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Abstract 
 Ground Penetrating Radar is an effective, non-destructive subsurface imaging system that 

has gained popularity since its inception. However, the efficacy of this method is significantly 

dampened when used in conductive, high-loss environments such as those commonly found in 

the clay rich alluvium of southern Arizona. In this thesis different survey parameters are tested to 

optimize the depth of investigation of GPR in these conditions, as well as determining what 

parameters should be used to calculate both GPR wave velocity and attenuation. 

 To calculate velocity and attenuation the conductivity and dielectric permittivity must be 

known. Data from soil samples in southern Arizona indicate that, at common GPR frequencies, 

conductivity is a complex term, and this complex value must be used for calculations. Using the 

complex conductivity values in these calculations yield accurate velocities, and therefore are 

assumed to produce accurate attenuation values. Additionally, it is shown that areas with similar 

geologic features which have similar DC resistivity values will have similar complex 

conductivity values. 

 In test sites located geologically close to mountain ranges, i.e. relatively shallow portions 

of valleys, it is shown that frequencies 200MHz and below are able to resolve a 3m deep 

aluminum sheet target across a variety of system if appropriate numbers of stacks are used. 

Higher frequencies may be able to resolve these targets depending on site conditions. Further 

away from mountains, i.e. deeper portions of valleys, GPR systems struggle to resolve targets 

even at low frequency and high numbers of stacks. As technology improves and systems are 

capable of even more numbers of stacks, this may change. Additionally, while collecting data in 

a 3D grid may slightly reduce the number of stacks needed to resolve a target, 3D data still 

significantly benefits from increased numbers of stacks. 
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Comparing the Average Trace Amplitudes of datasets containing GPR lines of different 

stacks, approximate depths of investigation can be calculated for any number of stacks. This 

method is useable even if a target cannot be resolved with a system as the overall characteristics 

of each line are compared to one another. This is useful in high-loss environments as depths of 

investigation with different antennas can be estimated without knowledge of the electrical 

properties of the site without the requirement of a known target to estimate these properties. 



15 
 

1. Introduction to Ground Penetrating Radar (GPR) 
1.1 Overview 

Ground Penetrating Radar (GPR) systems consist of at least one transmitter and receiver 

as well as a control and data logging unit. These transmitters and receivers may be separated 

(bistatic) or combined together in a single unit (monostatic). Systems in both of these 

configurations are used throughout this thesis. 

GPR systems detect changes in electrical properties by way of the reflection of radio-

frequency waves in the subsurface. This is similar to how seismic methods measure changes in 

density. GPR has a variety of applications and is often appealing due to its non-destructive 

nature. These applications range from archaeology (buried structures, gravesites), to geology 

(soil depth, faults, glaciology), military applications (unexploded ordinance), construction (soil 

analysis, utility location), and many others. GPR enjoys popularity due to the relative ease of use 

compared to other geophysical methods along with the non-destructive nature of the system. The 

main restriction to GPR use in the United States is due to overlapping frequencies between some 

low-frequency systems and aircraft communication frequencies, particularly when near airports. 

Typical GPR frequencies fall in the range of 10MHz to 2.6GHz. 

The focus of this project was to determine which areas of Southern Arizona are 

appropriate for GPR studies, and what parameters could be used during data collection and 

processing to maximize both the depth of investigation and clarity of the final GPR profiles in 

the moderate to highly lossy, conductive soils. 
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1.2 GPR Basics 
 There are a variety of factors affecting GPR performance. These are dielectric 

permittivity, real conductivity, magnetic permeability, and the frequency of the antenna used in 

data collection. GPR wave velocity and attenuation are both affected by these parameters, which 

determine the depth of investigation for the system in use. Other factors, such as vertical and 

horizontal resolution, change with survey design, equipment specifications, and frequency. 

 Some factors such as dielectric permittivity and real conductivity are frequency 

dependent and may change depending on the antenna in use. Each antenna has a center 

frequency, and the energy transmitted is expected to fit a normal distribution centered on this 

frequency. Some manufacturers measure the center frequency by measuring the antenna 

transmitting through air, and may be different once transmitting through the ground, depending 

on conditions. 

For reference, the GPR wave velocity equation used in this thesis is reproduced with 

explanation below, as Equation 1.1. All equations presented in this chapter are taken from 

BurVal 2006. 

 𝑣𝑣 = 𝑐𝑐

�𝜀𝜀𝑟𝑟𝜇𝜇𝑟𝑟
1+�1+(𝜎𝜎 𝜔𝜔𝜔𝜔⁄ )2

2

  (1.1) 

Where: c = speed of light = 3e8 m/s, or as more typically used in this thesis 30 cm/ns, εr = 

relative dielectric permittivity, μr = relative magnetic permeability, σ = real electric conductivity 

in S/m, ε = εr*ε0 = dielectric permittivity of the material, ε0 = dielectric permittivity of free space 

(8.8542e-12 F/m), ω = 2πf  = angular frequency where f is the frequency of the wave, σ/ωε = loss 

factor. 
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This generalized equation relates the velocity of an electromagnetic wave as it propagates 

through any medium. Most geologic materials are non-magnetic, where magnetic permeability is 

close to 1. Additionally, in non-conductive materials σ/ωε ≈ 0 and can be removed from the 

equation in these environments. As non-conductive media are optimal for GPR data collection, 

this means that in an optimal environment the velocity equation can be simplified to: 

 𝑣𝑣 =  𝑐𝑐

√𝜀𝜀𝑟𝑟
  (1.2) 

 Southern Arizona soils and alluvium are conductive, where σ/ωε > 0 is expected. This 

means the simplified equation can’t be used in most cases, and instead velocity must be 

calculated using Equation 1.1. This is examined further in Chapter 3, along with an overview of 

the electrical properties of the test sites. 

Energy loss is another important factor in GPR data collection. By calculating both 

velocity and attenuation it is possible to estimate the maximum depth of penetration for different 

GPR systems. Below are the equations used for attenuation in this project:  

 𝐴𝐴 = 𝐴𝐴0𝑒𝑒−𝛼𝛼𝛼𝛼 (1.3) 

Where: A = initial amplitude of a wave at a given point, A0 = amplitude of the source 

wave, α = attenuation factor, and z = is the distance travelled from the source, given in meters.  

For ground penetrating radar waves, the attenuation factor is calculated as: 

 𝛼𝛼 = ω�ε𝜇𝜇 �1+(σ ωε⁄ )2−1
2

  (1.4) 

The variables in this equation are the same as those for Equation 1.1 above. 
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As with the radar wave velocity, in resistive soils σ⁄ωε may be approximated as zero. If 

this is the case, equation for the attenuation factor may be simplified as: 

 𝛼𝛼 =  σ
2 �

𝜇𝜇
ε
  (1.5) 

 However, as before, in southern Arizona this simplified equation may not be used in most 

cases due to the typically conductive soils and alluvium, and instead Equation 1.4 was used to 

calculate attenuation in later chapters. Attenuation calculations are important, as high attenuation 

explains why even shallow targets buried in some of the available test sites could not be resolved 

even at the lowest frequency antennas available. 

  Though Arizona is an arid environment, it is important to understand the impact of water 

saturation and water conductivity on the overall conductivity in the soils and alluvium. This is 

particularly relevant during the summer, when large amounts of precipitation can occur during 

the Arizona monsoon season (modified from Archie, 1952): 

 𝑅𝑅𝑡𝑡 =  𝑅𝑅𝑤𝑤
𝑆𝑆𝑤𝑤𝑛𝑛∗𝜑𝜑𝑚𝑚

  (1.6) 

Where: 𝑅𝑅𝑡𝑡 = True resistivity of the formation, 𝑅𝑅𝑤𝑤= Resistivity of formation water at 

formation temperature, Sw = Water saturation of uninvaded zone, 𝜑𝜑 = Porosity of the formation, 

n = Saturation exponent (1.8 to 4.0, typically 2.0), and m = Cementation exponent (1.7 to 3.0, 

typically 2.0). 

Notably this equation is used for non-complex DC resistivity values and may not directly 

translate over to the relatively lossy, conductive soils of the test sites, but in general it shows that 

a water saturated formation be less resistive than a non-saturated formation. Additionally, the 
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resistivity of the water is also an important factor, and as ground water in southern Arizona tends 

to be conductive which further reduces the expected resistivities in the soils and alluvium.  

1.3 GPR Equipment 
 A large variety of equipment by different GPR manufacturers were used in this study: 

MALA (based in Sweden), Geophysical Survey Systems, Inc. (GSSI, based in the United States), 

and Sensors and Software (Sensoft or S&S, based in Canada). Using a variety of equipment 

shows that these experiments may be repeated with almost any configuration. The consoles and 

antennas used during the thesis project are summarized below in Table 1.1, alphabetically by 

manufacturer. The equipment combinations available for use were a variety of ages, making 

comparisons between the data collection capabilities current and previous generations possible. 

Though newer equipment combinations have additional useful features such as increased data 

logging speed, increased sampling rates, and higher stacking capabilities, even the older systems 

were capable of resolving targets when proper survey design and processing were used. This 

important to note as this means the experiments should be repeatable irrespective of what data 

collection configuration is used. Specific information on each of these antennas and consoles are 

available online on their respective manufacturer websites.  
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Manufacturer Type Frequency 
(MHz) Model Configuration Year 

MALA Console N/A XV11 N/A 2009 

MALA Antenna 250 Shielded 
Antenna 2 Monostatic 2009 

GSSI Console N/A SIR-3000 N/A 2002 
GSSI Console N/A SIR-4000 N/A 2017 

GSSI Antenna 200 Shielded 
Antenna Monostatic 2002 

GSSI Antenna 350 HS Digital 
Antenna Monostatic 2017 

GSSI Antenna 400 Shielded 
Antenna Monostatic 2002 

Sensoft Console N/A DV-500P N/A 2017 
Sensoft Antenna 250 Noggin Monostatic 1998 
Sensoft Antenna 50 pulseEKKO Bistatic 2005 
Sensoft Antenna 100 pulseEKKO Bistatic 2005 
Sensoft Antenna 200 pulseEKKO Bistatic 2005 

  

 Table 1.1: Summary of equipment used over the course of the project. 

