have been installed correctly, 

velocities can be determined for GPR surface velocity mea

surements. This velocity is a good approximation for shallow 

targets. 

Problems which would be encountered for velocity cali

brations on lunar and Martian surfaces include the fast 

velocities which will be found in waterless environments. 
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Accuracy in picking points of reflection in the TDR trace 

becomes important, as a one-tenth nanosecond error can change 

velocities, and therefore depths by 20% and greater. Higher 

resolution TDRs will be necessary, and more points per trace 

are necessary to attain higher accuracy velocity measurements. 

3.6 Comparison of Gravimetric, Resistivity, Neutron, and TDR 

surveys 

Several conclusions can be formed by comparing the gra

vimetric water content, the resistivity profiles, the water 

content determined from the neutron probe, and the water content 

determined by the TDR probes (Figure 58) . The gravimetric 

sampling calculations for a dry soil volumetric water content 

are similar to the neutron calculations, however the increase 

in water content below 2.5 meters from the neutron probe is 

not present in the gravimetric samples. Comparing the dry TDR 

calculations to the gravimetric samples indicates that the 

installation of the probes was not correct and that water 

content calculations from the TDR probes should not be con

sidered to be absolute values at the time of these surveys. 

Relative changes in water content between a dry profile 

and the profile obtained one month after the sprinkling test 

can be compared between the resistivity, neutron, and TDR 

profiles. The resistivity profile indicates changes in the 

upper two layers, or to a depth of approximately 2 meters. 

The neutron survey shows infiltration beyond 2 meters, but not 
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Figure 58: Profile comparisons of 
before sprinkling and one month 
after sprinkling. The gravimet
ric profile was performed before 
sprinkling. Infiltration can be 
observed from resistivity 
changes as well as in changes of 
water content. 
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to a depth of 2.5 meters. The TDR profile indicates infiltration 

beyond 1.5 meters but not to a depth of 2 meters. The water 

from the sprinkling test therefore infiltrated to a depth of 

approximately 2 meters. Differences between profiles may be 

due to inhomogeneities in the soil between the locations of 

the various profile areas. 

3.7 Ground Penetrating Radar records at the test site 

Two trenches were dug at the test site and a variety of 

GPR targets were buried at several depths (Figure 59) . Sections 

of power cables obtained from Tucson Electric Power Company 

and telephone cables from U S West Communications were installed 

in the North trench at depths and installation styles typical 

for each particular type of cable. Steel, galvanized, transite 

(asbestos and cement), and PVC pipes with outside diameters 

ranging from 3 to 9 inches were buried in the South trench at 

one meter depth increments to observe received signal dif

ferences with depth changes. 

3.7.1 300 MHz records over deep targets 

Strong ringing is present in the 300 MHz profiles (Figures 

60a and 60b). This ringing becomes stronger as the antennas 

are brought closer together, so the majority of the 300 MHz 

surveys were performed with the antenna separated by one meter. 

Very little ringing is present in the 500 MHz profiles. 

Possibilities for the strong ringing include the coupling 

between the antennas and the earth or attenuation losses and 
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Figure 60a: 300 MHz profile of target SI with no 
separation between antennas. Note the strong 
ringing throughout the record. 
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Vertical Lines Represent One Meter -
Figure 60b: 300 MHz profile of target SI with one 
meter separation between antennas. Note the end of 
ringing and the signature change at 30 nsecs. 
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gain settings on the profile recorder. Further research may 

be performed at the test site to study problems such as the 

ringing in the record. 

Resolution decreases with lower frequencies, and also 

decreases for shallow targets with increased antenna separa

tion. A comparison between the 300 and 500 MHz antennas over 

the shallow pipe N10 demonstrates resolution difficulties with 

the 300 Mhz antenna at the test site (Figures 61a and 61b). 

A study of the 300 MHz surveys over the South 1 (SI) target 

indicates the signal response of the soils of the test site 

to the 300 MHz antennas. SI is an 8-5/8 inch steel pipe buried 

at 2.6 meters. All SI surveys are run at 75 nsecs, with the 

target located between the third and fourth vertical marks on 

the profile record. 

One of the driest surveys of SI shows ringing and a possible 

target (Figure 62a). The profile recorder was set with high 

gains to detect the target which creates the strong horizontal 

banding below 24 nsecs. The ringing layer in the upper section 

is disturbed by the trench. A possible target at 38 nsecs is 

located within the trench boundaries and would indicate a 

reasonable velocity of 1.4x10s m/sec to the target. A repeat 

of this profile immediately following the profile of Figure 

62a does not indicate a target (Figure 62b). It cannot be 

assumed that the possible target in Figure 62a is the pipe, 
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target 

Figure 61a: 300 MHz profile of target NIO. 
Reflection from target is visible, but actual 
location is difficult to determine. Resolution of 
target is poor. 
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Figure 61b: 500 MHz profile of target N10. Target 
location is clear because the resolution is good. 
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Figure 62a: 300 MHz profile of target SI. 
Possible target is located at 38 nsecs. Gains are 
set high with surface = 5.5, center = 4.5, and deep 
= 5.5. 

Vertical Dashed Lines Represent One Meter 
Figure 62b: Repeat profile of Figure 62a. Gains 
are constant at 5.5, 4.5, and 5.5 but the possible 
target is not visible. 
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nor should it assumed that any of the possible target returns 

over SI result from the pipe due to the lack of repeatability 

over the target. 

A series of surveys over the SI target were performed 

before and periodically after sprinkling to show the change 

in response as a function of moisture content. Important 

features of the following profiles include the gain settings 

of each survey and the character of the ringing surface layer 

(Figures 63a thru 63f). 

The profiles before and one day after sprinkling (Figures 

63a and 63b) are very different. The surface gain setting was 

increased for the after profile, but the reflection strength 

is still not as strong as the before profile. Also, horizontal 

banding in the lower half of the before profile has disappeared 

in the after profile. A possible explanation is that the radar 

signal has been more attenuated with the increase in moisture 

content. Another possibility would be that changes in antenna 

coupling due to increased moisture content has changed the 

received signal. More work needs to be done to clarify the 

causes of the loss of signal strength with increased moisture 

content. 

Following the profiles through time as the near-surface 

dries and water infiltrates deeper in the record, the surface 

ringing pattern returns to the original pattern before 

sprinkling, and the signal from times greater than 24 nsecs 
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trench 

Figure 63a: 300 MHz profile of target SI from the 
day before sprinkling. Note the coherent banding 
above 30 nsecs and the character of the banding 
below 30 nsecs. Gains are 5.0, 4.5, and 5.0. 

Vertical Dashed Lines Represent One Meter 
Figure 63b: Repeat profile on the day after 
sprinkling. Surface gain was increased to 6.0 
while the center and deep gains were held constant. 
Note the lack of coherency throughout the record. 
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change. An interesting feature of these profiles is the 

apparent attenuation of the signal illustrated by the coherence 

or incoherence of banding below 24 nsecs. All banding has 

disappeared after sprinkling (Figure 63b), possibly due to 

near-surface attenuation. The banding begins to reappear in 

the profiles from 4 days after sprinkling (Figure 63c), and 

is strong 8 days after sprinkling (Figure 63d). The ringing 

from times earlier than 24 nsecs has a weaker reflection than 

before sprinkling so is assumed to still be influenced by 

increased moisture content. The banding below 24 nsecs dis

appears again 14 days after sprinkling (Figure 63e), while 

surface ringing has returned to a pattern which is similar to 

the dry profile. After 36 days, the ringing at the surface 

is again very strong (Figure 63f), and no coherent banding 

occurs on the record after 24 nsecs. 

Potential targets and disturbances of soil deposition due 

to trenching may be seen in these profiles. Although hyperbolic 

patterns from possible targets are found at times which cor

respond to reasonable velocities for these soils, the inability 

to consistently reproduce these patterns, as well as 

inconsistent velocity changes between potential targets with 

known moisture content increases suggest that these hyperbola 

are not reflections from the target. 
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Figure 63c: Repeat profile of target SI 4 days 
after sprinkling. Surface gain remained at 6.0, 
center gain was increased to 5.0, and deep was 
decreased to 4.0. Coherency of banding above 30 
nsecs is beginning to return. 

Vertical Dashed Lines Represent One Meter 
Figure 63d: Repeat profile of target SI 8 days 
after sprinkling. Surface gain has been decreased 
to the original 5.0, center gain is 4.0 and deep is 
5.0. No significant changes are noticed from the 
profile from 4 days after sprinkling. 
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Figure 63e: Repeat 300 MHz profile of target SI 14 
days after sprinkling. Surface gain is 6.0, center 
5.0 and deep is 4.0. Banding below 30 nsecs is 
incoherent. 

Vertical Dashed Lines Represent One Meter ^ 
Figure 63f: Repeat profile of target SI 36 days 
after sprinkling. Gains are set at 6.0, 4.0,4.0. 
Banding at the surface is similar to the banding 
before sprinkling, while the banding below 30 nsecs 
has changed. 
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Tying together moisture content versus depth data with the 

GPR data, it appears that the ringing in the top 24 nsecs is 

a function of the moisture content of the top 0.25 meters. 

It is difficult to make any conclusions as to nature of the 

returns from below 24 nsecs, as the location of SI can not be 

determined from the records. 

3.7.2 500 MHz Shallow Target 

Very little ringing and high resolution make the 500 MHz 

surveys easier to understand and interpret. For the profiles 

of target North 7 (N7) (Figures 64a thru 64f), gains remain 

constant. Apparent changes in the character of the hyperbolic 

returns from N7 are due to different survey speeds. Normal

ization between vertical meter marks would be necessary before 

trying to use the hyperbola for any"velocity type of analysis. 

Features of interest in these profiles include the change 

in velocity due to water content in the soil, and the potential 

for mapping a wetting front through infiltration. Figure 64a 

is the dry survey before the sprinkling test. After sprinkling, 

the change in velocity due to water content can be observed 

from the longer two-way travel time to the target (Figure 64b) . 

Figure 64b also has a thicker reflector at 0.25 meters depth 

due to the increased water content of the soil above the target. 

Some drying occurring between the day after sprinkling and 4 

days after sprinkling can be seen from the two-way time to N7 

in Figure 64c. A small but measurable amount of drying can 
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Figure 64a: 500 MHz profile of target N7 from the 
day before sprinkling. Gains are held constant at 
4.0, 5.0, and 4.0 throughout the sprinkling test. 
Note only one strong reflector below the zero time 
line. 
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Vertical Lines Represent One Metei 
Figure 64b: Repeat profile on the day after 
sprinkling. Note the second strong reflector below 
the zero time line and the change in the time to 
the target from Figure 64a. 
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Figure 64c: Repeat 500 MHz profile of target N7 
days after sprinkling. Velocity has increased 
slightly from the day after sprinkling. 
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Vertical Dashed Lines Represent One Meter 
Figure 64d: Repeat profile 8 days after sprin
kling. Very little change is noted between the 
surveys from 4 and 8 days after sprinkling. 
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Figure 64e: Repeat profile of target N7 14 days 
after sprinkling. Velocity has again increased due 
to drying, and the second reflective band below the 
zero time line is beginning to weaken. 
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Figure 64f: Repeat 500 MHz profile 36 days after 
sprinkling. Two-way time to the target is the same 
as in Figure 64a, indicating the soil above the 
target has a similar moisture content to the soil 
before the sprinkling test. The second reflector 
has also returned to before sprinkling characteris
tics. 
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be seen in both the change in travel time and in a slight 

thinning of the reflector below the surface between 4 and 14 

days after sprinkling (Figures 64d and 64e). The two-way time 

to the target a month after sprinkling (Figure 64f) has returned 

to the same value as prior to sprinkling. Also, the reflections 

from targets beneath the surface have returned and appear 

similar to the subsurface reflectors of Figure 64a. 

The change in subsurface reflector thickness at .25 meters 

indicates a change in moisture content at 0.25 meters which 

was not observed in the TDR waveforms (Figure 44) . A comparison 

can be made between the volumetric water content calculated 

from velocities to the shallow target and the volumetric water 

content calculated by the TDR surface probe (Figure 65). 

TDR surface 
0> 
€ 
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> 

GPR target N7 

L. 
Qj 
-F 
o 
> 
+» 
c cu 
u 
i-
QJ 

CL 

10 40 20 30 0 

Days after Sprinkl ing 

Figure 65: Comparison between volumetric water contents 
calculated from GPR velocities to shallow targets and TDR 
surface velocities during the period following the sprin

kling test. 
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Differences between the curves occur because the TDR velocities 

are essentially point velocities, whereas GPR velocities are 

averaged through the soil between the antenna and the target 

as the signal travels to the target and back to the antenna. 

According to the resistivity, neutron, and TDR profiles, the 

surface is wetter than the subsurface so TDR would be expected 

to calculate higher water contents than those calculated from 

GPR records. 

Characteristics of increased thickness of subsurface 

reflectors as well as two-way travel time changes can be used 

to analyze the effects of rainfall on GPR records. Figure 66a 

is a profile over N7 before a rain, and Figure 66b is a profile 

approximately one week later after a rain. The thicker reflector 

and change in velocity indicates that water has infiltrated 

to a depth of at least 0.25 meters. Further work needs to be 

done to determine if the reflector is actually thicker due to 

the presence of water in that reflector, or if the wavelength 

of the reflected pulse has been altered, giving the appearance 

of a thicker reflector. Another possibility could be atten

uation of higher frequencies causes the profile to change. 

3.7.3 500 MHz Deep Target 

Target North 3 (N3) is three reflectors, two of which were 

buried at specific depths, and the other which was uninten

tionally buried. A 15 KV power cable in a PVC tube is buried 

at 1.04 meters with a 2.5 inch multi-pair telephone cable 
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Figure 66a: 
rain. 

500 MHz profile of target N7 before a 

i 1 i 1 1 1 r 
II i i i i i 
I I i i i i i 

"TWOT 

Vertical Lines Represent One Meter 
Figure 66b: Repeat profile following a rain. Note 
the change in velocity and strong second reflector 
under the zero time line from increased moisture 
content above the reflector. 
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overlaying the power cable at a depth of .58 meters. Another 

reflector is located at 0.35 meters. The lower target is at 

the lower boundary of the depth of investigation for the 500 

MHz antenna with the electrical properties of the soils of the 

test site. Although several profiles do not reveal the lower 

target, profiles which do show the lower target will repeat 

on the same day with the same gain settings. 

An example of a dry profile shows the three targets (Figure 

67a) . Rain decreased the signal strength at depth as well 

as changing the velocity of the signal (Figure 67b). Multiple 

targets can be used to differentiate infiltration depths by 

calculating velocity differences between targets and between 

surveys. Because the velocity remains the same for all targets 

between these profiles, it can be assumed that infiltration 

has not continued beyond the depth of the first target, i.e., 

0.35 meters. The profile of the lower target was not repeatable 

during the sprinkling test and could therefore not be used to 

monitor infiltration. 

3.7.4 Cement Test 

Cured cement does not produce a strong reflection of the 

EM waves at the test site. This is shown by targets North 1 

and 2 (Figure 68a and 68b) . N2 is a power cable protected by 

pouring cement into the trench around the cable. N1 is a fiber 

optics telephone cable which is buried in cement. The surveys 

presented here were performed with soil conditions in which 
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Figure 67a: 500 MHz dry profile of target N3. 
Three reflectors are seen in this profile. Gains 
are set at 4.0, 5.0, and 6.0. 
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Figure 67b: Repeat profile of N3 after a rain. 
Center gain is increased to 5.5, with surface and 
deep gain remaining the same as in Figure 67a. 
Consistent velocity values to all targets indicates 
no infiltration beyond the depth of the first 
target at 0.35 meters. 
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v-y 
target 

Figure 68a: 500 MHz profile of target N2. 
Reflection present in the profile is due to a wire 
buried in cement. 
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Vertical Dashed Lines Represent One Meter 
Figure 68b: 500 MHz profile of target N1 recorded 
immediately following the profile shown in Figure 
68a. The absence of a reflector indicates that 
neither the fiber optics cable, nor the cement 
cause a radar reflection at this site. 
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both targets were within the depth range of the 500 MHz antenna. 

The hyperbolic return from N2 is caused by the power cable and 

not by the cement. No significant reflections are seen from 

Nl, indicating that neither the fiber optic cable nor the 

cement are strong enough reflectors to be detected by the 500 

MHz antenna in these soils at typical depths of burial for 

fiber optic cables. 

Another test to observe reflections from cement at the 

test site involves targets South 3, 4, 5, and 6. Targets S3 

and S5 are galvanized steel pipes, whereas S4 and S6 are 

transite pipes. Transite is an asbestos-cement mixture. 

Targets S3 and S4 are buried 1.8 meters below the surface, 

while targets S5 and S6 are buried at a depth of 1 meter. 

Comparing 500 MHz surveys of targets S5 and S6 (Figures 69a 

and 69b), a distinctive and repeatable reflector is present 

from the galvanized pipe while non-repeatable signals are seen 

in the profile of the transite pipe. The reflections from the 

S6 (transite pipe) profile indicate too fast of a velocity of 

radar in the material and can be most likely attributed to be 

artifacts of trenching. 

Targets S3 and S4 are beyond the penetration depths of the 

500 MHz antenna. No reflections are seen at the target depths 

for either the galvanized pipe or the transite pipe. Due to 
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Figure 69a: 500 MHz profile of target S5. A 
galvanized pipe at 1 meter causes the reflection 
seen in the profile. 
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Vertical Lines Represent One Meter ; 
Figure 69b: 500 MHz profile of target S6 acquired 
on the same day as the profile shown in Figure 69a. 
Reflections seen in the profile do not correspond 
to a reasonable velocity to the cement pipe buried 
at this location. 
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the lack of reflections at depth, it can be inferred that the 

signal has been fully attenuated before the reflection could 

return to the receiving antenna. 

3.7.5 Water Pipe Test 

A U-shaped 4 inch PVC sewer pipe was buried at a 1 meter 

depth at the test site so that changes in reflection strength 

due fluid content could be monitored. Water has been the only 

fluid tested to date, but further research with alcohols and 

petroleum products which have different dielectric properties 

from water, and therefore have different reflection strengths, 

could be informative. Such data could be important for 

determining potential uses of GPR in locating surface con

taminant spills in southern Arizona soils. 

Three profiles were made over the pipe during the water 

test. The first profile was run over an empty pipe (Figure 

70a), the second with the pipe one-half full (Figure 70b) and 

the third with the pipe full of water (Figure 70c) . A possible 

reflection from the empty pipe may be present, but would 

probably not be chosen as a pipe reflection during a survey 

to detect pipes. Little change is observed with the pipe half 

filled. With the pipe full of water, a definite reflection 

is present, indicating that the signal is reflecting off of 

the water inside the PVC pipe. PVC is therefore not a good 

radar reflector, but water inside a PVC pipe will create a 

strong reflection. 
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Figure 70a: 500 MHz profile over the empty PVC 
pipe of target S7. 

•XI " 

Figure 70b: Repeat profile over the pipe which has 
been half filled with water. 
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Figure 70c: Repeat profile over the pipe which has 
been filled with water. A reflection from the 
water can be seen at about 21 nsecs. 
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4 VELOCITY DETERMINATIONS 

Velocity analysis of earth materials is necessary to convert 

the two-way travel time of the GPR records into depth records. 

Time Domain Reflectometry (TDR) can be used for near-surface 

velocities, but these velocities may not be accurate for targets 

beyond the range of the TDR probe. Because EM velocities 

decrease with increasing water content, increasing moisture 

content with depth will cause a decrease in velocity with 

depth. Two approaches for determining velocities commonly 

used in seismic work are the Common Depth Point (CDP) or Common 

Mid-Point (CMP) technique and the Wide Angle Reflection and 

Refraction (WARR) method. Standard CMP and WARR theory and 

procedures for GPR applications may be found in Annan, 1985. 

CMP and WARR soundings assume horizontal or near horizontal 

reflective layering in the earth. Dip in the reflector can 

be corrected with data processing techniques. Due to diffi

culties in interpreting and digitizing paper analog records, 

all CMP surveys were acquired digitally. For purposes of 

determining electrical properties in southern Arizona basins, 

CMP separation distances were kept to a maximum of 4 meters 

due to attenuation of the signal at greater distances. 

Increments in separation distances of both transmitting and 

receiving antennas of 10 cm from the mid point, or 20 cm 

separation distances between antennas are maintained to ensure 

high resolution. A graphic representation of the CMP sounding 
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procedure is shown in Figure 71. The mid point is chosen above 

a strong reflector which has been picked from a profile run 

over the area. Reflected waves off of the subsurface layer 

should be observed in the CMP sounding. Velocities may then 

be calculated from both direct and reflected waves. A plot 

of the first order ray paths from a sounding over a reflector 

is shown in Figure 72. One difference between EM CMP soundings 

and seismic CMP soundings is the critically refracted air wave 

ray path. Because EM waves travel faster in air than in the 

earth, critically refracted air waves occur commonly in GPR 

surveys. Sound travels slower in air than in the earth, so 

critically refracted air waves will not occur in seismic 

surveys. An example of experimental data and its interpretation 

from Annan, 1985, is presented in Figures 73a and 73b. 

WARR soundings are similar except one antenna is stationary 

while the other antenna is moved incrementally. Although 

acquisition of WARR data is simpler than CMP data, a disadvantage 

of WARR soundings is that the point of reflection shifts as 

the antennas are separated. Most of the reflectors used either 

at the GPR test site, or found in southern Arizona soils are 

not consistent reflecting surfaces for WARR soundings so CMP 

soundings are better for determining velocities in this region. 

4.1 Plate electrodes buried in a sand wash 

Two plate electrodes made from 5 sheets of 121 x 3.5' 

corrugated iron were buried 55 cm deep in a wash 1.7 km south 
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Figure 71: Antenna configurations for a Common Mid 
Point sounding (From Annan, 1985). 
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Figure 72: An illustration of the first order ray 
paths from a single reflector (From Annan, 1985). 
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Figure 73a: Data from a CMP profile over an ideal 
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Figure 73b: Interpretation of the data shown in 
Figure 73a. 
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of the San Xavier test site. The plates serve as electrodes 

for a far-field transmitter for low-frequency EM surveys at 

the San Xavier geophysical test facility. The soil appears 

to be a homogeneous course sand which is dry on the surface, 

but is wet at the depth of the plate. 

A 500 MHz profile was first run over the plates to observe 

reflection strengths of the plate relative to the sand (Figure 

74) . A digital recording of the profile is shown in Figure 

75. The reflector is strong and the signal-to-noise ratio is 

high for this profile. 

A CMP sounding was then performed over the horizontal axis 

of the plate. Although critically refracted air waves appear 

throughout the record, air waves, the direct wave, an apparent 

reflected wave, and multiples of the air wave can be seen in 

the sounding (Figure 76) . The sounding is confused by multiples 

and critically refracted air waves interfering with the direct 

and reflected wave returns after a 1.6 meter seperation. 

A check on the velocity calculated from the direct wave 

as well as a check on the validity of the reflected wave can 

be made by measuring the time difference from zero to the 

assumed reflected wave. In Figure 76, the two-way time to the 

reflected wave is measured as 7 nsecs. Given the known depth 

of 55 cm to the plate, the radar wave is traveling 1.1 meters 

in 7 nsecs. The velocity is therefore 1.57x-108 m/sec, which 
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Figure 74: Analog profile over plates buried 55 cm 
in a sand wash. 
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Figure 76: CMP sounding from plates buried 55 cm 
in a sand wash. 

C\J 

200 

w o <0 
c 600 

CM 
ffl 
E 
•= 800 

1000 

1200 

4-—JTTi 
-frr 

0 > ' ( • 
±lu. 

400^ 

Li 

3n 

a 
i 

jfe-

J L 
j=rr J-4- -t- i 

reflected wave 

*3 1.4*10® m/sec 
^ ' I 

+r 

,n 1 1 l-f 
*=+ 

f+ •Hf 
±rt 

o o 
separation distance (m ) 

4 1-

JSSL "HI 11.6 W 

Figure 77: AT2 XJ plot calculated from a CMP sounding 
over the sand wash plates. 
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confirms both the measured direct wave velocity, as well as 

confirming that the reflection at 7 nsecs is actually the 

buried plate. 

A time-squared, distance-squared (TJ X2 ) plot written by 

Steve Sorenson for use with SierraSeis is used to verify the 

hyperbolic characteristic of the reflected wave and to determine 

which part of the profile is reflected wave, and which is 

caused by multiples (Figure 77). The inverse square root of 

the slope gives a slower velocity than that of the direct wave, 

most likely due to increasing water content with depth to the 

plate. 

4.2 Plates buried at the GPR test site 

Expanding spread soundings were performed over a 12' x 

3.5' corrugated iron plate buried 0.9 meters at the San Xavier 

GPR test site. Digitized CMPs were recorded before sprinkling 

and during each survey following sprinkling to monitor velocity 

changes with increased moisture content. 

Preliminary analog 500 MHz profiles over the plate did not 

reveal a distinctive reflector (Figure 78) . The profile 

indicates a low signal to noise ratio from the plates, indicating 

velocity will be difficult to determination from reflection 

off of the plates. 

Gain adjusted CMP soundings demonstrate that direct and 

reflected wave strengths are much smaller than air wave and 

critically refracted air waves (Figure 79). This example is 
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Figure 78: Analog profile over plates buried 1 
meter at the San Xavier test site. Reflection from 
metal or fiberglass plate is not present in the 
profile. 
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typical for several CMP soundings taken over the period of the 

sprinkling test. When the antennas are next to each other, 

the signal strength is great enough to produce ringing which 

extends beyond the start of the next pulse. This effect can 

be seen as signals arriving well before the air wave. Filtering 

can remove high frequency air waves, however, critically 

refracted air waves tend to be lower in frequency. Filtering 

these signals can corrupt the data. Conclusions from these 

soundings indicate a highly attenuating soil. Signals trav

elling through the soil either as a direct wave or as a reflected 

wave are much weaker than air waves and critically refracted 

air waves that have been reflected off of scatterers near the 

surface. Approximate velocities for highly attenuating soils 

are obtained better by TDR than by CMP soundings. 