1.4 Procedure and Processing 
 Typically, profiles over single targets were collected in lengths of 10m. This relatively 

short profile was used to maximize data collection as highly stacked data at moderate to high 

resolutions required a very slow walking pace in order to avoid trace skipping. In some cases, 

large amounts of data were collected in time-mode configurations and stacked during processing. 

As the entire record is saved in this case, it is possible to take the same profile and stack the 

traces an arbitrary number of times, where the number of stacks are inversely proportional to the 

resolution of the profile. By skipping traces during the stacking process, it is also possible to take 

the exact same dataset at one resolution and compare low vs. high stacked versions. This method 

has drawbacks, however, as the data collection method has a lower maximum stacks ceiling 

compared to stacking the data as it is collected. 
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 Surveys that were collected in 3D configurations used line spacings of 1m, which yielded 

ample resolution for the variety of targets at the different test sites. 

 Once data were collected, they were transferred via USB to a computer for processing. 

For experiments using equipment by a single manufacturer, their own processing software was 

typically used. At the time of data collection, MALA did not have a current data processing suite 

and MatGPR was used. For GSSI datasets RADAN7 was used, and for Sensoft datasets 

Ekko_Project was used. In experiments where multiple manufacturers were used, MatGPR was 

used to process all of the data for consistency. In some cases, custom Python scripts were used 

for additional processing options outside the scope of these software. 

 As specific survey configurations and processing methods changed from experiment to 

experiment, they are elaborated on in each chapter. Since this project has an emphasis on 

resolving relatively deep targets, most of the data were collected using 250MHz or lower 

antennas. 
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2. Test Site Information 
2.1 Test Site Overview 
 The main test site for data collection, known as the 6702 Site, is located along the 

southwestern edge of the Catalina Mountains in Tucson, Arizona. This proximity of this site to 

the mountains means the alluvium is shallower and contains more cobbles and large stones than 

sites deeper into the basin. The sediments in the southern Arizona basins are young (Quaternary) 

and have variable amounts of conductive clay. GPR profiles at the site were typically collected 

on a north-south axis. Most of the profiles were collected from north to south, though some were 

collected in reverse. When data were collected for 3D grid surveys, east-west profile lines were 

also required. 

The primary target of interest at this test site is an aluminum sheet buried at 3m depth, 

with dimensions of .6m along typical profile and 3.2m across typical profile. This target was 

ideal to use for testing as one of the primary goals of this project was to determine the best 

methodology in collecting data (for some of the GPR antenna frequencies) in this region, and 3m 

is a relatively difficult depth to reach in the moderately lossy soils at the test site. Other targets at 

the site include large HDPE pipes with a diameter of a meter, buried at depths of .37m and .5m. 

These targets are large and shallow enough that they were easy to image across a large range of 

frequencies and data collection settings. The aluminum sheet was preferred for testing, since 

using a target that is difficult to detect with GPR allows for a more thorough investigation of the 

method. In some tests, a winch at the southern end of the test site was used for greater control 

over the movement speed of the GPR antenna being used to collect data. 
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On the next pages, Figure 2.1 shows a representation of the test site from a top down 

view and Figure 2.2 shows a representation of the test site from a side view. These figures show 

the relative distances and depths between targets, as well as some other details from the test site. 

There were also two metal trailers located at the north end of the site but were too far away from 

the primary targets to have any effect on the data collected. 
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Figure 2.1: Top down representation of the 6702 test site, where the majority of GPR data were 
collected. Distances are scaled to one another, but object sizes are not. 
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Figure 2.2: Side view representation of the 6702 test site, where the majority of the GPR data 
were collected. Distances between targets are to scale, depths are approximately to scale. Target 
sizes are not to scale. 

 

GPR data were also collected at a test site in Avra Valley, but conditions at this test site 

are very high loss, and little in the way of useful GPR datasets were acquired here. This is due to 

large differences in the composition (namely, higher clay content) and electrical properties (very 

high conductivity) of the near surface alluvium at Avra Valley compared to the 6702 site, which 

is described in detail in Chapter 3. As only limited data from this site was usable, detailed site 

maps of this location are not included here. 

In addition to GPR data, extensive soil property data as well as resistivity data from a 

variety of sites were used during this project. The soil property datasets come from Avra Valley 

and Fort Huachuca samples, previously measured in a lab setting by Levitskaya and Sternberg 

(Levitskaya and Sternberg 2019). Resistivity models and other data were taken from previous 

work by McGill 1990 at San Xavier. The San Xavier and Fort Huachuca sites are considered 

geologically similar to the 6702 test site as all three are near mountain ranges, located in the 
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shallow, rockier portions of alluvium filled valley basins. This sharply contrasts the Avra Valley 

site, which is located in the deeper center of a basin, far away from any mountains (Figure 2.3). 

Soil samples from the Fort Huachuca (FH) data were collected at the Antenna Test 

Facility (ATF), located on the Fort Huachuca military base. Some figures and datasets refer to 

these data as ATF samples, but Fort Huachuca is used to describe the location in the thesis text. 

The site locations are shown in relation to one another in Figure 2.3 on top of a regional 

geology map produced by the USGS (Peterson et al. 2001). The regional geologic map shows 

that the 6702, San Xavier, and Fort Huachuca locations are all located near mountain ranges, on 

the edge of basins. Conversely, the Avra Valley site is located far away from any mountains, 

meaning the site is in a deep portion of the basin. This is based on differences in DC electrical 

resistivity measurements at each of the sites. It can be assumed that the three sites in the shallow 

parts of basins are more geologically similar compared to the Avra Valley site. 
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Figure 2.3: Geologic map showing relative locations of four sites from where GPR and electrical 
properties data were taken. The geology map, from Peterson et al. 2001, represents alluvium in 
beige. The black box in the bottom left shows the extent of the map in relation to the city of 
Tucson. The Fort Huachuca (FH) site may be referred to as ATF in some figures from text. 
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2.2 Rainfall in Tucson, Arizona 
 As precipitation may have an adverse effect on GPR data collection it is important to note 

time periods when rain is expected in this arid region. Figure 2.4 (taken from Weather Atlas, 

2021) shows the average rainfall per month in Tucson, Arizona. The highest rainfall levels are 

expected during the summer monsoon season, with additional rain expected during the late fall 

and winter seasons. Typically, the driest period is expected between April and June, suggesting 

these months would be optimal for data collection. October is also dryer on average than most 

other months. 

 

Figure 2.4: Average monthly rainfall totals in Tucson, Arizona. The highest amount of rain is 
expected during the summer due to monsoon weather and collecting GPR data during this time 
period should be avoided if possible (Weather Atlas, 2021). 
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 Rainfall also varies yearly depending on periodic shifts in climate and weather. These changes 

are more difficult to work around as they affect larger periods of time. Figure 2.5 (taken from KJZZ 91.5, 

2016) shows how variable the ‘total yearly rainfall levels can be and that some years may change 

significantly from one year to the next. Years with extra rainfall still tend to follow the same pattern as 

the monthly average rainfall shown in Figure 2.4. 

 

Figure 2.5: Variation in yearly rainfall in Tucson, Arizona. There is a large amount of variation 
in yearly total rainfall due to periodic weather and climate effects (KJZZ 91.5, 2016).  
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 Monthly data from a rain gauge (CoCoRaHs, 2021) near the primary 6702 test site was 

compiled to show the variability in precipitation in just the past few years. This is shown below 

in Figure 2.6 with several marks indicating when different data from different chapters in the 

thesis were collected. Compared to the average expected rainfall (Figure 2.4) several months in 

which data were collected for the project experienced unexpectedly high amounts of rain which 

may have impacted the quality of these data. 

 

Figure 2.6: Monthly precipitation as recorded near the 6702 site from October 2015 to December 
2020. The blue star indicates data collection for Chapter 5, the red star indicates data collection 
for Chapters 5 and 6, the green start indicates data collection for Chapter 6, and the purple star 
indicates data collection for Chapter 4. 
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2.3 Conclusions 
 Data used in this thesis are taken from a variety of sources at a variety of different sites 

across the state. The 6702, San Xavier, and Fort Huachuca sites are geologically similar, each 

positioned at the edge of various mountain ranges originating in the Mesozoic period. In contrast, 

the Avra Valley site is located in the middle of a valley, a much different geologic environment. 

Compared to the other locations used in this thesis, the Avra Valley site produced little to no 

useable data due to the significantly different properties at the site. Additionally, as precipitation 

may affect GPR data quality it is best to avoid months that tend to have higher rainfall totals (in 

Tucson, Arizona) such as the summer and winter months. Even avoiding these months it is still 

possible to encounter (relatively) large amounts of precipitation during other times, as the total 

rainfall received per year in Tucson is variable.  
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3. Properties of Test Site Soils 
3.1 Introduction 
 Four different sites across southern Arizona where soil, resistivity, or GPR data were 

collected were shown in Chapter 2. GPR data were collected at the 6702 test site and the Avra 

Valley test site, and GPR data collection at these sites contrasted greatly. Typically, it was 

impossible to resolve all but the shallowest of targets at Avra Valley, meaning little useable data 

were collected at this site. Soil data from San Xavier, Avra Valley, and Fort Huachuca sites were 

taken from previous work by Levitskaya and Sternberg. The data measured from these soil 

samples were used to compare the test sites and provide parameters for velocity and attenuation 

calculations for the collected GPR data. Resistivity data were also collected at Avra Valley and 

the 6702 sites, which were used to link the sites to the soil data collected from other locations. In 

addition to model resistivity and soil texture similarities, Chapter 2 also shows that the Fort 

Huachuca, San Xavier, and 6702 sites are in geologically similar locations, adjacent to mountain 

ranges and near the edge of basins. In contrast, the Avra Valley site is in the middle of one of 

these basins. 

 The soil data from Avra Valley and the Fort Huachuca sites provides an extensive dataset 

with electrical properties across a wide range of frequencies, including those used in GPR data 

collection. It is important to take conductivity into consideration when calculating GPR velocity 

as it has a noticeable effect in conductive soils. Equation 3.1 shows that conductivity is a term in 

the full GPR velocity equation. In low-conductivity media the term that includes conductivity 

simplifies to zero, leading to the simplified velocity equation (Equation 3.2) that does not include 

conductivity or frequency in the calculation. Conductivity and permittivity are also needed to 

calculate attenuation rates. These equations are reprinted below for reference. 
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Equation 3.1: 𝑣𝑣 = 𝑐𝑐

�𝜀𝜀𝑟𝑟𝜇𝜇𝑟𝑟
1+�1+(σ ωε⁄ )2

2

 

Equation 3.2: 𝑣𝑣 =  𝑐𝑐

√εr
 

 GPR velocity is calculated at five commonly available GPR antenna frequencies in 

Figure 3.1, Figure 3.2, and Figure 3.3 with either variable conductivity values with a constant 

permittivity value or variable permittivity values with a constant conductivity value. These 

figures show the effects of these properties across a wide band of frequencies. 

 

Figure 3.1: Conductivity vs. Velocity at a variety of GPR frequencies, with a fixed relative 
permittivity of 4. As conductivity approaches 0 S/m, the velocities converge at about 15 cm/ns 
for all frequencies. Conductivity has an inverse effect on velocity and is more pronounced at 
lower frequencies. 
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 Figure 3.1 shows that increases in conductivity has an inverse effect on velocity. This 

effect is more pronounced with lower frequencies and has little noticeable effect at frequency of 

1.6GHz. Though a 1.6GHz antenna was not used for any data collection in this thesis, it is a 

frequency that is used for very shallow data collection at high resolution. As conductivity 

approaches zero, the velocity values at all frequencies converge to a single value. This value is 

the simplified GPR velocity value (Equation 3.2) and shows that in low conductivity 

environments the simplified velocity values will be equal to those calculated with the full GPR 

velocity equation (Equation 3.1). In this case, using a fixed relative permittivity of 4, this 

velocity value is 15 cm/ns. 

 

Figure 3.2: Relative Permittivity vs. Velocity at a variety of GPR frequencies, with a fixed 
conductivity of .0005 S/m. At this relatively low conductivity, there is no difference between 
velocity at any frequency in this range. 
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 If velocity is calculated with a variable relative permittivity and a fixed low conductivity 

value (0.0005 S/m), velocity is identical across all frequencies (Figure 3.2). This is simply 

another reflection of the simplified velocity equation, where in low conductivity environments 

frequency and conductivity no longer have an influence on the velocity values. 

 

Figure 3.3: Relative Permittivity vs. Velocity at a variety of GPR frequencies, with a fixed 
conductivity of .05 S/m. At this relatively high conductivity, significant differences are visible 
between frequencies. This is due to conductivity effects at different frequencies. 

 

 Figure 3.3 also shows velocity values varied by relative permittivity like Figure 3.2, but 

with a much higher conductivity value (0.05 S/m). In this conductive environment velocity 

varies significantly with frequency until very high epsilon values. The differences in velocity 

reflect the effects of conductivity and frequency in conductive environments. 
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These calculated values show that frequency significantly affects GPR velocity in 

conductive environments. This means that in these environments, conductivity and frequency 

must be taken into consideration for the most accurate velocity calculations. As conductivity is 

also needed for attenuation calculations, accurate conductivity values were already needed for an 

in-depth analysis of GPR data at these test sites. 

At GPR frequencies electrical properties are complex terms. The velocity and attenuation 

equations use the real component of conductivity, which cannot be substituted by taking the 

inverse of the real component of resistivity. This is because while the full complex conductivity 

and resistivity values are the inverse of each other, the individual real and imaginary components 

are not. Low frequency or DC resistivity values are used to compare sites to one another, and at 

those frequencies resistivity and conductivity are not complex. This means that, while resistivity 

values cannot be used to calculate velocity and attenuation at GPR frequencies, the test sites can 

still be compared for similarity using DC resistivity values. 

The change from simple to complex resistivity and conductivity can be easily seen in the 

data from Levitskaya and Sternberg 2019 and in Sternberg and Levitskaya 2001. This can be 

done by multiplying real conductivity and real resistivity together. In a simple environment, the 

result will be equal to one as the terms are reciprocals. In a complex environment the result will 

be a value other than one, as the real components will no longer be reciprocals of each other. 

This can be seen below in Figure 3.4 where the resistivity*conductivity value falls below one at 

approximately 10MHz and remains below one until the end of the dataset at 1000MHz. This 

range covers most common GPR frequencies. The dataset used in this example was selected 

from the Avra Valley data and the Fort Huachuca data follows the same trend. 
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Figure 3.4: Avra Valley 10.48% Water Content Resistivity*Conductivity vs Frequency. Y-values 
<1 indicate frequencies where resistivity and conductivity are complex. 

3.2 Physical Properties 
 All soil data collected in previous studies included a soil texture analysis where the soil is 

described with clay, sand, and silt by percentage weight. The Fort Huachuca and Avra Valley 

percentages are based on a single combined sample, but the San Xavier dataset includes a ternary 

diagram with measured samples every 0.5m. Clay is expected to be a contributor to the 

conductivity of a soil, so these values are helpful. However, there are varieties of clay minerals 

with high cation exchange capacities (CEC) that have a much larger effect on soil conductivity 

that cannot be distinguished from other clays with a texture analysis alone.  
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Table 3.1: Soil texture analysis of soil samples used. The San Xavier soils were sampled every 
0.5m and are displayed in Figure 3.5. 

 

 

Figure 3.5: Soil texture ternary diagram for samples collected at the San Xavier site. The clay 
content decreases significantly after 0.5m depth, ending with clay percentages that are like the 
Fort Huachuca dataset. Figure taken from McGill 1990. 

Clay content at San Xavier decreases with depth, and the deeper portions at this site have 

soil textures like those in the Fort Huachuca sample. The San Xavier dataset includes an X-ray 

diffraction analysis on the clay portion of the soils, which does differentiate these highly 

Location Sand% Silt% Clay% 
Avra Valley 61% 22% 17% 

Fort Huachuca 81% 8% 11% 
San Xavier See Figure 3.5 See Figure 3.5 See Figure 3.5 
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conductive clays. Using this analysis, it was estimated that by weight percentage the upper 

portion of the soils contained 13% montmorillonite (a high CEC clay) and the lowest portions 

contained between 4% and 8% (McGill 1990). This indicates that soils at San Xavier and similar 

sites should become less conductive with depth. 

3.3 Precipitation Effects 
 Southern Arizona is an arid environment, and typically does not receive much rainfall 

outside of the monsoon season. More than one dataset in this thesis was collected shortly after a 

rainfall, including the dataset described in Chapter 4. As established in this chapter, conductivity 

affects both GPR velocity and attenuation. Since soil water content strongly contributes to soil 

conductivity, the effects of precipitation at the test sites must be examined. TEM data were 

collected at the 6702 test site under dry conditions and modelled. The model, in Figure 3.6, 

suggests that a good baseline resistivity value for the test site should be about 150 Ohm*m. 
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Figure 3.6: Model of TEM data at the 6702 test site. These data were collected on the northern 
portion of the test site, prior to the installation of but close to the 3m aluminum sheet location 
used in many tests. This model suggests a resistivity of about 110 Ohm-m for the shallow 
portions of the test site, where the targets are located. 
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 A simulated rainfall test was conducted at the San Xavier site, using a DC resistivity 

Schlumberger array to measure resistivity before and after 3.3 inches of simulated rainfall over a 

period of 20 hours. Pre-rainfall the middle layer of the resistivity model was calculated to be 152 

Ohm*m (Figure 3.7). Though the data collection methods were different (Schlumberger DC 

resistivity vs. TEM resistivity), this value is fairly close to the typical resistivity value at the 6702 

test site (Figure 3.7), which was modelled at about 110 Ohm*m. This suggests that the 6702 and 

San Xavier sites contain similar soils, and that they would react to precipitation similarly. The 

San Xavier precipitation test was conducted on a flat, well-irrigated surface, and resulted in a 

decrease in resistivity in both the top and center layers. The top layer experienced an 

approximately 20 Ohm*m decrease in resistivity and the middle layer experienced a 30 Ohm*m 

decrease. The data used for the second model were collected immediately after the 20-hour 

precipitation simulation was finished. These changes in resistivity are not considered significant 

in the context of GPR data collection.  
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Figure 3.7: Resistivity model at San Xavier before and after 3.1 inches of simulated rainfall. This 
amount of precipitation resulted in a 20 Ohm*m decrease in the top layer, and a 30 Ohm*m 
decrease in the bottom layer. Taken from McGill 1990. 

 

 Prior to collecting the data used in Chapter 4, several days of precipitation were recorded. 

A rain gauge present at the 6702 test site recorded 1.9” of rain in the five days leading up to the 

data collection for Chapter 4 (9/18/2019-9/22/2019). Similarly, data from the Community 

Collaborative Rain, Hail, and Snow Network reported 1.59” at a nearby publicly available rain 

gauge (CoCoRaHS, 2020). As 3.1” of simulated rainfall over 20 hours had a small effect on 

resistivity values at the San Xavier site, the 1.59” to 1.9” of rain over the course of several days 

should affect the 6702 test site even less. Not only was there less total precipitation, the 6702 test 

site has a slight slope from the north to south which would accelerate drainage compared to the 

San Xavier site. Because little effect on the soils were anticipated, lab-derived electrical 

properties from dry samples were used to calculate expected velocities and attenuation rates for 

the GPR datasets in Chapters 4 and 5.
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3.4 Electrical Properties 

3.4.1 Fort Huachuca and the 6702 Test Site 
 In Levitskaya and Sternberg 2019 and Sternberg and Levitskaya 2001, soil samples 

measured with an inductive current show that conductivity and permittivity both vary greatly 

with frequency. As these parameters are both required to accurately calculate GPR velocity and 

attenuation in the moderately lossy soils at the test sites, values from a dataset with similar 

electrical properties to the 6702 test site were used. The Antenna Control Facility (ATF), located 

in Fort Huachuca, and the 6702 sites are both located at the edge of basins near mountain ranges. 