4.3 Santa Catalina Mylonite velocity calculations 

Dr. R.A. Johnson of the Department of Geosciences at the 

University of Arizona has performed a three component seismic 

survey of mylonites found in the foothills of the Santa Catalina 

Mountains in Northeastern Tucson. GPR CMP soundings to assess 

potential electrical anisotropy were performed to complement 

seismic anisotropy studies. Electrical anisotropy in Pre-

cambrian rock has been studied at frequencies up to 30 kHz by 

Hill (1972). A noticeable feature of electrical anisotropy 

is that differences in dielectric constant along 3 orientations 

decrease with increasing frequency. Although some of the 
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electrical anisotropy is chemical in nature, such that all 

anisotropy decreases with increasing frequency, some anisotropy 

is due to the physical nature of the rock, and should thus be 

present at all frequencies (J. R. Wait, pers. communication). 

500 MHz profiles determined the direction of strike and 

located a strong reflector at 20 nsecs two-way travel time. 

Profiles centered on this reflector were then obtained parallel 

and perpendicular to strike (Figures 80a and 80b). 

The mylonites outcrop at the survey location such that the 

structural dip can be measured at the surface. This knowledge 

can be used in conjunction with the apparent dip in the GPR 

profiles to approximate an EM velocity. Velocity corrections 

for dip in the perpendicular sounding can be made in SierraSeis, 

however due to the low dip angle of the Santa Catalina Mylonites, 

no dip corrections were made in this example. A 10% change 

in velocity could be accounted for in the 20° to 25° dipping 

structures, which is close to our present accuracy in deter

mining velocities from CMP soundings. 

CMP soundings were then taken both parallel and perpen

dicular to strike. Velocities can be calculated from the 

direct wave arrivals (Figure 81a and 81b). From these profiles, 

the direct wave is the same both parallel and perpendicular 

to strike within the accuracy of our measurements. 
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A simple check for the velocity of the direct wave can be 

made by using the known dip of the reflector. The dip of the 

reflector of Figure 80a was measured from the surface exposure 

as being 25s. Each trace is known to be 0.1 meters apart. 

Through simple geometry, measuring x meters on the surface 

will give a depth to the reflector of (x)(tan25). Marking off 

4 meters of horizontal distance on the profile, the depth of 

the reflector should therefore be 1.87 meters. Two-way travel 

time is seen from the record to be 30.0 nsecs. Therefore, the 

radar wave has travelled 3.74 meters in 30 nsecs. The velocity 

calculated from the dip is 1.25xl08 m/sec, which agrees with 

the 1.3 m/sec velocity measured from the direct wave. 

TJ XJ plots are used to calculate reflected wave velocities 

(Figure 82a and 82b). Again, within the accuracy of our 

measurements, the reflected wave has the same velocity in the 

perpendicular and parallel directions to strike. 

Conclusions from this particular survey indicate that given 

our present accuracy for picking velocities from direct and 

reflected waves, a change in EM velocity is not observable at 

this particular location at the orientations chosen for the 

survey. 
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4.4 Extraterrestrial velocity determinations 

Due to the absence of water, high EM velocities are expected 

on the moon and planets. The velocity equation (2) for the 

moon is equivalent to 

p <14> 
er 

because of the extremely low values of the loss tangent. Given 

a near surface dielectric constant of 3, the EM velocity is 

1,73x 108 m/sec. The second lunar layer at the Apollo 17 site 

which has a dielectric constant of 6.5 will therefore have an 

EM velocity of 1.18x10s m/sec. 

In order to convert the GPR two-way travel time record to 

depth, velocities must be calculated. These could be measured 

with an array of antennas arranged in a CMP spread under a 

rover. Electronic switching would enable the sounding to be 

made. A problem with this method is the limit of the separation 

of antennas under the rover. A strong horizontal reflector 

at a relatively shallow depth is needed to calculate velocities 

using a rover-mounted system. 

Given these problems with the CMP method, TDR may be a 

better solution for calculating velocities. A probe can be 

designed that can repeatability sample surface velocities. 

A neural network can be trained to recognize a suitable site 
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to insert the TDR probe. Velocity from the TDR probe can then 

be entered into the computer and travel time can be converted 

to depth. 



147 

5 CHARACTERISTICS AMD COMPARISONS OF 100 AND 500 MHZ SYSTEMS 

5.1 Resolution of features 

The question of whether to use higher or lower frequency 

transducers is usually determined by the resolution and depth 

of penetration desired. Large features normally need greater 

depth of penetration and do not require high resolution so 

that the 100 MHz is the better system to use. The 100 MHz 

system does not have the resolution to detect many smaller and 

more shallow features of archaeological investigation or some 

geological investigations. 

5.1.1 Casa Grande Canal 

Figure 83a is a 100 MHz profile of a branch of the Gila 

River canal which is located in the northwest corner of the 

Casa Grande Ruins Monument. Figure 83b is a 500 MHz profile 

of the same line covered by the 100 MHz profile. In this example 

the 100 MHz has a distinctive character not present in the 500 

MHz profile, indicating that the 100 MHz system is more useful 

in mapping the feature than the 500 MHz system. An excavation 

feature such as the canal is easily and quickly defined by the 

100 MHz system. 

5.1.2 Housing Structures 

Several passes were made over the same profiles of ancient 

housing sites with both the 100 and 500 MHz systems. Figures 

84a and 84b are representative examples of such traverses over 

an area near Marana, Arizona. Wall boundaries are easily 



148 

canal 

Figure 83a: 100 MHz profile over ancient canal at 
the Casa Grande Ruins National Monument. 

Figure tub: Same profile over canal recorded by 
500 MHz system. 
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Figure 84a: 500 MHz profile over walls at the 
platform mound at the Marana site. 
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Figure 84b: same profile at the Marana platform 
mound with the 100 MHz system. 
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defined by the 500 MHz system, whereas the walls are hardly 

recognizable on the 100 MHz profiles. The wavelength of the 

100 MHz system is too long to resolve many of the small cultural 

features such as adobe compound or house walls whereas the 500 

MHz appears to be ideal in resolving such features. Plastered 

surfaces provide an excellent reflector to radar waves. 500 

MHz records easily define boundaries of both plastered walls 

and plastered floors. 

5.1.3 Roasting Fit and Trash Pit 

Profiles were made over roasting and trash pits at Marana 

and Los Morteros with both the 100 and 500 MHz antennas (Figures 

85a and 85b). The returns are much more distinctive on the 

500 MHz than the 100 MHz records. This may be a function of 

the rocks and sherds which are buried in the pits. These 

objects are of a size which would scatter the 500 MHz signals 

but do not scatter the 100 MHz signals. Therefore, highly 

distinctive signatures are recorded by the 500 MHz system 

whereas only the larger structure of the pit is recorded by 

the 100 MHz system. 

5.1.4 Subsidence Zones 

100 and 500 MHz profiles were run over the same profile 

at a subsidence fissure area (Figures 86a and 86b) . Deep 

penetration is desired in mapping fissures and high resolution 

of the fissures is most often unnecessary. Therefore, in most 
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Figure 85b: The sane line recorded by the 100 MHz 
system. 
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Figure 85a: Roasting pit at the Los Morteros site 
recorded by the 500 MHz system. Vertical dashed 

15.0 lines represent one meter. 1-2 
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60 

Figure 86a: 100 MHz, 5 nsec per division profile 
over a subsidence fissure near Coolidge, Arizona. 
Vertical dashed lines represent one meter. 
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15.0 Figure 86b: 500 MHz, 2.5 nsec profile of the same i.2 
line. 
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cases, the 100 MHz is the transducer of preference as penetration 

is deeper, resolution of the fissure feature is adequate, and 

larger areas may be covered in less time. 

One case in particular in which the 500 MHz may be preferable 

is in a case where a hyperbolic return is seen. The velocity 

of the soil can be estimated from such a hyperbolic return so 

that depth to the feature can be estimated. The 100 MHz return 

from a void created by subsidence is more diffuse. A comparison 

of the 500 MHz and 100 MHz records indicates that a void 

signature is a function of the wavelength relative to the size 

and depth of the void. 

5.2 Beam Width Tests 

The radiation pattern of the GSSI antennas is 90° fore and 

aft, and 60° to the sides. Several passes were made over a 

revolver buried 20 cm deep in an alluvial soil to observe the 

beam width of the 500 MHz system. Figure 87 is a sketch of 

the of the beam width test. Figures 88a to 88e indicate that 

a profile line must pass over a target buried 20 cm deep in 

order to reliably detect it. 
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6 USES OF GPR IN SOUTHERN ARIZONA 

6.1 Geologic, Geotechnical, and Engineering Studies 

Investigations using 100, 300 and 500 MHz transducers were 

performed over several geological regions to determine the 

usefulness of GPR for geotechnical uses in southern Arizona. 

When the targets have a relatively large size and depth, the 

100 and 300 MHz system is generally able to detect these 

features more reliably than the 500 MHz system. The high 

resolution of the 500 MHz antenna, however, is often preferable. 

Therefore, general knowledge of matrix properties such as 

conductivity, water content, and amount of clay, as well as 

target parameters such as depth and size of target is helpful 

in designing a survey for geotechnical studies. 

6.1.1 Potential for Lunar and Martian Subsurface Mapping 

Work performed by Poulton (1990) at the University of 

Arizona has included the training of neural networks for 

interpreting geophysical data. Several profiles over targets 

at the San Xavier GPR test site were used to train a network 

to locate an anomaly by depth and distance along the profile. 

An example of the training profiles with the actual location 

of the target and the test profile with the predicted and 

actual locations is shown in Figure 89. In this example, 11 

profiles were used for training. One profile (Figure 90) was 

used as a test to indicate how well the network is recognizing 

the patterns. This is one of several tests run with these 
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Figure 89: 500 MHz profiles from the GPR test site for the purpose of training 
neural networks to locate geologic anomalies. Black dots repre
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Figure 90: Neural network test profile. Black 
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same data, in which some predictions were much worse than the 

prediction shown in Figure 90 and in which one target location 

prediction was located on top of the actual location. For 

proper training of a neural network, several hundred training 

profiles should be used over expected depth ranges of the area 

to be profiled. 

The goal for this research is to locate depth to basement 

and to locate any anomalies in the subsurfaces of the moon and 

Mars. Radar is an obvious choice for subsurface imaging due 

to the extremely low loss tangents measured on the moon and 

predicted on Mars from Earth-based radar. Unmanned rover-based 

missions are less expensive and therefore preferable to manned 

missions, so computerized mechanical exploration systems are 

needed which can recognize patterns. Rather than sending each 

trace back to Earth, a neural network can be trained to recognize 

bedrock reflections and different kinds of anomalies in the 

subsurface. The information sent back to earth can be con

solidated to locations and depths, instead of GBytes of profile 

data. These same systems can then be used for exploitation 

purposes. 

Potential uses for this technology could be adopted on 

earth as well as for extraterrestrial exploration. An example 

for practical use would be to recognize boulders under the 

subsurface which could damage an excavator or miner machine 

and give warnings of potential hazards. 
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6.1.2 Fracture Zones 

The Department of Hydrology and the Department of Mining 

and Geological Engineering at the University of Arizona are 

studying properties of a volcanic tuff from Superior, Arizona. 

The tuff is similar to the volcanic tuff located at Yucca 

Mountain in southern Nevada which is a potential nuclear 

repository test site. A particular site near Superior has 

been chosen as a site for installation of a heater to simulate 

effects of the heat generated by nuclear wastes in the rock. 

Thornberg (1990) conducted a grid of Wenner array resistivity 

profiles over the site. 500 MHz GPR was run over the profile 

lines to better interpret the resistivity profiles. Figures 

91 and 92 are one of the profile lines with the resistivity 

values plotted above the GPR profile. 

The large M shaped anomaly is a function of the Wenner 

array geometry. The middle of the anomaly is located directly 

over large fracture reflection. The high resistivity measured 

indicates this is a large dry fracture. Other strong reflections 

can be seen in the GPR record which do not have the same M 

signature in the resistivity profile. The fractures outcropping 

at 32.5 and 33.5 meters are basically one 'a' spacing away 

from each other. One possibility for the lack of the M anomaly 

at this location could be due to destructive interference from 
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two fractures separated by one 'a' spacing. Further research 

should be done to study the effects of the Wenner array geometry 

on the resistivity profile. 

Another notable feature which correlates the two profiles 

is the average resistivity over distances of 10 or more meters. 

At profile distances of 54 to 63 meters, the resistivity levels 

are low. The GPR record indicates non-fractured rock in these 

areas. When fracturing appears in the GPR record, the average 

value of the resistivity profile increases. 