Both sites have similar soil textures (Table 3.1 and Figure 3.5). Using the TEM model value 

from the 6702 site (150 Ohm*m), the Fort Huachuca sample with 7.2% water content by weight 

is a close match with a low-frequency real resistivity value of 167 Ohm*m (Figure 3.8). Because 

the center layer of the dry resistivity model at San Xavier is also in this range, this means these 

three sites likely have a typical water content of around 7.2%.  



46 
 

 

Figure 3.8: Real and Imaginary Resistivity vs. Frequency from the Fort Huachuca 7.2% water 
content sample. Real resistivity tends to decrease with frequency. As frequency approaches zero, 
the real resistivity value stabilizes at ≈167 Ohm*m. Taken from Levitskaya and Sternberg 2019. 

 

 With a close resistivity value match the real conductivity and permittivity measurements 

from the dataset, shown below in Figure 3.9 and Figure 3.10, were used for calculations. The 

Fort Huachuca data have a maximum frequency of 100MHz, so to use these data at many of the 

GPR frequencies used in data collection extrapolation was required. 
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Figure 3.9: Real and Imaginary Conductivity vs Frequency from the Fort Huachuca 7.2% water 
content sample. Real conductivity is used to calculate velocity and attenuation and tends to 
increase with frequency. Taken from Levitskaya and Sternberg 2019. 
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Figure 3.10: Relative Dielectric Permittivity and Losses vs. Frequency from the Fort Huachuca 
7.2% water content sample. Permittivity tends to decrease with frequency. Taken from 
Levitskaya and Sternberg 2019. 

 

 Other soil measurement datasets with wider frequency ranges were used to determine the 

best approach to extrapolating the Fort Huachuca dataset to 350MHz. This was done by 

calculating trends of subsets of the Avra Valley soil dataset up to 100MHz and comparing the 

values predicted by the trendlines compared to the actual data points up to 350MHz. A power 

function was found to be the most accurate representation of the data trend for both permittivity 

and conductivity. Using data points in a range of 10 to 100MHz yielded the best extrapolation 

for permittivity, and a range of 40 to 100MHz yielded the best extrapolation for conductivity. 

These data points were plotted and the calculated trendlines extrapolated to 350MHz, seen in 

Figure 3.11 and Figure 3.11 below.  
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Figure 3.11: Fort Huachuca Relative Dielectric Permittivity extrapolation to 350MHz. Data from 
40 to 100MHz were used for extrapolation. 

 

Figure 3.12: Fort Huachuca 7.2% Water Content Real Conductivity extrapolation to 350MHz. 
Data from 40 to 100MHz were used for this extrapolation. 
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 As both trendlines correlate well with the known data points these equations provide 

reasonable estimates for the electrical values across the GPR frequencies used in data collection 

in later chapters of this thesis. 

3.4.2 Avra Valley 
 Two DC resistivity lines in a modified Wenner configuration (Cubbage et al., 2017) were 

collected to determine baseline resistivity values at the Avra Valley testing site.  These lines 

were collected over two target areas, one containing a series of metal barrels buried at different 

depths, and another over a large cement pipe containing a reinforcing metal mesh. Both 

resistivity models had anomalies over the locations of these targets but were unable to resolve 

the targets accurately. The data were collected 11/19/2018 and according to a nearby rain gauge 

from the Community Collaborative Rain, Hail, and Snow Network, the most recent rain in the 

area was .71” on 9/20/2018 (CoCoRaHS, 2021).  This means that the site is expected to be very 

dry, which is reflected in the high near-surface resistivity values below.
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Figure 3.13: Resistivity data over a large, buried concrete pipe at Avra Valley. Most of the model ranges from 20 to 80 Ohm*m (purple to cyan). The 
shallow conductive anomaly, circled above, is in the vicinity of the large pipe. However, it is too shallow to be the pipe response and may be an 
excavation anomaly. The pipe location was centered in this profile, indicated by a black arrow. The electrode spacing for this array was 1.5m and the 
line length was 84m. 
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Figure 3.14: Resistivity data over a series of metal barrels buried at a variety of depths. Most of the model ranges from 20 to 50 Ohm*m (purple to 
cyan). The center barrel location was centered on the profile (40m), which is approximately 20 meters apart from the other two barrels (20m and 
60m). There are no significant anomalies directly associated with the barrel targets in this model. The dimensions of this line are the same as the 
previous line, with an electrode spacing of 1.5m and a total length of 84m.
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 Most of the targets located at the Avra Valley site fall into the top more resistive zones of 

the two models (cyan areas). This means that, in general, the expected resistivity values for these 

targets should be within a range of 45 to 80 Ohm*m. Since none of the individual Avra Valley 

soil datasets are a good fit for this range, water content and resistivity values at low frequencies 

(effectively DC levels) were plotted against each other and interpolated. To get a proper fit, the 

resistivity values were first converted into Log10 values. On this scale, 45 to 80 Ohm*m is now 

1.7 to 1.9. Using a power function, a trendline was fit to these data points with reasonably high 

correlation. By placing the water content levels on the Y-axis and the resistivity values on the X-

axis, the resulting equation now solves for water content for any given DC resistivity value at 

Avra Valley (Figure 3.15). Using this equation, 45 to 80 Ohm*m translates to a water content 

range of 8.3% to 10%.   
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Figure 3.15: Avra Valley Resistivity vs. Water Content. As these data correlate well with a 
power function, resistivity values can be used to estimate water content at Avra Valley. At low 
frequencies, the real resistivity values are constant with some instrument variability. To reduce 
this variability, the values used in this plot are the averages of the first five low-frequency values 
(in a range of 1kHz to 10kHz). 

 Now that water content values can be calculated for the DC resistivity values in the Avra 

Valley model, relative permittivity and real conductivity can be calculated for the model for 

velocity and attenuation calculation. This was done by plotting relative permittivity (Figure 3.16) 

and real conductivity (Figure 3.17) against water content at various GPR frequencies. These data 

showed clear trends for both electrical parameters plotted against water content across all 

frequencies. A power function was used to represent relative permittivity versus water content, 

and a logarithmic function was used to represent real conductivity versus water content. The 

equations for these parameters were generated only for 200MHz, as the only data collected in 

Avra Valley was in the 200-250MHz range.  
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Figure 3.16: Avra Valley Permittivity vs. Water Content at the main GPR frequencies used. 
These data correlate well across all water contents with a power function with little variance, so 
permittivity can be estimated with any water content percentage. 

 

Figure 3.17: Avra Valley Conductivity vs. Water Content at the main GPR frequencies used. 
These data correlate well in the lower water content ranges. At high water saturation the data this 
correlation stops with a sudden jump in conductivity followed by mostly static conductivity 
values. 
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 In Figure 3.16 it is clear across all frequencies that permittivity increases regularly with 

water content. However, in Figure 3.17 there is a correlation between water content and 

conductivity only at low to medium water content values, with a sudden jump at the 25% and 

45% water content values. This jump is likely a reflection of the sample becoming saturated with 

water, as there is no significant difference between conductivity values at the 25% and 45% 

water content values. Because of this jump, conductivity values are only calculable between the 

three lowest water content samples. As before, an equation for conductivity was only produced 

for 200MHz.  
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3.5 Velocity and Attenuation 

3.5.1 6702 Site 
 Using the values extrapolated in section 3.4, both velocity (Figure 3.18) and attenuation 

(Figure 3.19) were calculated for each of the frequencies used in data collection at the 6702 site. 

Velocity was calculated using the full GPR velocity equation (Equation 3.1), as conductivity 

needs to be taken into consideration in the moderately lossy soils at the 6702 site. Velocity was 

calculated using the full velocity equation (Equation 3.1) referenced earlier in the chapter. 

 

Figure 3.18: Fort Huachuca 7.2% Water Content GPR Velocity vs Frequency. For frequencies 
above 100MHz extrapolated values were used for calculations. 

 Plotting the GPR velocities versus frequency shows an obvious logarithmic trend 

increasing with frequency. As frequency increases the GPR velocity equation simplifies to 

Equation 3.2, meaning there is a theoretical upper limit to velocity. 

y = 1.1377ln(x) + 7.1291
R² = 0.9998

0 50 100 150 200 250 300 350 400

Ve
lo

ci
ty

 (c
m

/n
s)

Frequency (MHz)

Fort Huachuca 7.2% WC Velocity vs Frequency



58 
 

 

Figure 3.19: Fort Huachuca 7.2% Water Content GPR Attenuation vs Frequency. For 
frequencies above 100MHz extrapolated values were used for calculations. 

 Attenuation values were calculated using Equation 3.3, with the attenuation factor from 

Equation 3.4. These are reprinted below for reference. 

Equation 3.3: 𝐴𝐴 = 𝐴𝐴0𝑒𝑒−𝛼𝛼𝛼𝛼 

Equation 3.4: 𝛼𝛼 = ω�ε𝜇𝜇 �1+(σ ωε⁄ )2−1
2

 

Plotting GPR attenuation versus frequency reveals a linear increase in attenuation with 

frequency. However, as frequency is measured in dB/m, this linear trend translates to an 

exponential increase in attenuation with frequency. Due to this high increase in attenuation with 

frequency, higher frequency antennas are unable to properly resolve deep targets at the 6702 test 

site. Calculated values for velocity and attenuation are summarized below in Table 3.2. Velocity 

was also calculated using frequency dependent permittivity and the simple GPR velocity 

equation (Equation 3.2) to show potential error if the full velocity equation is not used. As 
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permittivity tends to decrease while conductivity increases, the differences between velocity 

calculated with the full and simplified equations are not large. However, using the full velocity 

equation still yields more accurate values. In all cases, the simple velocity equation  

overestimates velocity with larger errors appearing at lower frequencies. 

 

Table 3.2: Summary of Fort Huachuca 7.2% Water Content velocity and attenuation. As this 
sample was the closest match to the 6702 test site, these values were used for data collected 
there. 

3.5.2 Avra Valley 
A similar approach was taken for the Avra Valley calculations, with the exception that 

only one frequency was used. Instead of calculating velocity and attenuation for a variety of 

frequencies, they were calculated for 200MHz across a range of water content values that 

correspond to the range of resistivity values seen in the modelled resistivity sections (Figure 3.13 

and Figure 3.14). These calculations are plotted below in Figure 3.20 and Figure 3.21. In these 

figures resistivity is used for the x-axis to match velocity and attenuation to the modelled 

resistivity sections, but all calculations were done using conductivity values from Figure 3.17.  

Freq 

(MHz) εr σ' 

Velocity 

(cm/ns) 

Simple Velocity 

(cm/ns) 

Velocity 

%Diff Attenuation (dB/m) 

50 6.18 0.0106 11.6 12.1 4.1 6.7 

100 5.58 0.0146 12.4 12.7 2.5 9.9 

200 5.04 0.0203 13.2 13.4 1.5 14.5 

250 4.87 0.0225 13.4 13.6 1.3 16.4 

350 4.64 0.0263 13.8 13.9 1.1 19.8 
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Figure 3.20: Avra Valley Velocity vs Resistivity at 200MHz. There is a strong correlation 
between the two values, where velocity increases with resistivity. 

 

Figure 3.21: Avra Valley Attenuation vs Resistivity at 200MHz. There is a strong correlation 
between the two values, where attenuation decreases with resistivity. 

 The velocity and attenuation values are summarized below, in Table 3.3. The calculated 

200MHz values for velocity and attenuation at the 6702 site are 13.2 cm/ns and 14.5 dB/m, from 

Table 3.2. Compared to the 6702 site values for 200MHz, it is clear that even under the best 
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conditions at Avra Valley the velocity is expected to be lower while attenuation is expected to be 

higher. This explains why even under optimal conditions little useable data were able to be 

collected from the Avra Valley test site. 

Avra Res (Ohm*m) WC% εr σ' Velocity (cm/ns) Attenuation (dB/m) 
20 15.9 12 0.083 8.4 37.2 
30 12.8 9.3 0.064 9.2 34 
40 11.1 7.9 0.053 9.8 31.4 
50 10 7.5 0.048 10.3 29.6 
60 9.3 7.1 0.045 10.6 27.6 
70 8.7 6.9 0.042 10.9 26.1 
80 8.2 6.7 0.04 11.2 25 
90 7.9 6.5 0.038 11.4 23.6 

100 7.6 6.2 0.035 11.6 22.8 
110 7.3 6.1 0.033 11.8 21.3 
120 7.1 6 0.032 11.9 20.8 
130 6.9 5.8 0.03 12.1 19.9 
140 6.7 5.8 0.029 12.3 18.8 
150 6.5 5.6 0.027 12.5 17.7 

 

Table 3.3: Summary of data plotted in Figure 3.20 and Figure 3.21. These values reflect the 
difficulty of collecting GPR data at the Avra Valley site. 

  



62 
 

3.6 Conclusions 
 In highly conductive environments, conductivity can significantly decrease GPR wave 

velocity. This effect is exaggerated as frequency decreases but affects the entire range of GPR 

frequencies used to collect datasets shown in subsequent chapters. As conductivity was needed to 

accurately predict both GPR wave velocity and attenuation, lab collected measurements from 

soil samples similar to those at the 6702 test site were used. 

 Prior to multiple data collection efforts, rainfall occurred at the 6702 test site. At the San 

Xavier site, resistivity data was collected before and after 3.3” of simulated rainfall applied by 

sprinklers to the surface. Models of these data suggest that 3.3” of rain over 20 hours would 

result in a 20 to 30 Ohm*m change in resistivity in the top several meters of soil. As the rainfall 

events that occurred prior to data collection for Chapter 4 had a possible range of 1.59” to 1.9” 

across several days, the resistivity change could not have been high enough to have a significant 

impact on the resistivity values at the site. 

 The soil sample that best represented the 6702 test site was a Fort Huachuca sample with 

7.2% water content by weight. The low-frequency resistivity value of this sample (167 Ohm*m) 

was very close to the resistivity value suggested by a model of TEM data located at the northern 

end of the 6702 test site (150 Ohm*m). Using extrapolated values to cover missing GPR 

frequencies in this dataset, velocity and attenuation were both calculated. Plotting these values 

against frequency shows a logarithmic increase in velocity with frequency, and an exponential 

increase in attenuation. The similarities between Fort Huachuca, San Xavier, and the 6702 

suggests that soils on the edge of Arizona basins can be assumed to have similar electrical 

properties, with similar GPR data quality. 
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 Velocity and attenuation values were also calculated for the Avra Valley test site, but 

only at a frequency of 200MHz. Permittivity and conductivity for these calculations were 

calculated using modelled resistivity data to estimate water content at the site. These calculations 

show that even under the best conditions at Avra Valley, velocity is lower and attenuation is 

higher than the 6702 site under average conditions. The lack of quality datasets acquired at this 

test site is a direct reflection of the significantly poorer data collection conditions located there. 

The Avra Valley test site is in the center of a basin, and similar results are expected in other deep 

basin areas located in southern Arizona.  
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4. GPR Equipment Comparison 
4.1 Overview 

With access to a variety of consoles and antennas from different GPR manufacturers 

there was an opportunity to compare data between them in the moderately lossy and conductive 

soils at the 6702 test site. The three different GPR consoles available for data collection were: 

1. GSSI SIR-4000 Console (released in 2017) 

2. Sensors and Software pulseEKKO system with DV-500P Console (released in 

2017) 

3. MALA XV11 Console (released in 2009) 

In our other data collection efforts, the GSSI SIR-3000 system and the Sensors and 

Software (Sensoft) Noggin system were used, which are similar to the SIR-4000 and pulseEKKO 

systems. A variety of antennas were used with the consoles, matching frequencies as closely as 

possible for this data comparison. These data were collected to test the response of each of the 

systems and to understand the capabilities of each system for this environment. 

The GSSI and MALA systems both utilize monostatic antennas for data collection, but 

the Sensoft pulseEKKO system uses a bistatic antenna configuration. This did not yield any 

major differences in the final processed data. 

For this dataset, an aluminum sheet buried at 3m depth was the main target for all 

profiles. The profiles were trimmed to 10m each, and the aluminum sheet was centered at 5m. 

The entire dataset was collected on 11/23/2019.  A summary of all the profiles is contained in 

Table 4.1.
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Manufacturer Console Freq. 
(MHz) Stacks Spacing 

(scans/m) 

Mode 
(see 

below) 

Target 
Depth 
(ns) 

Velocity 
(cm/ns) 

Est. 
Collection 

Time 
Fig. 

GSSI SIR-4000 200 1023 10 Point 45 13.3 15 
Minutes 4.2 

GSSI SIR-4000 200 32 25 Time 45 13.3 2 min, 31 
sec* 4.3 

GSSI SIR-4000 350 
(HS) Varied 33 Dist. 45 13.3 10 

Minutes 4.4 

Sensoft pulseEKKO 50 8192 2 Dist. 45 13.3 10 
Minutes 4.6 

Sensoft pulseEKKO 50 16384 2 Dist. 45 13.3 10 
Minutes 4.7 

Sensoft pulseEKKO 100 8192 4 Dist. 47 12.7 10 
Minutes 4.8 

Sensoft pulseEKKO 100 32768 4 Dist. 46 13 15 
Minutes 4.9 

Sensoft pulseEKKO 200 8192 4 Dist. 45 13.3 10 
Minutes 4.10 

Sensoft pulseEKKO 200 16384 4 Dist. 45 13.3 10 
Minutes 4.11 

Sensoft pulseEKKO 200 8192 4 Point 45 13.3 15 
Minutes 4.12 

Sensoft pulseEKKO 200 16384 4 Point 45 13.3 15 
Minutes 4.13 

MALA XV11 250 512 5 Dist. 46 13 15 
Minutes 4.15 

 

*Note: As this dataset was collected in time mode, the exact collection time was preserved. 
Table 4.1: Summary of all profiles presented in this chapter, in order of appearance. This table 
summarizes each profile, including velocity, target depth, and number of stacks. 

Three data collection modes, standard across GPR platforms, were available for these 

tests: distance, time, and point modes. Distance collection mode uses a calibrated survey wheel 

and collects a certain number of scans per unit of distance. Typically, the survey wheel is 

attached to a cart which carries the antenna as well. In this case, higher scans per unit increases 

horizontal resolution. Data collection speed is limited by the maximum number of scans per 

second the unit can collect and the number of scans per unit distance chosen for data collection. 

For example, if a console can collect 100 scans per second, and 200 scans per meter is chosen as 
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the data collection rate, then the operator must travel at most 0.5 m/s or risk data loss. This 

problem is amplified when collecting data at a high number of stacks, as stacking effectively 

increases the number of traces collected. 

Time collection mode collects scans at a certain number per second and travelling slowly 

increases the number of scans per unit distance, thereby increasing horizontal resolution. In this 

mode, data collection time is directly proportional to the number of traces collected since traces 

are collected at a specified number per second. Therefore, data collection speed is only limited 

on the desired number of scans over a given area, as travelling faster would mean collecting 

fewer scans. One way to stack time collected data is to travel very slowly, then combining and 

averaging every n traces, where n is the number of stacks desired. As the data are being 

averaged, horizontal resolution is lowered. This method is the most difficult to collect a high 

number of stacks, as maintaining a consistent very low walking speed is difficult.  