GPR can therefore be used as an interpretive tool for 

locating fractures. The resistivity profiles will map changes 

in DC resistivity in the rock with the heater experiment, and 

the GPR record can be used to help interpret these data. 

6.1.3 Subsidence Fissures 

Subsidence occurs due to drops in groundwater levels 

resulting from heavy water use (Raymond et al., 1987, McGill 

et al., 1989). Fissures resulting from subsidence often occur 

near areas of outcropping bedrock, but future locations of 

fissures can not be predicted. GPR has been used to successfully 

locate fissures at Edwards Air Force Base to determine if there 

were any fissures below the landing area for the Space Shuttle 

(Benson and Yuhr, 1990). Cone penetrometer profiles confirmed 

GPR predicted locations of fissures. 
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GPR surveys were performed over two areas near Casa Grande, 

Arizona where fissures are located at the surface. Several 

profiles were run to determine the extent of the fissures. 

The profile of the subsidence void in Figure 86 is a typical 

signatures of the subsidence features. Recognizing this 

signature as being representative of subsidence related fea

tures, several more fissures were located. Figure 93 is a 

profile taken on the shoulder of Woodruff Road. Subsidence 

fissures were visible on the surface on both sides of the road, 

but there was no indication of the fissures in the area next 

to the road. From this profile, it can be predicted that 

fissures are located between meters 10 and 13. Further testing 

such as cone penetrometer testing and backhoe trenching should 

be done in areas of predicted fissures to confirm the reliability 

of GPR and to determine the depth of fissure detection in these 

areas. 

6.1.4 Subsurface Mapping 

The San Xavier Mining Laboratory has been extensively 

surveyed with both geological and geophysical methods 

(Sternberg et al., 1988) . A 100 MHz GPR profile of 200 meters 

length which passed several previously surveyed areas was able 

to map some of the subsurface lithological features present 

at the mine. 



Figure 93: 100 MHz profile of possible subsidence 
fissure. Projection of subsidence fissure is along 
meter 11. Vertical dashed lines represent one 
meter. 
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One section of the 200 meter profile mapped a layer with 

a distinctive electrical property contrast at depth (Figure 

94) . Lithologic records from wells drilled near the radar 

profile indicate a matrix of Concha limestone to depths of 11 

to 23 meters with stringers of garnetite ranging in depth from 

6.5 meters to 11.5 meters within the Concha limestone. Limestone 

outcrops are located above the layer so it could be possible 

that the reflection is from a garnetite stringer. The closest 

borehole to the layer is 25 meters south so no true correlation 

can be made between the borehole lithologic log and the layer. 

The 100 MHz profile at San Xavier crossed the wash located 

to the south of the No. 6 shaft. The strong reflection on the 

left side of the profile which is near the center of the wash 

dies out towards the south (Figure 95). Holes were dug every 

2.5 meters to a depth of approximately 0.8 meters along the 

profile to try and correlate the reflection, or lack of 

reflection, with the geology of the wash. It was found that 

thera is a domed clay layer which is 0.4 meters deep at its 

apex and falls below 0.8 meters within 5 meters to either side 

of the apex. The domed return seen in Figure 95 is believed 

to be a reflection of the clay layer observed by the digging. 

A 500 MHz profile made over the sand wash shows distinctive 

dipping layers created by the deposition of the sand (Figure 

96) . High frequency GPR maps thin geological layers below one 

meter in clean sands. 
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:i Figure 95: Subsurface clays napped in a snail wash 
at the San Xavier Mining Laboratory with the 100 
MHz systen. Vertical dashed lines represent one 
meter. 
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6.1.5 Trenches 

A dirt road has been constructed over an exploration trench 

at the Los Morteros South site located just northwest of Tucson. 

The trench width was 85 cm but is now filled and is presently 

being driven upon by large vehicles. A 500 MHz profile was 

conducted by pulling the antennas along a line perpendicular 

to the length of the trench (Figure 97a). 

The Milagro site located in Northeast Tucson was first 

located when archaeologists were called to check a site in 

which a trench was being dug for a large concrete pipe. Although 

the depth of the pipe is beyond the range of the 500 MHz system, 

the trench is prominent on the profile (Figure 97b). Concrete 

pipes and local soils have similar electrical properties and 

the pipes do not show anomalous returns on the record. The 

trench, however, disturbed the layering in the soils and was 

detected by the radar survey. 

6.1.6 Buried Metal 

Shallow targets of high conductivity contrast create large 

anomalies in both the 100 and 500 MHz records. A 100 MHz 

profile over one-half inch steel water pipes buried at a depth 

of approximately one foot in a sandy loam soil produced 

parabolic features where the center of the pipe is located at 

the apex of the parabola (Figure 98a). Figure 98b is a 500 

MHz profile over a sand wash. Excavation at the location of 
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the parabolic anomaly uncovered a 0.3 cm diameter, 15 cm long 

rusted steel wire oriented perpendicular to the profile buried 

20 cm below the surface. 
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6.2 Archaeology Studies 

Signatures of several archaeological features and artifacts 

demonstrate the effectiveness of radar for archaeology 

investigations in southern Arizona. Large features such as 

canals are easily detected by the 100 MHz transducer, while 

floor plans may be mapped, hearths and walls located, and even 

pottery and stone artifacts can be detected with the 500 MHz 

system. 

6.2.1 Mammoth Site - 10,000 to 35/000 B.P. 

Site V 005 is the skeletal remains of a mammoth located 

in the late Pleistocene sediments of the San Pedro River Valley. 

There is also a much younger, minor archaeological feature at 

the site consisting of an area of fire cracked rocks on the 

surface. An arroyo has cut through the sediments at Site V 

005 and has exposed a non-replaced mammoth skeleton at an 

approximate depth of one meter below the present surface. GPR 

was used to determine if the large bones of the mammoth could 

be detected from the surface. 

Vaughn (1986) reported that radar can distinguish bone 

from surrounding peat and beach material at Red Bay, Labrador, 

Canada. Excavations of areas which returned anomalies on the 

radar record produced two large whale vertebrae (Figure 99) 

so it is possible to detect large mammoth bones in a sedimentary 

deposit. Soil types and depth to bones will determine if GPR 

will be successful in finding large bones in a particular site. 
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Surface erosion is presently occurring at the V 005 site, 

suggesting possibilities of past surface erosion in the area. 

Ancient erosional surfaces could complicate the record both 

at depth and in the near surface. The record (Figure 100) at 

site V 005 is further complicated by a geological change near 

the region in which the bones are expected to exist. The 

mammoth bones are located towards the east end of the survey 

area which is where the Donnet Silt begins. The Donnet Silt 

is a calcareous silt which becomes cemented by moisture. A 

plaster-like return from the silt is recorded by radar. As 

the mammoth bones are non-replaced, the calcium of the bones 

and the calcareous silt may have similar electrical properties. 

However, the large bones are anomalous compared to the flat 

lying silt, so it is believed the bones do create the distinctive 

signature similar to a point source return observed on the 

record. Rodents often burrow in calcareous lithologies and 

will burrow near bones in order to ingest the calcium present. 

Larger burrow holes can give anomalies similar to small refilled 

trenches because the soil has been disturbed, and a change may 

occur in the velocity of the radar wave in the disturbed soil. 

The Donnet Silt was deposited directly over the Black Mat, 

which is a thin layer of organic clay which in turn is deposited 

directly over the mammoth bones. (Vance Haynes, personal 

communication, 1988). 
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Comparisons of the site V 005 records with those of the 

whale vertebrae indicate anomalies potentially created by the 

mammoth bones. Further excavation of the site will have to 

confirm this hypothesis or to indicate a different signature 

from the bones. 

Several profiles were made over buried fossilized bone to 

determine if the electrical properties of the smaller bones 

changed greatly enough so as to create radar reflections similar 

to those seen by small wires. No reflections were seen in any 

of these surveys. It is therefore concluded that the mineral 

replacement of the bone is too similar to the surrounding 

matrix of the areas tested to cause a reflections. From 

profiles over skeletons and fossils in this area, a possible 

reason for the detection of mammoth and whale bone is due to 

a high water content collecting within or around the bone. 

6.2.2 Hilagro - Late Archaic - 3000 B.P. 

The Milagro site is a Late Archaic site located in 

Northeastern Tucson. The site is a small village which contains 

shallow pit structures, storage pits, shallow pit hearths, and 

roasting pits. A 0.5 meter north to south spacing of 30 meter 

lines west to east was performed with the 500 MHz system. A 

previous Schlumberger dipole resistivity survey had been 

performed over the same 30x30 meter grid (Figure 101) so the 

radar results could be compared to resistivity results. The 
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site is full of anomalous structures at various depths. Two 

areas of interest from the radar survey have been highlighted 

on the resistivity map for a comparison between the resistivity 

and radar results. 

A previously excavated and refilled roasting pit was clearly 

visible on the GPR record. The pit is presently buried 

approximately 0.4 to 0.5 meters below the surface. 

Two pit structures previously undetected were located by 

the radar survey just north of the excavated site at meters 

21.5 to 24 north and 2 to 8 east. A possible plan view of the 

Milagro site is presented in Figure 102a and a cross-section 

of a pithouse which had been trenched at the site is sketched 

in Figure 102b as a comparison to the radar returns. A series 

of profiles gives the location and orientation of pit structures 

(Figure 103a - 103f). Although the pit house features are 

very distinct on the radar returns, the resistivity profile 

does not indicate the presence of the pit structures (Feature 

A of Figure 101) . 

A possible roasting pit is located at 16 to 18 meters north 

and 23 to 25 meters east (Figure 104a - 104e). This feature 

corresponds with a small low-resistivity anomaly (Feature B 

of Figure 101). Similar anomalies may be seen elsewhere in the 

resistivity grid, for example 25.5 north, 8 east which have 

similar radar signatures to those of Figure 104. 
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6.2.3 Casa Grande - Hohokam - 1000 B.P. 

When the Casa Grande Ruins was proclaimed a National 

Monument it was decided that the site would be kept in a 

relatively undisturbed state. In particular, digging is not 

allowed in most areas of the monument. Ground Penetrating 

Radar, therefore, is an ideal method for determining the 

presence of buried structures and artifacts in areas where 

excavation is prohibited. 

Two features surveyed at the Ruins were a branch of the 

Hohokam canal system which passes through the northwest corner 

of the Monument and a Hohokam site just south of the Clan House 

compound. Although the canal can not be distinguished from 

the surface and is only faintly visible from air photos (An-

dresen, 1987), the 100 MHz records clearly reveal the location 

of the canal (Figure 105). From the GPR record it can be seen 

that the dirt from digging the canal was piled on the southern 

edge of the canal. 

Profiles with the 500 MHz system south of the Clan House 

reveal that there are several structures built beside the Clan 

House (Figure 106). Some of the walls may be assumed from 

features visible at the surface, such as slight topographic 

changes over the walls, or alignment of small stones eroded 

from possible wall sites. Distinct wall signatures produced 

by GPR indicate definite location and orientation of walls 

outside of the Clan House. Heavy bands may indicate a fallen 
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wall or a plastered floor. A more detailed survey would be 

able to answer such questions by actually mapping floor plans 

of the structures. 

6 . 2.4 Marana - Hohokam - 1 0 0 0  b . p .  

A series of Hohokam compounds in near pristine state are 

located just outside of Marana, Arizona. A quick survey with 

the 500 MHz system revealed many different features of the 

compounds. Post radar survey excavations helped identify and 

confirm these features. Photographs of excavations performed 

after GPR surveying are shown in Figures 107a and 107b. 

An interesting feature of the Marana survey is the dif

ference in signatures between plastered and non-plastered 

surfaces. A profile was made parallel to a wash of which the 

southern wall of the wash had been excavated to expose several 

archaeological features. Features observed include houses 

with thin plastered walls inside a large non-plastered compound 

wall. Figures 108a and 108b are photographs of an excavated 

thick adobe wall and of a thin plastered wall. Figure 109 is 

the GPR record of these features before excavation. There is 

an alignment of stones over the compound wall, but all other 

features are unremarkable from the surface. This one profile 

alone indicates how precisely the compound could be mapped 

without the destructiveness of the backhoe trench, and alludes 

to the time saved from the hours of excavation and hours to 

refill the excavation site for preservation purposes. 



Figure 107a: Hohokam house excavated after 
radar survey near Marana, Arizona. 



Figure 107b: Close-up of a thin adobe wall which 
had been reinforced with stone at the Marana site. 



Figure 108a: Thick adobe wall excavated near 
Marana, Arizona. 

Figure 108b: Plastered wall excavated near 
Marana, Ari z ona. 
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Another interesting Marana site is a trash pit area (Figure 

110). Prior to excavation, it had been thought that the site 

was a roasting pit area. The GPR returns confirmed that the 

diameter of the feature is very similar to the diameter of 

known roasting pits, and the return from the trash pit is 

similar to the returns of the roasting pit. In future surveys, 

tightly spaced grids over features such as trash pits and 

roasting pits should be able to differentiate dimension dis

tinctions between the features. Careful studies of the returns 

from these grids should reveal differences between returns 

from the fire cracked rock of the roasting pit and the sherds, 

etc., found in the trash pits. Experience in areas such as 

the Marana trash pit and roasting pits should increase the 

probability of being able to distinguish various archaeological 

features returned by the GPR system. 

The profiles of a pithouse floor and fire pit in Figure 

111a - 111c have very strong reflectors in an area where the 

background is very quiet. Excavation of this anomaly revealed 

house with a plastered floor. Figures 112a and 112b are plan 

and cross-section views of the excavation, with a photograph 

of the excavation (Figure 113) of the northern-most profile 

line. The house with has adobe and stone walls which can be 

detected in the record. Also seen in the record is a typical 

pit reflection under the house. Upon excavation, it was found 

that house had been built on top of an old fire pit. Part of 
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Figure 113: Photograph of the excavation of GPR 
line 6 of the Marana pithouse. 
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the plastered floor had to be removed in order to excavate the 

fire pit. Both features caused very strong reflections on the 

GPR record. 

6.2.5 Los Morteros - Hohokam - 1000 B.P. 

Los Morteros is a large Hohokam village in Northwestern 

Tucson with hundreds of houses, pits, and other features. The 

following description of the site is from James Holmlund and 

is included in McGill et. al., 1989. The Los Morteros site 

is situated on two geomorphologically different soils; the 

lower eastern pediment and bajada of the northern Tucson 

Mountains, and the adjacent floodplain of the Santa Cruz River. 

A convenient divisional boundary between these units is Linda 

Vista Road. 

Soils south of Linda Vista Rd. contain an abundance of 

sand to gravel sized andesite particles in a silty, sandy loam 

with larger rocks (up to 10 cm.) relatively common. The Soil 

Conservation Service (SCS) (USDA - SCS, 1972) mapped the soils 

as within the GkB unit (Grabe gravelly loam 1 to 3 % slopes). 

The entire area south of Linda Vista has been plowed inter

mittently for at least 50 years. Trench profiles consistently 

show that plowing disturbance reached a depth of 35 to 45 cm 

below surface. Trench profiles also show that the soil gra-

dationally becomes more gravelly and compact with depth. In 

most culturally undisturbed cases the contact between the 
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harder, more gravelly and reddish substrate is gradational 

over a distance of roughly 50 cm but in some cases this 

gradational contact is of the order of 15 cm. 

The area north of Linda Vista is prone to flooding from 

the Santa Cruz river and was flooded in 1983. The soil unit 

is mapped by the SCS as Vu (Vinton - Anthony sandy loams) and 

is fine textured sandy, silty overburden with a small amount 

of gravel. This area had also been plowed for some time and 

has disturbance to a depth of 35 to 40 cm. 

Extensive backhoe trenching has been performed over the 

site. 500 MHz GPR profiles were performed parallel to the 

trenches so that observed features can be compared to GPR 

records with regards to signature and depth. Penetration of 

GPR is contained within the Holocene fan deposits of floodplain 

silts at this site. 

Feature 3014 (shown previously in Figures 85a and 85b with 

cross-section schematic Figure 114) at the Los Morteros site 

is a large bell-shaped pit which had been repeatedly heated 

and filled with fire-cracked andesite rocks. The pit, or 

horno, was used to roast agave. The residue from the roasting 

process was probably a syrup-like substance which oozed into 

the surrounding soil and burned, leaving a hard black "rind" 

or horno lining 5 to 10 cm thick. This lining is a very good 

reflector of the radar waves and allows the mapping of the 

horizontal limits of the horno within +/~ 20 cm* Thermal 
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discoloration of the soil for an additional 50 to 90 cm around 

the horno indicates the high temperatures and long periods of 

heating which took place. The feature cuts into sterile, 

slightly calcareous silts containing gravel to a depth of 1.2 

meters below the ground surface. The fill was much less compact 

than surrounding soils. Plow zone truncates the upper 30 cm 

of Feature 3014. The feature was located by trenching 

approximately one year before the radar survey was performed. 

Drying of soils adjacent to the trench walls may be a reason 

that slightly different signatures were obtained by adjacent 

500 MHz profiles over the same feature. 

A prehistoric pithouse (Feature 3285) is mapped with GPR 

in Figure 115 with a schematic plan view (Figure 116a) and 

cross-section (Figure 116b) drawn after excavation. The 

pithouse floor is completely plastered with a white, prepared 

caliche plaster approximately 1 cm thick. The pithouse walls 

are only a few centimeters high. During testing operations 

at Los Morteros, a backhoe trench was placed transversely from 

immediately west of the NE corner to slightly west of the SW 

corner of the house. The trench was left open about a year 

during the time excavations were ongoing at the site, producing 

some drying of the soils adjacent to the trench face. The 

surface at the south end of the feature was scraped off using 

heavy equipment so that an adjacent feature could be excavated. 
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At the very south end of the feature, only 5 cm of fill remained 

in the pithouse after scraping, with 60 to 65 cm of fill over 

approximately 2/3 of the floor. 

Radar profiles with the 500 MHz transceiver were run 

parallel to the trench alignment (N-S) at 50 cm, 1.0 m, 1.5 

m, and 2.0 m east of the east face of the backhoe trench. 

Additional profiles were run 40 cm and 1.3 m west of the west 

face of the backhoe trench. Two days after the radar tests 

were conducted, the pithouse was excavated to compare the radar 

results to the physical characteristics of the pithouse floor. 

The 500 MHz antenna identified the plastered floor of the 

pithouse accurately enough to map the floor limits to +/- 5 

to 10 cm. The heavily plastered and intensely burned pithouse 

hearth which is approximately 15 cm deep is clearly depicted 

in the profile. The round stone mano and rock on the floor 

in the NW corner of the house are identified by a blank spot 

on the record, perhaps indicating scatter of the radar signal. 

Postholes and sherds are not easily recognizable in the records 

except by the breaks in the plastered floor. Pit walls were 

not recognizable on this profile but the lack of strong wall 

returns may be a function of the small size of the walls at 

this site. 

At the Los Morteros site, the radar seemed to produce 

consistent and recognizable anomalies over plastered or heavily 

burned features. Features such as adobe walls, pits, or 
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pithouses without plastered floors produced an anomaly which 

had somewhat inconstant signatures over the same type of 

features. This may be a function of the degree of compaction, 

the degree of contrast between feature fill and the soil type 

into which the feature was cut, as well as the number, type, 

and concentration of artifacts in the fill or on the floor of 

the feature. 

As only one of the features was excavated, it is difficult 

to evaluate the exact properties which differed and determine 

why some signatures were inconsistent. Although individual 

signatures were variable, it can be recognized that features 

exist, which is valuable even if the type cannot be determined. 

In most cases, the size and depth of the anomaly can be used 

to infer feature type. Plaster appears to produce an unambiguous 

signature so that many pithouses with partially plastered 

floors may be identified despite the lack of clearly identi

fiable walls or completely plastered floors. 

6.2.6 Tubac - Historic Spanish - 200 B.P. 

GPR and magnetometer data were collected at the Spanish 

presidio of Tubac, located 70 kilometers south of Tucson. The 

presidio was built in the late 1.700's and with surrounding 

neighborhoods, covered an area of roughly 3 km2. 

Three sites were profiled during a one day survey. The 

only profiled site to be excavated to date was the Casa del 

Guardia of the presidio building. A tin roof of a house next 
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to the site and other culture in the area created too much 

noise for the magnetometer to be of use at this site. Other 

profiles at the site appear to have good correlation between 

some GPR anomalies and the magnetometer, but are not yet 

excavated. 

A one meter grid was run over the Casa del Guardia site 

(Figure 117a - 117e) . Figure 118 is a photogrepii of the site 

taken during the excavation which identifies features located 

in the GPR profiles. Property boundaries of the local museum 

limited the survey length to the north, and the house and 

excavated dirt limited the survey to the south. As with the 

many Hohokam houses, the Casa del Guardia floor is plastered. 

The plaster again produces a strong reflection. Walls are 
r 

more diffuse, but recognizable from previous surveys. 

From this excavation, GPR has shown its capabilities for 

mapping historic sites in the Tubac area. Possible prehistoric 

sites may be located under the historic sites. Further 

excavation of surveyed areas will identify complementary and 

non-complementary signatures of the magnetometer and GPR. 
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Figure 118: Photograph of the excavation of the 
Casa del Guardia. 
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6.3 Criminal Investigations 

The Pima County Sheriff's Department and the Tucson Police 

Department were contacted to give some ideas of how GPR might 

be used for criminal investigation. Detection of burials of 

bodies, skeletons, and weapons could be assisted by GPR so 

trial profiles were performed at the University's San Xavier 

Mining Test Site. The 500 MHz system was used exclusively 

during this test due to the size of the objects to be resolved. 

In most cases, the burial pit is a distinctive feature of the 

record regardless of the object buried in the pit. Even after 

the object has been removed, the pit can be mapped by GPR, 

which may offer further clues and assistance in the investi

gation. 

6.3.1 Buried Body 

A volunteer was buried first in an alluvium soil (Figure 

119) and then in a sand wash in order to determine the 

effectiveness of finding buried bodies with 500 MHz GPR. An 

example of a background radar profile over alluvium (Figure 

120a) is used to compare undisturbed sand layering with layering 

disturbed by digging a grave. Approximately 20 cm of soil or 

sand was placed over the person and profiles were made over 

feet, legs, and lower abdomen One outstanding feature is the 

disturbance caused by digging the soil, as may be seen in the 



Figure 119: Photograph of the burial tests in a 
sand wash. 



grave boundaries 

15.0, Figure 120a: 500 MHz profile over an empty 
-1— alluvium grave at the San Xavier Mining Laboratory. 

Vertical marks represent 10 cm. 

grave boundaries 

lower 
abdomen 

10.0 

12.5 

15.0 

Figure 120b: Profile over the lower abdomen of a 
person buried in alluvial soils. 
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profile of the empty burial. Definite changes in signature 

are noticed with the body present (Figure 120b) most likely 

due to the high water content of the body. 

6.3.2 Buried Weapons 

Weapons such as pistols and a rifle (Figure 121) were 

buried in both sand and alluvium to determine how easily 500 

MHz GPR could determine the location of buried weapons. A 

hole was dug in the alluvium in which to bury the pistol. A 

profile of the pit refilled with alluvial material in this 

case does not show any indication of disturbance, most likely 

due to the homogeneity of the alluvial material at this site 

(Figure 122a) . Metals in the weapons created strong reflections 

of the GPR signal (Figure 122b) . The narrow beam-width of the 

500 MHz transducer forces a pass directly over the weapon in 

order for detection. 

During these tests a commercial metal detector was also 

used. The metal detector responded to all the buried weapons 

we tested. Unfortunately, the metal detector had a similar 

response to buried coins, very small pieces of metal, and 

iron-rich rock. Since the radar can indicate the depth and 

approximate size of the buried object it can eliminate many 

of the "false alarms" that the metal detector sees. 

6.3.3 Buried Skeleton 

The lower skeleton of a human was borrowed from the Uni

versity of Arizona anthropology department in order to determine 



Figure 121: Weapons used in the homicide investi
gation surveys. 
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if the 500 MHz radar system could detect human bones (Figure 

123). Different depths of burial in sand and alluvium soils 

indicate that the distinctive returns are due to disturbances 

caused by the burial of the bones and that bone reflections 

are very difficult to recognize in either the alluvium or in 

the sand (Figures 124a and 124b) . The reflection from the 

bone is not as outstanding a feature as the edges of the grave. 

The survey indicates that radar is better suited for detecting 

grave sites than for detecting small bones. 



Figure 123: Human skeleton used in the homicide 
investigation surveys (courtesy of the University 

of Arizona Department of Anthropology). 
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buried 40 cm in alluvial soil. Vertical 
dashed lines represent 10 cm. 
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7 CONCLUSIONS 

Ground Penetrating Radar has been found to be useful in 

many subsurface investigations performed in Southern Arizona. 

Data from test sites have indicated how electrical properties 

effect the GPR returns. Predictions of GPR performance in 

other geological (or extraterrestrial) settings can be made 

from these data. 

Electrical properties of the soil to be surveyed determine 

the transmission properties of GPR. Conductivity controls 

attenuation below 1 MHz. Water relaxation effects cause large 

increases in attenuation beginning near 100 MHz. Addition of 

0.1 meter scatterers shifts the increase in attenuation one 

order of magnitude lower in frequency to approximately 10 MHz. 

Clays shift the increase in attenuation another order of 

magnitude lower to 1 MHz. From 0% to 5% weight content, small 

increases in clay content significantly increases attenuation. 

In lossy materials, attenuation increases only slightly with 

frequency from 10 MHz to 1 GHz, but in low loss materials there 

are significant increases over this frequency range. 