 Point collection mode collects one trace at a time at a specified number of stacks, with 

the antenna immobile for each trace collection. The antenna is moved at a user specified amount 

between each trace. Point collection mode is the slowest data collection method as the antenna is 

only moved between each trace collected, with traces taking longer to collect depending on the 

number of stacks chosen. 

Data collection times varied on the collection mode used as well as the number of stacks 

per trace. Higher numbers of stacks require longer collection times for all modes and collecting 

data in point collection mode takes longer than time or distance as the antenna must be precisely 

moved between each trace.  
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4.2 Velocity Calculation and Comparison 
Average GPR wave velocity was calculated from the dataset by using the two-way depth 

of the aluminum sheet target (600cm) and dividing by the location of the anomaly in two-way 

time in each profile (varied, but typically 45ns). These values were compared to the frequency 

dependent velocity values that were calculated in Chapter 3 (Table 3.2). The differences between 

the velocity values calculated from the lab data and estimated from the profiles are shown below 

as percentage change from the calculated to the estimated values. 

 

Table 4.2: Average GPR Velocity using the 3m sheet from the profiles and Calculated Velocity 
from lab data using frequency dependent electrical properties. 

  

Frequency (MHz) Expected Depth (ns) Avg. Profile Depth (ns) 
50 51.9 45 
100 48.5 46.5 
200 45.6 45 
250 44.7 46 
350 43.5 N/A 



69 
 

 

Most of the velocities estimated from the profiles were 13.3 cm/ns, with only a little 

variation. As reflections were chosen visually and picked to the nearest nanosecond, some 

differences between the calculated and estimated velocities can be attributed to rounding error 

associated with choosing the anomaly depths. Below, Table 4.3 shows that in most cases the 

expected depths of the target match the depths in the profiles quite well in most cases. The 

notable exception is the 50MHz data where the anomaly was expected to be about 7 nanoseconds 

deeper than shown in the profiles. In all other cases, the values were very close.    

 
Table 4.3: Depths expected from lab calculated velocity and average profile depths of the sheet 
anomaly. The percent differences in this case are identical to the velocity percent differences in 
Table 4.2. Note in most cases the values are close with the notable exception of the lowest 
frequency.  

Freq 
(MHz) εr σ' 

Calc. 
Velocity 
(cm/ns) 

Avg. Velocity from 
Profiles (cm/ns) 

Velocity 
%Diff 

Calc. 
Attenuation 

(dB/m) 
50 6.18 0.0106 11.6 13.3 13.2 6.7 
100 5.58 0.0146 12.4 12.9 4 9.9 
200 5.04 0.0203 13.2 13.3 1.3 14.5 
250 4.87 0.0225 13.4 13.0 -3.2 16.4 
350 4.64 0.0263 13.8 N/A N/A 19.8 
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4.3 Software and Processing 
Each manufacturer has their own proprietary GPR processing software with different 

options and workflows. Though many of the basic processing routines are quite similar, we have 

chosen to compare data from the sets of equipment using the same processing software, ensuring 

that processing is nearly identical between the datasets. MatGPR, a commonly used piece of 

third-party software that is compatible with a wide range of proprietary data formats, was used to 

process all the data in this chapter. The parameters used to process the data were identical, with 

some minor exceptions, and are as follows: 

1. Signal Position Adjustment (varied by antenna) 

2. Dewow / DC Removal 

3. Background Removal (whole profile width) 

4. Bandpass filter (Center frequency +/- 150MHz) 

5. Gain: Inverse Power Decay (Using 2.4-2.8 for n depending on frequency) 

6. Scan Axis Resampling (Resampled all data to 5cm spacing for smoothing purposes) 

7. Color Scale Adjustment (Adjusted colors to add more contrast in reflections) 

For consistency, data collected from south to north were reversed in processing, so every 

profile is directionally consistent. The x-axes were adjusted so every profile displays from 0m to 

10m, where 5m is the location of the aluminum sheet.   
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4.4 GSSI Profiles (SIR-4000) 

 

Figure 4.1: GSSI cart system used during 350MHz data collection. This cart was not used with 
the 200MHz antenna as that antenna is too large for this system. Because of this, the GSSI 
200MHz data were collected in modes that did not require a survey wheel.  Photo taken from the 
GSSI website (GSSI 2017). 

Two different antennas were used from GSSI, a 200MHz analog antenna and a 350MHz 

HS digital antenna. The 200MHz antenna is older than the 350MHz HS antenna and lacks the 

ability to take advantage of new features associated with the SIR-4000 console such as 

hyperstacking. The GSSI consoles operate slightly differently than others regarding stacking in 

time or distance collection modes. Instead of assigning a certain number of stacks per trace 

collected, the SIR-4000 system simply takes whatever excess data is collected for each trace and 

stacks it, meaning the slower the antenna moves the more stacks are collected for each trace. In 

addition to time and distance collection modes, point collection is also available. In this mode, 

traces are collected individually at a specified number of stacks, and the transceiver is moved 
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from point to point. Point and distance mode data were collected with the 200MHz antenna, and 

distance mode data were collected with the 350MHz HS antenna. 

There are significant resolution differences between the three datasets. The 200MHz time 

mode data were collected continuously but in processing were normalized to one trace per 5cm 

whereas the 200MHz point mode data were coarser at one trace per 20cm. The 350 HS data were 

in the middle at one trace per 10cm. This exemplifies a main difference between data collection 

types, as point data takes the longest amount of time to produce a dense trace dataset and time 

mode data takes the shortest time. All GSSI data were collected from north to south. 

 

Figure 4.2: GSSI 200MHz Point Mode Data at 10 scans/m and 1023 stacks. The sheet anomaly 
in this dataset is biased towards the left side of the profile which distorts the reflection hyperbola. 
There is some noise located at the very bottom off this profile which is the remnants of noise 
removed during processing and assumed to be an edge effect. 
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Figure 4.3: GSSI 200MHz Time Mode Data at 25 scans/m and 32 stacks. This profile is nearly 
identical to Figure 4.2 but with more noise (fewer stacks) and higher horizontal resolution 
(higher scans/m). The noise at the bottom of the profile is a processing artifact. 

 

Figure 4.4: GSSI 350 HS Distance Mode Data at 33 scans/m and a variable number of stacks. 
The aluminum sheet anomaly is not readily apparent in this profile but would be expected to be 
at around 43.5ns. 
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Both 200MHz datasets easily resolved the target, but the reflection is not easily visible in 

the 350 HS profile. There is an anomaly visible at the correct x-axis location at about 40-41 

nanoseconds, but without prior knowledge of the target and location it may be easily overlooked. 

The 350 HS antenna struggled to resolve the sheet target compared to the 200MHz antenna due 

to a significant increase in noise. Figure 4.5 shows one of the initial attempts at collecting a 

profile with the 350 HS antenna, where the noise and bad traces were significant enough that 

processing the data was not enough to reveal the aluminum sheet reflection. The profile in Figure 

4.5 was quickly processed in RADAN7; since this profile is only being used to show the 

difference in noise between two repeats of the same profile, the extensive processing in MatGPR 

was not needed. 

 

Figure 4.5: 350HS Data prior to securing the cables on the cart in the field. Black arrows denote 
significant noise events caused by cable motion. There are notably more of these events, plus 
additional noise in general, compared to the same profile in Figure 4.4. 
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The bad traces correlated with heavy movement of the cables connecting the pieces of 

GPR equipment together. After this was noted, the cables were secured as best as possible in the 

field to prevent them from swaying. This led to a noticeable reduction in noise and bad traces, 

though these errors were still visible in the final dataset, as the test site gravel was still rough 

enough to cause the cables to sway. This suggests that the 350 HS antenna is highly sensitive to 

outside sources of noise, and care must be taken to collect data with this instrument in the proper 

environment. In addition to the noise from the cable movement, the naturally higher attenuation 

rate of the 350 HS system in the 6702 test site alluvium also resulted in poor quality data from 

this instrument. 

Both 200MHz profiles record the sheet anomaly at approximately 45 nanoseconds, 

yielding an estimated velocity of 13.3 cm/ns. The 350 HS profile sheet reflection appears sooner 

in the record at 40 to 41 nanoseconds, or an estimated velocity of 14.8 cm/ns. As the 350 HS 

antenna has a significantly higher center frequency compared to the other antennas, this increase 

in velocity was not unexpected in the conductive environment of the 6702 test site.
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4.5 Sensoft Profiles (pulseEKKO) 

 

Figure 4.6: PulseEKKO system taken from the Sensoft website. The SmartCart configuration in 
the bottom left was used to collect data across all frequencies. (Sensors and Software 2018). 

A variety of antennas were used to collect data with the pulseEKKO system from Sensors 

and Software. These had center frequencies of 200MHz, 100MHz, and 50MHz, all in bistatic 

configurations (see the SmartCart in Figure 4.6). The pulseEKKO system was capable of more 

stacks than the other systems used in this project, and most of the data were collected at around 

8,000 or 16,000 stacks. Like the other systems, this console was capable of recording data in 

three different modes, distance, point, and time collection modes. The 200MHz antenna was 

used in time and distance mode collection, and the 100 and 50MHz antennas were only used in 

the distance mode. 
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Half of the Sensors and Software profiles were collected from south to north to save time 

during data collection but were reversed after processing, to align these profiles with the rest of 

the data. These profiles are noted in the captions, but this change in direction did not have any 

major impacts on the character of the data. 

The Sensors and Software data were collected at 2-4 scans per meter, depending on 

frequency. This low number of scans per meter had a detrimental effect on the 200MHz data, 

causing smearing and overall poor data quality throughout these profiles. This is most obviously 

seen in Figure 4.11 where a combination of bad traces and a relatively large distance between 

each trace completely breaks up the reflection. As the 50MHz and 100MHz antennas do not 

benefit from a very high horizontal resolution, the low number of scans per meter did not have a 

negative effect on these data. 

 

Figure 4.7: Sensoft 50MHz Distance Mode Data at 2 scans/m and 8192 stacks. At 50MHz, the 
sheet hyperbola is well defined, as the sheet appears as a point anomaly due to a comparably 
longer wavelength. 
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Figure 4.8: Sensoft 50MHz Distance Mode Data at 2 scans/m and 16384 stacks. This profile was 
collected from south to north and the data were reversed after processing. 

 

Figure 4.9: Sensoft 100MHz Distance Mode Data at 4 scans/m and 8192 stacks. Hyperbolic 
sheet reflection still visible, but less defined than the 50MHz data. The reflection appears more 
flat due to a shorter wavelength. 
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Figure 4.10: Sensoft 100MHz Distance Mode Data at 4 scans/m and 32768 stacks. This profile 
was collected from south to north and the data were reversed after processing. 

 

Figure 4.11: Sensoft 200MHz Distance Mode Data at 4 scans/m and 8192 stacks. Due to a lower 
trace density and bad traces the anomaly appears discontinuous compared to other 200MHz data. 
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Figure 4.12: Sensoft 200MHz Distance Mode Data at 4 scans/m and 16384 stacks. This profile 
was collected from south to north and reversed after processing. Like the other 200MHz S&S 
data, this profile suffers from a low trace density (but still resolves the target better than the data 
in Figure 4.11). 
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Figure 4.13: Sensoft 200MHz Point Mode Data at 4 scans/m and 8192 stacks. This profile was 
collected from south to north and reversed after processing, making this profile the point mode 
version of Figure 4.11.  

 

Figure 4.14: Sensoft 200MHz Point Mode Data at 4 scans/m and 16384 stacks. This profile was 
collected from north to south, effectively making it the point mode version of the profile in 
Figure 4.12. 
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The aluminum sheet anomaly appears between 45 and 47 nanoseconds in each of these 

profiles, which yields a velocity range from 13.3 to 12.8 cm/ns. The aluminum sheet anomaly 

appears in most of the profiles at 45 nanoseconds. This arrival time is quite consistent throughout 

all frequencies in this dataset, despite an expected change in velocity with frequency. The shape 

of the aluminum sheet anomaly varies with frequency, where the lowest frequency exhibits more 

of the typical point-reflection hyperbolic shape and the hyperbolae appears distorted at higher 

frequencies. This indicates that the lower frequencies are better at resolving a more complete 

hyperbola, meaning that the 50MHz antenna will better capture data at depth compared to the 

100MHz and 200MHz antennas. As lower frequencies produced the most hyperbolic reflections, 

this also suggests that the sheet was resolved more like a point feature at these frequencies, with 

more plane-like reflections as frequency (and resolution) increased. 

Compared to the 1023 stacks GSSI 200MHz data (Figure 1), the 8k and 16k stacks 

Sensoft data (Figures 8-11) do not show any significant improvement. This shows that for the 

depth of investigation for this test site an extremely high number of stacks provides little benefit. 

The Sensoft data do appear more distorted than the GSSI data at these frequencies as they have 

fewer scans per meter and therefore less horizontal resolution, showing that the comparably high 

frequencies greatly benefit from a denser dataset. 
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4.6 MALA Profiles (XV-11) 

 

Figure 4.15: Photo of the MALA XV11 console with cart system used in data collection. This 
photo was taken from the XV Console manual (MALA, 2017). 

MALA data were collected using a 250MHz antenna at 512 stacks. The 250MHz antenna 

was the only one available for this test. The data were collected at the highest number of stacks 

available for this unit (512), with trace spacing kept relatively coarse to accommodate the older 

system’s data collection ability. Even with these constraints, the MALA system was able to 
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resolve the aluminum sheet target, with results similar to the 200MHz data from both the Sensoft 

and GSSI datasets.  

 

Figure 4.16: MALA 250MHz Distance Mode Data at 5 scans/m and 512 stacks. This profile was 
collected from north to south. 

The anomaly was located at 46 nanoseconds, which indicates a velocity of approximately 

13 cm/ns. A lower signal-to-noise ratio, and thus a comparably poorer resolution of the sheet 

anomaly, was expected for multiple reasons. A slightly higher center frequency (compared to 

most of the other data), as well as relatively few stacks and slightly higher attenuation rates all 

contribute to reduced overall quality. Additionally, similarly to the Sensoft 200MHz data, the 

horizontal resolution was not optimal for this higher frequency. 
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4.7 Conclusions 
By using equipment from three different manufacturers, different frequencies, and 

different data collection modes, it has been shown that a large variety of different GPR 

configurations can image a 3m deep target in the moderately lossy soils located at the test site.  

As frequency increased, the target was resolved more poorly, which reflects the naturally 

higher attenuation rates of these frequencies. This shows that the center frequency of the GPR 

antenna is one of the most important factors to consider in these lossy soils, as the difference 

between the lowest and highest frequency profiles is significant. Though the newest GSSI 

console and 350MHz antenna were able to collect data at a much faster rate, the 350MHz dataset 

struggled to resolve an anomaly whereas the older 250MHz MALA antenna was able to clearly 

do so. Similar frequencies collected with different sets of equipment produced similar results 

regardless of age differences. 

The average wave velocities using the 3m sheet as a depth reference were consistent 

across the different antennas and frequencies used, where most of the velocities were close to 

13.3 cm/ns. The range of velocities was 12.7 to 13.3 cm/ns, but the differences in the anomaly 

locations in the profiles were small (1-2 nanoseconds). The antennas with the lowest frequencies 

produced better images of the target, but this was expected due to comparably lower attenuation 

rates. Though these values were consistent, they did not match theoretical velocity values 

calculated from lab data on similar alluvium samples (differences of 4% and 13%). 

Velocities calculated from the electrical properties of Fort Huachuca alluvium samples, 

an environment geologically similar to the current test site (Chapter 3), were close matches to 

velocities estimated from the GPR profile data. The conductivity and permittivity values used 

from the Fort Huachuca dataset were frequency dependent values, confirming that using simple 
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DC values are not appropriate for GPR. The conductivity values are high enough that the 

calculated velocities were different from the simplified GPR velocity calculation. Though the 

velocities estimated from the profiles were not precise enough to show these differences, it is still 

important to note that conductivity must be considered when calculating velocity in this 

environment. 

Since the velocities were a close match, this means the electrical properties from the Fort 

Huachuca samples in Chapter 3 must be similar to those at this test site. This means the 

attenuation values calculated from them should also be reasonable. Attenuation increases 

drastically with frequency as expected, which shows why even with high amounts of stacking the 

350 HS antenna struggled to resolve any indication of the 3m deep target. 

As frequency decreased, the anomaly shape became more like a hyperbola. This is 

because the flat sheet appears more like a point reflection at longer wavelengths.  
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5. 6702 Site 2D Stacking Comparison 
5.1 Overview 
 Extensive datasets using a Sensors and Software Noggin system were collected at the 

6702 test site, including 2D profiles (this chapter) and 3D grids (seen in Chapter 6). Unlike the 

PulseEKKO system used to collect data in Chapter 4, the data collected with the Noggin system 

used monostatic antennas. The main antenna available for data collection was a 250MHz 

antenna, but 100MHz and 500MHz antennas were rented for a short period of time. These 

datasets were used to test a broad range of stacking in the moderately lossy soils at the test site to 

show what data collection parameters are needed to image deep targets in similar southern 

Arizona soils. Data were collected at every stacking level available to the Noggin console at 

three different horizontal resolutions for each frequency. The Noggin console can collect 1-2048 

stacks, incrementing by values of 2^n, plus a dynamic stacking mode that chooses a number of 

stacks to use based on a propriety algorithm. Altogether, this is a total of 13 different stacking 

amounts for each frequency and resolution combination. Only the highest resolution and a few 

other example profiles are displayed in this chapter. Data collection with high numbers of stacks 

and short step sizes requires a slow walking pace, significantly increasing data collection time. 

While collecting this kind of data, if the antenna moves too quickly to collect the selected 

number of stacks for a given trace, a small red bar is placed at that trace on the x-axis to indicate 

that the target number of stacks was not reached. 

The bulk of the 2D datasets presented here were collected on 2/5/2019 and 2/6/2019, 

where north is on the left side of the profile and south is on the right. The day before this data 

collection began, the test site received approximately .75” of rain. This rain continued off and on 

through the weekend, accumulating about another 0.4” of rain (CoCoRaHS, 2021). Another 
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250MHz dataset, though not as extensive as the data collected on 2/5/2019 and 2/6/2019, was 

collected several months prior during a particularly dry period (10/31/18). As this older “Dry” 

dataset has some differences compared to the main 250MHz dataset, some of these data are 

presented in Section 5.4. 

 The main target for these data was the same target used in previous chapters, an 

aluminum sheet buried 3m in depth. A mark was added to the data during collection to show the 

location of the aluminum sheet, using a wooden location stake on the surface as guidance. This 

mark is visible in the data as a small red arrow labeled “1” in all profiles. In the 100MHz and 

250MHz data the target is located at or near the 4m distance mark. These data were all collected 

from north to south, and a Sensors and Software SmartCart was used (the same type of cart used 

in Chapter 4, see Figure 4.5). All data were collected in distance mode, using a calibrated survey 

wheel attached to the Noggin SmartCart to track the antenna’s position for every profile. 

Additional data were also collected with a 500MHz antenna, but the aluminum sheet was not 

resolved even with the highest number of stacks possible with the system (see Figure 5.1). 

Because this antenna was unable to resolve the main target, complete datasets with this 

frequency are not presented here.  
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Figure 5.1: 500MHz data at 2048 stacks fails to resolve the target (located at 4.25m in this 
figure). 