Lossy materials have significant changes in velocity with 

frequency changes between 10 MHz and 1 GHz, whereas low loss 

materials demonstrate only small changes in velocity. Water 

increases the loss tangent in low loss materials, but does not 

significantly alter the loss tangent in high loss rocks and 

soils. 
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The two-way travel time of the GPR record can be converted 

to depth through a variety of methods. Common Mid Point methods 

can be useful in low loss materials, but strong horizontal 

reflectors must be present. Other limitations to CMP soundings 

include the strong ringing caused when the antennas are close 

together, and the influence of the critically refracted air 

waves as the antennas are separated. Time Domain Reflectometry 

can determine the velocity of the near-surface. If little 

change in water content, or EM velocity is expected over the 

depth of investigation, TDR velocities could be used as an 

approximation for the velocity to the target. 

GPR research performed in the alluvial basins and the 

mountain ranges of southern Arizona has defined limitations 

of resolution and depth of penetration. Soils in the alluvial 

basins of southern Arizona typically have high cation exchange 

capacities (greater than 5% montmorillonite clay) and are also 

highly conductive (less than 70 ohm-meters) . Therefore, 

attenuation of the GPR signal is high at all frequencies. 

Target location in the basins is inconsistent for depths of 

investigation below 1 meter for all frequencies. Rocks of the 

mountain ranges have low montmorillonite clay (less than 1%) 

and high resistivities (greater than 200 ohm-m). Therefore, 

500 MHz GPR surveys can be used to locate targets to depths 
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beyond 2.5 meters in the mountain ranges. The 300 MHz has 

greater penetration than the 500 MHz antenna in low loss 

material, but has less resolution than the 500 MHz. 

Effects of temperature and water changes on the GPR record 

were studied at the San Xavier GPR test site to simulate changes 

which can be expected from at different sites . Temperature 

has significant effects on the conductivity of the soil. 

Attenuation in the alluvial soils is already high and changes 

in attenuation related to conductivity changes are insignif

icant to the total losses. Water does not greatly affect 

attenuation in lossy materials for 500 MHz surveys but changes 

the velocity of the EM wave in the soil. Water from the 

sprinkling test did change the character of the 300 MHz profile. 

Amounts of water from typical winter rains does not infiltrate 

beyond 0.5 meters. 

From the GPR test site, dielectric constants for dry 

alluvial soils around shallow targets (less than 1 meter) were 

found to be 3.5, which is low for soils. Velocities therefore 

are generally 1.6* 10s m/sec. Rain will decrease this velocity, 

but it was found at the test site that velocity effects due 

to winter rains generally disappear after 1 week of drying. 

TDR surface probes can be used to better estimate surface 

velocities for GPR surveys. From the Superior test site, 

dielectric constants for dry volcanic tuff material is found 

to be 5.0. A typical velocity is 1.35* 108 m/sec. 



221 

Generally, the 500 MHz antenna can be used in most surveys. 

The high resolution of the 500 MHz system can map archaeological 

sites which are buried to 1 meter, and can detect shallow 

burials often found in criminal investigations. Near-surface 

geotechnical surveys also benefit from the high resolution of 

the 500 MHz antennas. The 100 and 300 MHz systems are useful 

in low loss areas, such as the southern Arizona mountains 

because of the significant increase in the depth of penetration. 

Lower frequencies are also useful for locating larger anomalies 

or to avoid some of the effects of high frequency scattering. 

Samples and experiments from the Apollo missions have 

determined the lack of water on the moon. Loss tangents of 

the lunar soils are very low and resistivities very high. 

Earth-based radar predictions of electrical properties on the 

moon were confirmed by the Apollo samples. Similar predictions 

of low-loss materials have been made from earth-based radar 

about the near-planets. Therefore, it can be expected that 

lunar and near-planet soils should be ideal for Ground Pene

trating Radar. Depth of penetration should be very deep for 

high-frequency, high-resolution systems. GPR should be a 

powerful subsurface mapping tool on the moon and near planets. 

Neural networks can be trained to recognize subsurface horizons 

and anomalies located by GPR. Experiments from the GPR test 
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sites indicate extraterrestrial subsurfaces can be mapped by 

unmanned rovers using neural networks and Ground Penetrating 

Radar. 

Surveys from around southern Arizona have proven the value 

of GPR in the region. GPR has been very successful in 

archaeological surveys from late Pleistocene to Historic sites. 

Geotechnically, GPR can be used in conjunction with other 

geophysical techniques in studies of rock behavior. Shallow 

subsurface fissures and structure can be mapped. Often deep 

features produce shallow anomalies which can be detected with 

GPR. Burial sites and weapons can be located for criminal 

investigations. Research with neural networks indicate that 

computers can be trained to locate radar features and anomalies. 

This technology can be applied to extraterrestrial exploration 

as well as to excavation equipment on earth. 
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APPENDIX A 

Transferring data from the profile recorder to the Tek 2430A 

Two BNC connectors located on the back panel of the SIR-3 

recorder are labelled signal and sweep. A BNC cable is run 

from the signal connector to Channel 1 and a cable from the 

sweep connector to External 1 on the 243OA. The 243OA is then 

set to trigger on External 1 in the 'Auto Normal' trigger mode. 

The sweep on the scope is set such that only one complete 

waveform is present on the screen at 200 ms and the voltage 

of Channel one set to IV such that the waveform covers 6 to 

8 divisions on the screen. 

Transferring a trace from the Tek 2430A to a data file 

In order to transfer data between the Tektronix 2430A 

Oscilloscope and a Compaq Portable II, a GPIB-PC2A (IEEE-488 

Interface Bus) Interface Card manufactured by National 

Instruments Corporation must be installed into the Compaq. 

A GPIB cable (Tektronix part number 012-0992-00) connects the 

scope to the computer. A controller program must be written 

to tell the scope what to send and make the computer ready to 

accept the data. 

Software developed by Tektronix, or Tekware, must be 

linked to this program in order to create the executable file 

which will transfer the data to the computer. The GPIB 

Talker-Listener Program for IBM Basic is found in the example 

programs in the back of 243OA Programmers Reference Guide. 
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Programs which are necessary to create the executable file are 

BCOM.LIB from QuickBasic 4.0, and QBIB_87.0BJ from Tekware 

GPIB Compiled Basic. 

The following program is a modified version of the GPIB 

Talker-Listener program written in QuickBasic vers.- 4.00 to 

transfer data from the digital oscilloscope to a data file in 

a portable field computer: 

• GPIB status, error and count information declaration 
' must be declared at beginning of program 
• must be linked with QBIB_87 OBJ file from GPIB 
' compiled basic disk 

COMMON IBSTA%, IBERR%, IBCNT% 

•CAPITALS is program from tektronix 2430a 
•programmers reference guide 

'set gpib board 
bdname$ = "gpibO" 
call ibfind (bdname$,brd0%) 

'send interface clear 
call ibsic (brd0%) 

'set device to 243 0a 
DEV$ = "DEVI" 
CALL IBFIND(DEV$, DEV%) 
CLS 
IF DEV% < 0 THEN PRINT "2430A not found": END 

'set scope to channel 1 
msg$ = "data source:chl" 
call ibwrt(dev%, msg$) 

•set scope to ripartial 
msg$ = "data encdg:ripartial" 
call ibwrt(dev%, msg$) 

'take "curve" off of data transfer from scope 
msg$ = "path off" 
call ibwrt(dev%, msg$) 
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'loop for collecting a line of traces 
while msg$ <> "n" and msg$ <> "N" 
n$ = space$(240) 
call ibwrt(dev%, msg$) 
call ibrd(dev%, n$) 

1 initialize count for number of traces 
'on each line for mira 

cnttrc = 0 
y = 1 

defint z 
•name the line number 

line input "Enter line number less 
than 8 characters ",e$ 

open e$ for binary as #1 

print "Set the cursers to the endpoints 
of the data trace." 

print "Hit return when you are ready." 

•read cursor positions from scope 
line input msg$ 
msg$ = "snap" 
call ibwrt(dev%, msg$) 

print "Are you ready to transfer a trace (y or n):"; 
line input msg$ 

'loop to read trace 
while msg$ <> "n" and msg$ <> "N" 

cnttrc = cnttrc + 1 

CLS 
LOCATE 12, 35 
PRINT "PLEASE WAIT" 

'clear scope 
call ibclr(dev%) 
call ibrsp(dev%,sta%) 
print sta% 

msg$ = "curve?" 
CALL IBWRT(DEV%, MSG$) 
flname$ = "temp.dat" 
call ibrdf(dev%,flname$) 
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open "temp.dat" for binary as #2 
seek #2,3 
a$ = input$(3,#2) 
a = val(a$) 
print a 

seek #2,6 
for x = 1 to 512 
get #2, , z 
put #1, y ,  z  
y = y + 1 

next x 

close #2 
els 
print "Another trace?"; 
Line input msg$ 

wend 

close #1 

print 
print 
print "There were " cnttrc "traces transferred 

on this line." 
print 
print 
print "Another line?"; 
line input msg$ 

wend 
END 

This program transfers binary data from the scope to the 

computer. The program first sets the scope such that data 

from Channel 1 will be sent in binary format. It then asks for 

a filename of up to eight letters with a three letter extension. 

When the filename has been entered, the program asks to set 

the cursors on the time function such that one full waveform 

will be recorded. When the cursors are adjusted, the program 

asks if the trace is ready for transfer. If necessary, real 

time stacking in the acquire mode of the scope may be used to 
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eliminate some of the random noise in the trace. Any key other 

than 'n' or ' N' will begin the transfer of the trace. After 

each trace has been recorded, the number of samples recorded 

is printed on the screen. Each trace is zero padded to 512 

bytes. The program then asks if another trace is to be recorded. 

If any key other than 1 n' or 'N' is entered, the program loops 

back to sample a new trace is sampled. The trace is sequentially 

added on to the end of file. If 'n' or 'N' is entered, the 

program prints the number of traces recorded on the line and 

will ask if another line is to be recorded. 'N'or 'n' returns 

to DOS while any other key will restart the program. 

Converting data to the MIRA .TRC format 

The field files are therefore trace sequential binary 

blocks of 512 bytes. The Mira format places the reel header 

and all trace headers at the beginning of each file and also 

zero pads reel header blocks, trace header blocks, and data 

blocks to 512 bytes. As all data is located after the reel 

and trace header blocks in MIRA, a program can be written to 

write a header file including the reel header and the correct 

number of trace headers which can later be appended to the 

data file. The following is a program written in QuickBasic 

4.00 to write the header file. 

v = 0 
v$ = MKI$(v) 
s = 7 
s$ = MKI$(s) 
r = 1 
r$ = MKI$(r) 
OPEN "header.dat" FOR BINARY AS #1 
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INPUT "Input number of traces in this line:"; x 
'calculate number of header blocks 
n = FIX((x - 9) / 16) 
Hb = n + 2 

•calculate number of bytes 
tb = (hb * 512) - 3 

FOR q = 1 TO tb 
PUT #1, q, v 
NEXT q 

PUT #1, 1, s$ 

x$ = MKI$(X) 
PUT #1, 206, X$ 

w = hb - 1 
w$ = MKI$(W) 
PUT #1, 209, W$ 

wx = hb + 1 
wx$ = MKI$(wx) 

INPUT "Input number of samples in each trace:"; u 
u$ = MKI$(u) 
y = 225 
c = 1 •> 
c$•— MKI$(c) 

FOR a = 1 TO x 
y = y + 1 

PUT #1, y, c$ 
y = y + 2 
d = 2 * c 
d$ = MKI$(d) 

PUT #1, y, d$ 
y = y + 10 

PUT #i, y, u$ 
y = y + 2 

PUT #i, y, r$ 
y = y + 2 

PUT #i, y, wx$ 
y = y + 2 

PUT #i, y, r$ 
y = y + 13 
c = c + 1 , 
c$ = MKI$(c) 
wx : = wx + 1 
wx$ = MKI$(wx) 

NEXT a 

CLOSE #1 
END 
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This program asks only for the number of traces in the 

file and the number of samples in each trace. It then writes 

the correct number of trace headers for the data file and 

places information about each trace in the correct byte location 

where MIRA will expect to find the information. This is a 

generic program as the same header may be used for all files 

having the same number of traces. The program saves the header 

in a file called 'header.dat1. 

When the header file is written, the following program is 

run to merge the header file with the data file. 

DEFINT X 
DEFINT Z 
y = 1 

LINE INPUT "Enter filename of line: d$ 
OPEN d$ FOR BINARY AS #3 
OPEN "header.dat" FOR BINARY AS #2 
LINE INPUT "enter trace filename for line: 11, e$ 
OPEN e$ FOR BINARY AS #1 

INPUT "Enter number of traces for this line"; nt 
n = FIX((nt - 9) / 16) 
hb = n + 2 

tb = hb * 256 

tt = nt * 256 

FOR a = 1 TO tb 
GET #2, , X 
a$ = MKI$(x) 
b$ = MID$(a$, 1, 1) 
c$ = MID$(a$, 2, 1) 
PUT #1, y, b$ 
y = y + 1 
PUT #1, y, c$ 
y = y + 1 

NEXT a 

•data bytes /2 or traces * 256 
FOR b = 1 TO tt 
GET #3, , Z 
z$ = MKI$(z) 
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f$ = MID$(z$, 1, 1) 
g$ = MID$(z$, 2, 1) 
PUT #1, y, f$ 
y = y + 1 
PUT #1, y, g$ 
y = y + 1 

NEXT b 
CLOSE #1 
CLOSE #2 
CLOSE #3 

This program asks for the input filename, the output 

filename, and for the number of traces in the file. The output 

filename must have the .TRC extension for use in MIRA. The 

'header.dat1 file from the previous program is then merged to 

the data input file and is written to the output file with the 

.TRC extension. The output file can then be manipulated by 

the 'Seismic Trace Attributes' programs in MIRA. 

converting .TRC files to SEG-Y files 

SEG-Y Tape Utilities in MIRA transfers data between the 

industry standard SEG-Y and the MIRA format used for trace 

attributes. The Tape UTILities (TUTIL) program is located on 

the third page of the MIRA menu. The F7 key loads TUTIL and 

asks to enter the name of a .SGY file. <CR> will give the 

menu for the TUTIL program. Hitting INS gives a second page 

of the menu where F7 is listed as WrteSEGY. When F7 is run, 

the program asks "Write SGY file to tape?". As we are not 

presently running a tape drive off of this computer, the file 

is written to disk instead of tape. The next question asks 

to "Enter name of SGY file to copy to , followed by "Enter 

the TRC file to copy to disk:". When these filenames are 
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entered with the appropriate .SGY and .TRC extensions, the 

program asks if any information is to be added to the reel 

header. With the 'n' response, MIRA will then convert the 

.TRC file to a .SGY file. After the conversion has been 

completed, INS will return to the main menu where instructions 

to exit are listed with the function keys. 

Transferring files to the Reflection Seismology Convex 

To transfer a file to the CONVEX, it is first necessary 

to transfer the file to the RVAX computer. A UNIX transfer 

to the convex recognizes the OD byte to be a carriage return 

and will throw the byte away. The RVAX is not using UNIX and 

will transfer the OD byte. 

Kermit is used to transfer the file from the field computer 
»•» 

to the RVAX. When logged into the RVAX, the sequence for 

transfer is: 

> setup kermit 
> kermit 
>kermit-32> set file type binary 
>kermit-32> ser 

The RVAX is now ready to receive. Using PROCOMM PLUS, 

the page up key will send a file. The program asks which 

transfer program you wish to use to send the file. When kermit 

is specified, a command asking the filename to be transferred 

is given. When the filename has been declared, the file will 

begin to be transferred. 
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Upon completion of transfer into the RVAX, log in to the 

CONVEX. Communication must be established between the RVAX 

and CONVEX using ftp. The sequence for transfer is: 

> ftp rvax 

The ftp command will then ask to log in to the RVAX. Once 

login has been completed, the ftp prompt will be given and the 

sequence continues as: 

>ftp> binary 
>ftp> get FILENAME 

Upon completion of transfer: 

>ftp> quit 

The unaltered file is now in the CONVEX. 

Network Transfer to the Convex 

Files can be transferred from a PC which has been networked 

to the Sun computers in Geo. Eng. Rm 334 to the Convex in the 

Gould-Simpson building with >ftp. Typing "telnet" on the PC 

will allow login to the red Sun. Once on the Sun, "telnet 

128.196.128.163" will connect to the Convex. Following the 

same transfer commands used in transferring files from the 

rvax to the Convex will send a file from the PC to the Convex. 

Manipulating data for the SierraSeis House format 

Further manipulation of the data is necessary in order 

for the data to be accepted into SierraSeis. SierraSeis 

requires the data to be configured in a House format. SEG-Y 

can be read by SierraSeis from tape, but not from disk, so the 
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data must first be written to tape. Routines for reading and 

writing to tape are programmed to organize the data into blocks, 

making it necessary to manipulate the data such that each trace 

is located into a different block. The following program 

titled "mkrec" written by Steve Sorenson will separate the 

data into a header block and separate blocks for each trace 

of data. 

#include <stdio.h> 
#include <sys/file.h> 
#include "tapeop.h" /* tape operations program 

written by S. Sorenson */ 

unsigned char buff[4000]; 

tapedrv tp; 

main() 
{ 

int fd, fo; 
int nread, nbytes, nout, stat; 
char str[80]; 

fd = open ("sx500.sgy",0_RDONLY); /* INPUT? */ 
if (fd<0) { 

perror("mkrec"); 
exit(l); 

} 

fprintf (stderr,"Mount tape on drive 0, 
then enter Reelid\n"); 

fprintf (stderr,"Reelid>"); 
tp.den = 1600; 
tp.unit =0; 
tp.recn = 0; 
tp.iof = FOROUTPUT; 
fgets (tp.reelid, MAXLINE, stdin); 

stat = mtopen(&tp); 
if (stat<0) { 

perror("get_drive: "); 
exit(1); 

} 
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fprintf(stderr,"Enter number of bytes"); 
scanf("%d",Snbytes); 
while (nbytes>0) { 

nread = read(rd, buff, nbytes); 
if (nread<=0) 

break; 
nout = mtwrt (tp.fd, buff, nread); 
if (nout<0) { 

stat = mtstat (tp.fd); 
perror ("mtwrt"); 
break; 

} 

fprintf (stderr, "Enter number of bytes"); 
scanf ("%d", Snbytes); 
fprintf (stderr, "\n"); 

} 

close (fd); 

mtweo f (tp.fd); 
mtweo f (tp.fd); 
mtweof (tp.fd); 

mtclose (&tp, str); 
) 

A file is written with the filename "input" such that the 

reelid, the filename, the header file length (in bytes) and 

the length of each trace record is listed. Mkrec will read 

this data directly from the input file rather than having to 

enter the data line by line. The form of the input file is: 

Reelid 
Filename 
Reel_header length (3600 bytes for SEG-Y files) 
Trace record length (in bytes) 
Trace record length 
Trace record length 
etc. for 200 repetitions > the number of traces 
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The "mkrec" program will stop reading trace record lengths at 

the end of file, so "input" repeats the trace record length 

200 times. The GPR files until now have all been less than 

200 traces until now, but the "input" program will need to be 

changed if files exceed 200 traces. 

The trace record length is a function of the number of samples 

in each trace. As the number of samples varies with the 

settings of the time function cursors on the scope, the trace 

record length may vary. It is important that this length be 

correct, or each byte will be shifted and SeirraSeis will only 

output garbage. The trace record lengths in the 'input' file 

can be changed by the unix comands 

:3,$s/x/y/ 
:wq 

where x is the present number of bytes and y is the new number 

of bytes for the trace record length. 

When the input file is ready, a tape must be mounted on tape 

drive 0. The command 

mkrec< input 

is input at which time the SEG-Y file is written to tape. 

After the tape drive has been deallocated, the 'tapeop' program 

written by Steve Sorenson should be used to varify that the 

correct trace record length was used. An easy check is to see 

that record numbers are located in bytes 4 and 8 in each block. 
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If there is a shift in the record number location, the trace 

record length must be adjusted in the 'input' file and file 

must be rerecorded to tape. 

The 'Variable' parameter of the 'IN' processor in SierraSeis 

is used to read the data from tape because the data is written 

as 16-bit interger data instead of 32-bit floating point. The 

'SEG-Y' parameter of the 'IN' processor expects the data to 

be 32-bit floating point so although the data is formatted to 

SEG-Y, the 'Variable' must be used to read the data off of the 

tape. 

The batch file used to read the tape and to write a .DIO 

file (Disk Input and Output) to the scratch directory on disk 

so that the data can be processed by SierraSeis from the disk 

instead of from tape is: 

/JOB ACCT 'SSEIS' 

/IN 
FORMAT VARIABLE 
FILELOC 4 1 
TRLOC 8 1 
HEADER 3600 1 
LABEL 240 241 
BSDICODE 3 
D A T A  1  1 5 3  1 1 0  
REEL id 
NI 41 

/DOUT 
FILENAME • ' 
NRECS 82 

(reads from tape) 

(position of shot file number) 
(position of trace number) 
(length of reel header) 
(length of trace header) 
(16-bit integer data) 
(data parameters) 
(reel identifier) 
(number of files to read) 

(writes to disk) 
(filename to write to) 
(max number of traces) 

$EOJ 
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Once the file is on disk, 

/DIN (read from disk) 
FILENAME • 1 (filename to be read) 

will access the data so that processing may be performed by 
SierraSeis. 

Transferring a trace from the Tek 2430A into symphony. 

The following program is an adaptation of the program from 

Sutter and Sternberg (1988) in order to get information from 

the Tek 243OA into Symphony. Concerto interfaces Symphony 

with QuickBasic such that a data transfer program written in 

QuickBasic can be run from Symphony, with the data values 

dumped directly into a spreadsheet. 

1 GPIB staus, error and count information declaration 
• must be declared at beginning of program 
' must be linked with QBIB_87 OBJ file from GPIB compiled 

basic disk 
i 
COMMON IBSTA%, IBERR%, IBCNT% 
i 
'concerto program to put values into symphony 
•must be linked with BRIDGE.OBJ file from Concerto disk 
• 
i 

1 '===== Copyright (C) 1985 LeBlond Software, Inc. 

2 •===== COMPILED BASIC CONCERTO (TM) HEADER 

3 '========================================================= 

4 1 

6 • MAKE SURE CONCERTO IS ACTIVE 

8 CALL SCONCERTO(F%) 
9 IF F%=1 THEN GOTO 11 
10 PRINT"This program needs to be run with 

Compiled BASIC ConcertoEND 
11 • 
12 '====================================== 

13 ' COMPILED BASIC CONCERTO (TM) FUNCTION 
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AND CALL DEFINITIONS 
14 
15 
36 
37 
38 

NAME: CALL PUTFLOAT(X%,Y%,N) 

PARAMETERS: X%,Y%- COORDINATES ON THE SYMPHONY WORKSHEET 
N- VALUE TO BE PLACED AT THE GIVEN COORDINATE 

RETURNS: NOTHING 

PURPOSE: PUT AN @ERR IN A GIVEN CELL 

PARAMETERS: X%,Y%- COORDINATES ON THE SYMPHONY WORKSHEET 

RETURNS: NOTHING 

PURPOSE: PUT A FLOATING POINT NUMBER 
ON THE SYMPHONY SHEET 

39 
40 
41 
42 
43 
44 
45 SUB PUTFLOAT(X%,Y%,N) STATIC 
46 SBUFF2$=STR$(N) 
47 IF LEFT$ (SBUFF2$, 1) =•' " THEN SBUFF2$=MID$ (SBUFF2$, 2) 
48 CALL SPUT(X%,Y%,SBUFF2$) 
49 END SUB 
50 
51 ' NAME: CALL PUTERROR(X%,Y%) 
52 
53 
54 
55 
56 
57 
58 
59 SUB PUTERROR(X%,Y%) STATIC 
60 SERR$="@ERR" 
61 CALL SPUT(X%,Y%,SERR$) 
62 END SUB 
63 
64 ' NAME: FNCONVERTALPHA$(X%,Y%) 
65 
66 
67 
68 
69 
70 
71 
72 
73 
74 DEF FNCONVERTALPHA$(X%,Y%) 
75 IF X%>26 THEN A$=CHR$(INT((X%-1)/26)+64)+CHR$(((X%-1) MOD 
26)+65) ELSE A$=CHR$(X%+64) 
76 IF LEFT$ (STR$ (Y%) , 1) =" " THEN A$=A$+MID$ (STR$ (Y%) ,2,4) ELSE 
A$=A$+STR$(Y%) 
77 FNCONVERTALPHA$=A$ 
78 END DEF 
79 1 

80 '======================================================== 

PURPOSE: CONVERT NUMERIC RANGE SETTINGS TO ALPHA 

PARAMETERS: X%,Y%—COORDINATES ON THE SYMPHONY WORKSHEET 

RETURNS: ALPHA-NUMERIC STRING RETURNED 

VARIABLES USED: A$ 
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1 initialize row and column for concerto and symphony 
i 

X%=3 
Y%=2 

•CAPITALIZED LINES are from program from tektronix 2430a 
programmers reference guide 

DEV$="DEV1" 
CALL IBFIND(DEV$,DEV%) 
CLS 
IF DEV%<0 THEN PRINT "2430A not found" : END 
MSG$="CURVE?" 

locate 12,35 
print "PLEASE WAIT" 

B$=SPACE$(3139) 
CALL IBWRT(DEV%,MSG$) 
CALL IBRD(DEV%,B$) 

'loop to find pulse indicating start of radar signal 
I 

for j = 1 to 700 step 16 
a$ = mid$(b$,j,15) 
if a$ = "-1,-1,-1,-1,-1," goto 100 
if a$ = "1,-1,-1,-1,-1,-" goto 100 
if a$ = ",-1,-1,-1,-1,-1" goto 100 
next j 

100 for m = j to 1000 
a$ = mid$(b$,m,1) 
if a$ = "-" or a$ = "1" or a$ = "," goto 125 

else goto 150 
125: next m 

'loop to find pulse marking end of radar signal 

150: for 1 = m to 3000 step 11 
a$ = mid$(b$,1,10) 
if a$ = "0,0,0,0,0," goto 200 
if a$ = ",0,0,0,0,0" goto 200 
next 1 

' loop to create values from tek string to put into symphony 
I 
200: c$ = space$(5) 
1 = 1 - 40 
for i = m to 1 
a$ = mid$(b$,i,l) 
if a$ <> "," then c$ = c$ + a$ 
if a$ <> goto 400 
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z = val (c$) 

call putfloat(x%,y%,z) 
y% = y% + l 

'loop so only every other number from string 
will be put into symphony 

for k = 1 to 5 
i=i+i 
a$ = mid$(b$,i,l) 
if a$ = goto 3 00 
next k 

300: c$ = space$(5) 

400: next i 

'count number of values put into symphony and 
put into row 1 for mira 

I 
y = y% 
call putfloat(x%,l,y-2) 

MSG$ ="E" 
END 

This program must be linked with both QBIB_87.0BJ from the 

GPIB compiled basic software and BRIDGE.OBJ from the Concerto 

software in order to create an executable file which can be 

run from Symphony. The advantage of inputting the data into 

a worksheet is the ease with which the data may be manipulated. 

The slow speed of data transfer into Symphony is a disadvantage 

of using this program. 

Small file (< 9000 data points) into Symphony 

A simple way to get a small file into Symphony is to acquire 

the file with the transfer program from the 2430A to the 

computer. When the file has been converted to ASCII (Section 
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9) , a FILE-IMPORT-TEXT will import the file directly into 

Symphony. The same ASCII file may also be transferred directly 

into Graphwriter. 

Programs to convert binary files to ASCII and ASCII files to 

binary 

The following QuickBasic 4.00 program will convert a binary 

data file into an ascii data file. 

DEFINT X 
LINE INPUT "ENTER BINARY FILENAME TO BE CONVERTED a$ 
OPEN a$ FOR BINARY AS #1 
LINE INPUT "ENTER ASCII OUTPUT FILENAME ", b$ 
OPEN b$ FOR OUTPUT AS #2 
DO WHILE NOT EOF(l) 
GET #1, , X 
WRITE #2, X 

LOOP 

CLOSE #1 
CLOSE #2 

The following QuickBasic 4.00 program will convert an ascii 

data file to a binary data file. 

DEFINT X 
LINE INPUT "ENTER ASCII FILENAME TO BE CONVERTED a$ 
OPEN a$ FOR INPUT AS #1 
LINE INPUT "ENTER BINARY OUTPUT FILENAME ", b$ 
OPEN b$ FOR BINARY AS #2 

DO WHILE NOT EOF(l) 
INPUT #1, X 
PUT #2, , X 

LOOP 

CLOSE #1 
CLOSE #2 
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APPENDIX B 

Resistivity data 

Data values have been converted from value given by the 

ER-2 by the Schlumberger geometrical factors. Repetition of 

AB/2 spacings are from increased current electrode spacings 

with the same potential electrode spacing. AB/2 measurements 

are in meters, and resistivity measurements are in ohm-meters. 

First group of readings is taken from a Schlumberger array 

place to the west of the array used during the sprinkling test. 

AB/2 24 Nov 30 NOV 14 Dec 21 Dec 30 Dec 31 Dec 

1 103.32 118.68 138.6 138.6 129.6 133.2 

2 135.63 150.48 169.3 170.8 162.9 165.8 

3 122.08 117. 6 127.1 131.0 134.4 135.5 

3 106.6 113.2 122.4 125.4 128.8 130.4 

5 68.4 69.6 73.2 75 77.4 77.4 

10 84.15 91.58 93.8 95.8 96.0 96.5 

15 89.6 89.6 98.6 101.9 105.8 100.8 
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AB/2 5 Jan 13 Jan 

1 136.8 117.4 

2 170.8 155.4 

3 147.8 141.1 

3 140.4 133.8 

5 82.2 82.2 

10 97. 3 96.3 

15 100.8 99.7 

Second group of readings is taken from Schumberger array 

used during the sprinkling test. 

AB/2 13 Jan 16 Jan 20 Jan 29 Jan 13 Feb 20 Feb 

1 103.4 109.3 119.3 100.0 93.6 108.2 

2 127.2 131.7 136.1 126.7 118.8 131.7 

3 131.0 133.3 137.8 134.4 129.9 140.0 

3 128.4 129.4 138.4 133 .4 128.2 137.2 

5 119.4 118.8 123.9 129.6 126.6 133.2 

10 81.4 80.7 72.0 89.8 72.0 87.1 

15 77.3 88.4 56.6 92.4 75.6 83.1 
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AB/2 22 Feb 

AM 

22 Feb 

PM 

1 107.4 99.5 

2 130.2 127.5 

3 142.2 137.8 

3 138.0 133.2 

5 133.2 132.6 

10 85.4 82.9 

15 68.9 68.9 

The third group of measurements are taken from the 

sprinkling test. More electrodes were added for better 

measurement of the near-surface resistivities. 



AB/2 8 Mar 8 Mar 9 Mar 9 Mar 12 Mar 12 Mar 

AM PM AM PM AM PM 

.2 70.1 56.4 61.1 52.0 69.8 56.3 

.4 72.0 60.4 56.8 54 63.8 55.5 

.75 89.3 67.5 56.1 54.5 62.3 57.8 

1 88.6 79.9 61.1 60.4 66.3 62.6 

1 87.4 82.1 60.0 60.0 63.8 59.5 

1.5 104.1 96.4 69.3 68.1 69.6 66.6 

2 110.9 105.9 77.7 75.2 73.3 70.8 

23 114.2 114.2 93.5 89.7 83.4 81.8 

3 119.6 118.2 87.4 83.2 81.0 79.0 

5 123.0 124.8 103.2 97.5 90.9 90.0 

10 79.9 78.2 111.1 110.1 79.4 79.9 

15 75.6 35.3 

10 85.5 85.9 91.1 86.6 80.6 80.25 

15 81.7 80.0 84.3 80.4 89.1 77.2 

15 83.6 83.1 



AB/2 16 Mar 16 Mar 22 Mar 22 Mar 14 Apr 14 Apr 

AM PM AM PM AM PM 

.2 71.4 58.4 63.0 46.6 55.1 47.1 

.4 66.4 57.0 56.6 46.1 51.8 44.3 

.75 64.7 60.5 53.2 48.4 48.5 45.4 

1 70.8 65.5 58.23 53.2 64.6 49.0 

1 66.1 62.4 56.6 52.4 50.9 47.2 

1.5 71.8 68.4 62.6 59.7 47. 0 32.0 

2 76.7 72.8 65.8 63.4 56.9 56.9 

23 88.9 83.9 73.8 72.4 66.4 55.1 

3 85.4 80.4 74.4 72.2 72.4 70.2 

5 91.8 90.0 90.6 86.4 94.2 75.0 

10 88.1 79.2 86.1 79.7 139.1 

15 

10 78.8 78.8 75.75 74.6 70.1 65.3 

15 68.4 77.4 71.6 74.0 

15 82.5 82.2 80.2 78.8 93.4 78.4 
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Neutron counts 

Neutron counts taken from 21 Dec until 29 Jan were obtained 

with the hydroprobe borrowed from the Department of Hydrology, 

University of Arizona. This probe was out of use after 29 

Jan, so another probe was borrowed from the Department of Soil 

and Water Science. Percent water volume was calculated from 

a calibration curve for the Hydrology probe, and for the Soil 

Sciences probe, from a curve obtained from comparison plots 

between the two probes. 

21 Dec 

Depth Standard Measured Ratio Percent 

counts counts Wciter 

volume 

in • 

o
 45542.0 17183 .377 7.05 

1.0 14282 .314 5.72 

1.5 11642 .256 4.49 

2.0 11829 .260 4.58 

2.5 16997 .373 6.97 

3.0 27808 .611 12.01 



30 Dec 

Depth Standard Measured Ratio Percent 

counts counts Water 

volume 

in • 

o
 45906.8 17839 .389 7.31 

1.0 14587 .318 5.80 

1.5 11507 .215 4.39 

2.0 11552 .252 4.41 

2.5 17200 .375 7.01 

3.0 28069 .611 12.01 

31 Dec 

Depth Standard Measured Ratio Percent 

counts counts Water 

volume 

0.5 45873.2 17952 .391 7.35 

1.0 14408 .314 5.72 

1.5 - 11513 .251 4.39 

2.0 11971 .261 4.60 

2.5 16834 .367 6.84 

3.0 27853 .607 11.93 



5 Jan 

Depth Standard Measured Ratio Percent 

counts counts Water 

. 
volume 

0.5 45968.2 20873 .454 8.69 

1.0 14862 .323 5.91 

1.5 11509 .250 4.36 

2.0 11800 .257 4.51 

2.5 16772 .365 6.80 

3.0 27242 .592 11.61 

29 Jan 

Depth Standard Measured Ratio Percent 

counts counts Water 

volume 

0.5 10439.0 6036 .5782 9.81 

1.0 3809 .3649 5.92 

1.5 2871 .2750 4.29 

2.0 2969 .2844 4.46 

2.5 4382 .4198 6.92 

3.0 7085 . 6787 11.64 



13 Feb 

Depth Standard Measured Ratio Percent 

counts counts Water 

volume 

0.5 10655.7 5743 .5390 9.10 

1.0 3718 .3489 5.64 

1.5 2980 .2797 4.38 

2.0 2975 .2792 4.37 

2.5 4433 .4160 6.86 

3.0 7052 .6618 11.34 

20 Feb 

Depth Standard Measured Ratio Percent 

counts counts Water 

volume 

0.5 10885.3 5992 .5505 9.31 

1.0 3798 .3489 5.64 

1.5 2946 .2706 4.21 

2.0 2954 .2713 4.22 

2.5 4382 .4026 6.61 

3.0 6666 .6124 11.07 



22 Feb 

Depth Standard Measured Ratio Percent 

counts counts Water 

volume 

0.5 10656.6 5724 .5371 9.06 

1.0 3708 .3480 5.62 

1.5 2933 .2752 4.29 

2.0 2953 .2771 4.33 

2.5 4432 .4159 6.86 

3.0 6880 .6456 11.25 

8 Mar 

Depth Standard Measured Ratio Percent 

counts counts Water 

volume 

in • 

o
 10590.44 5765 .5443 9.20 

1.0 3862 .3647 5.92 

1.5 3061 .2890 4.55 

2.0 3010 .2842 4.46 

2.5 4446 .4198 6.93 

3.0 7113 .6716 11.51 



9 Mar 

Depth Standard Measured Ratio Percent 

counts counts Water 

volume 

0.5 10924.7 9936 .9095 15.85 

1.0 4930 .4513 7.50 

1.5 3033 .2776 4. 34 

2.0 3020 .2764 4.32 

2.5 4560 .4174 6.88 

3.0 7236 .6624 11.35 

12 Mar 

Depth Standard Measured Ratio Percent 

counts counts Water 

volume 

0.5 10835.3 8322 .7680 13.27 

1.0 6277 .5793 9.83 

1.5 3660 .3378 5.43 

2.0 3114 .2874 4.52 

2.5 4370 .4033 6.63 

3.0 7093 .6546 11.20 



16 Mar 

Depth Standard Measured Ratio Percent 

counts counts Water 

volume 

in • 

o
 10668.6 7913 .7417 12.79 

1.0 6069 .5689 9.64 

1.5 4159 .3898 6.38 

2.0 3111 .2916 4.59 

2.5 4507 .4225 6.98 

3.0 7262 .6807 11.68 

22 Mar 

Depth Standard Measured Ratio Percent 

counts counts Water 

volume 

0.5 10533.5 7721 .7330 12.63 

1.0 5947 .5646 9.57 

1.5 4226 .4012 6.59 

2.0 3409 .3236 5.18 

2.5 4650 .4414 7.32 

3.0 7206 .6841 11.74 
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14 Apr 

Depth Standard Measured Ratio Percent 

counts counts Water 

volume 

0.5 10537.7 7131 .6767 11.61 

1.0 5827 .5530 9.35 

1.5 4371 .4148 6.84 

2.0 4568 .4335 7.18 

2.5 4674 .4436 7.36 

3.0 7401 .7023 12.07 

TDR records 

All TDR velocities were calculated from the curves plotted in 

the text. The digitized records are kept on floppy disk at 

the Department of Mining and Geological Engineering, University 

of Arizona. 

GPR records 

All original GPR records are kept on file at the Department 

of Mining and Geological Engineering, University of Arizona. 

Digitized GPR records are kept on floppy disk in binary and 

.TRC formats. 
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