 The data were processed using Ekko_Project, software designed and distributed by 

Sensors and Software. Processing was kept to a minimum to emphasize how increasing stacking 

amounts changes the data. The processing steps used were: Dewow, Average Background 

Subtraction, SEC2 Gain Filter, and Bandpass Filter. Processing parameters for the bandpass filter 

and gain function were kept consistent for datasets of the same frequency. These parameters are: 

100MHz Bandpass: Fc1: 0.2, Fc2: 0.4, Fc3: 1.2, Fc4: 1.4 

100MHz SEC2 Gain: Start: 5, End: 100, Attenuation: 10 

250MHz Bandpass: Fc1: 0.5, Fc2: 0.6, Fc3: 1.6, Fc4: 1.7 

250MHz SEC2 Gain: Start: 6, End: 3500, Attenuation: 11 

 The gain functions were designed to emphasize later times in the data since the main 

target of interest is relatively deep. This means that near-surface data in the early times will be 

dampened in comparison. The gain function parameters were based on the 2048 stacks data, 
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which means profiles displaying data with only 1 or 2 stacks will appear overly gained in 

comparison. The bandpass filter is applied by the processing software by using a Fourier 

transform to change the time-domain data to frequency-domain and back. 

Surface and near-surface reflections in the 100MHz datasets were effectively removed 

due to the usage of background removal processing. These early-time features had amplitudes 

higher than recordable by the console, causing horizontal zones of equal amplitude stretching 

across the entire profile, which are the exact types of features that a background removal filter is 

designed to remove.  

5.2 100MHz Lines 
 The 100MHz dataset has a lower spatial resolution compared to the 250MHz dataset due 

to the difference in wavelength but still resolves the aluminum sheet target more clearly than the 

250MHz antenna. This is because the 100MHz antenna penetrates the moderately lossy soils of 

the test site more easily than the 250MHz antenna. Using the calculations from Chapter 3, the 

expected average velocity for the 100MHz antenna is 12.4 cm/ns, meaning the aluminum sheet 

reflection should be located at approximately 48 nanoseconds in depth. In this dataset the 

anomaly is located at 46 nanoseconds, suggesting a slightly faster velocity of 13 cm/ns. This is 

very close to the 100MHz velocity from Chapter 4 (12.9 cm/ns), though this difference could be 

explained by slight differences in processing as different software was used as the signal position 

was automatically adjusted in Ekko_Project. 
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 The anomaly is clearly visible at 64 stacks in the 100MHz data. At 32 stacks, with prior 

knowledge of the target location and depth, the anomaly is barely visible against the background 

noise. In the 100MHz data, the anomaly tends to appear as a wide, relatively flat hyperbolic 

feature, most visible in the 2048 stacks profile. These profiles show the effects of stacking on the 

data in the moderately lossy soil, and clearly shows the diminishing returns from adding 

additional stacks in the >256 stacks data. 

 

Figure 5.2: At only 1 stack the 100MHz data is effectively useless and almost completely full of 
noise. 
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Figure 5.3: Almost identical to 1 stack. 

 

Figure 5.4: Almost identical to 2 stacks, though noise is visibly decreasing. 
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Figure 5.5: At 8 stacks noise is visibly decreased compared to previous figures. 

 

Figure 5.6: Noise is continuing to decrease, features below 15ns are beginning to resolve. 
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Figure 5.7: Knowing what to look for and where, the aluminum sheet anomaly is barely visible. 

 

Figure 5.8: A hyperbola is clearly visible, marking the first clear resolution of the target. 
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Figure 5.9: More of the hyperbola shape is visible. 

 

Figure 5.10:  Though the DynaQ profile reports 179 stacks, this figure is very similar to the 128 
stack profile in Figure 5.9 (see section 5.4). 
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Figure 5.11: From this point onward the difference between stacking levels is small. 

 

Figure 5.12: Slight improvement over 256 stacks. 
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Figure 5.13: Slight improvement over 512 stacks. 

 

Figure 5.14: The cleanest profile shows a shallow hyperbola stretching between 1m-7m. 
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5.3 250MHz Lines 
 The predicted velocity value for 250MHz from Chapter 3 is 13.6 cm/ns, meaning the 

anomaly is predicted to appear at about 44ns. In this dataset the anomaly appears at 

approximately 45ns, indicating a slightly slower than expected velocity of 13.3 cm/ns. Like the 

100MHz antenna, this value is close to the estimated velocity for the corresponding data in 

Chapter 4. The aluminum sheet anomaly may be visible at 32 stacks, but it blends well enough 

into the background noise that it would be easily missed. At 64 stacks the target is much more 

visible, but still moderately noisy compared to the 64 stacks 100MHz data where the target was 

completely visible. By the 128 stacks the target is clearly identifiable, and the target anomaly 

continues to become more visible as background noise decreases with additional stacks.   

The 250MHz data does not form the shallow, symmetric hyperbolic feature that that is 

visible in the 100MHz profiles. Instead, the anomaly seems to be split in half diagonally, with 

the southern side of the anomaly sunken and shifted compared to the 100MHz data. 
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Figure 5.15: At 1 stack, very little in the profile is visible. 

 

Figure 5.16: 2 stacks is only a marginal improvement over 1 stack. 
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Figure 5.17: At 4 stacks, the noise is beginning to diminish. 

 

Figure 5.18: 8 stacks shows little improvement over 4 stacks. 
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Figure 5.19: There is significantly less noise at 16 stacks, but the target is not visible. 

 

Figure 5.20: At 32 stacks, the target is barely visible but blends into the noise. 
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Figure 5.21: The DynaQ profile reported 57 stacks but is almost identical to the 32 stacks profile 
in Figure 5.20 (see Section 5.4). 

 

Figure 5.22: At 64 stacks, the anomaly is more visible but poorly defined. 
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Figure 5.23: Like 64 stacks, the anomaly is more visible but is still poorly defined. 

 

Figure 5.24: At 256 stacks the sheet anomaly is well defined and most of the noise is gone.  
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Figure 5.25: At 512 stacks and beyond, additional stacks only sharpen the anomaly. 

 

Figure 5.26: 1024 stacks shows a marginal improvement over 512 stacks. 
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 The shape of the aluminum sheet anomaly in the 250MHz profiles is unusual compared 

to the 100MHz profiles as the southern half of the anomaly appears to be shifted down in time. 

Despite the change in shape, the top portion of the anomaly still appears near the expected time 

given the calculated velocity for the test site.  

5.4 250MHz “Dry” Profiles 
 An initial set of data was collected with the 250MHz antenna several months before the 

100MHz and 500MHz antennas were rented for data collection. This dataset follows the same 

profile line as the other datasets presented in this chapter. These data were collected during a 

particularly dry period, with local rain gauges registering no precipitation for several weeks prior 

to data collection on 10/31/2018. As mentioned previously, the day before the data in Sections 

5.2 and 5.3 were collected, a local rain gauge registered 0.75” of rainfall, with an additional 0.4” 

over the course of the next few days (CoCoRaHS 2021). 
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This initial dataset was only intended to be a test run with a focus on familiarization of 

the equipment, so data above 512 stacks were not collected. Since the dataset shows interesting 

differences compared to the 250MHz data in section 5.3, it was included in the chapter. The 

anomaly in the 250MHz “Dry” dataset appears at the same depth as the 250MHz data in the 

previous section. The primary difference is the shape and character of the anomaly, which 

appears with little to no distortion compared to the other 250MHz data. These “Dry” profiles 

have been processed with the exact same parameters as the main 250MHz dataset. The entire 

“Dry” dataset is not reproduced here as the conclusions from stacking the data are the same as 

the previous two datasets in the chapter. Instead, a subset of the data is presented below, which 

highlight the change in shape of the sheet anomaly. 

 

Figure 5.28: Like the equivalent profile in the main dataset (Figure 5.15), a single stack yields no 
useable information. The two profiles are nearly identical, with only some minor changes in the 
surface reflection amplitudes. 
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Figure 5.29: In the main dataset (Figure 5.22) the anomaly is poorly defined at 64 stacks but is 
much easier to make out here. 

 

Figure 5.30: Like the 128 stacks profile from the main dataset (Figure 5.23), the reflection 
amplitude is higher than the amplitude of the background noise. 
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Figure 5.31: Collected during a particularly dry period, this 250MHz data shows a near-perfect 
reflection from the aluminum sheet. Equivalent to Figure 5.25: At 512 stacks and beyond, 
additional stacks only sharpen the anomaly. in the main dataset. 

 Like the main dataset in Section 5.3, the aluminum sheet anomaly is more clearly defined 

as the number of stacks increases. The main difference between the two datasets is that where the 

southern portion of the sheet anomaly in the main dataset has been shifted down in time, the 

anomaly in the “Dry” dataset appears undistorted and complete. This shallow feature visible in 

the 250MHz “Dry” data and the 100MHz data is the expected result from the buried flat 

aluminum sheet. The differences in the 250MHz datasets are likely due to the light precipitation 

exacerbating pre-existing variations of electrical properties in the soil above the buried aluminum 

sheet target. As the average velocities in both datasets are nearly identical, this suggests that in 

wet conditions there are small, localized variations in the subsurface that only alter parts of the 

sheet anomaly.  
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The 100MHz data the sheet has a much more hyperbolic shape compared to these data, as 

the longer wavelengths in that data resolve the relatively small sheet as a point target instead. As 

the 100MHz anomaly is not distorted, this suggests the variations in electrical properties of the 

subsurface have a muted effect on the lower frequency antenna compared to the 250MHz 

antenna, or that the lower velocity zones that distort the 250MHz data are too small to affect the 

100MHz waves. 

5.5 Average Trace Amplitudes 
 Ekko_Project can generate Average Trace Amplitude (ATA) plots, where the y-axis is 

the average absolute amplitude value of each trace in a given line and the x-axis is time in 

nanoseconds.  These plots are particularly useful when every level of stacking in a dataset are 

plotted together, as it allows for easy comparison between each line. At early times, the average 

trace amplitudes from each line in the dataset match almost perfectly, but as time increases the 

lines begin to diverge; first the 1 stack line, then 2 stacks, continuing in order. Once the ATA of 

one line diverges from the rest, it follows the slope of the gain function used in each dataset. This 

means that at this point the ATA lines are equal to the background noise multiplied by the gain 

function, i.e., there is little to no useful data at that point or deeper in the line. 

There are some differences between the 250MHz and 100MHz ATA plots, as the 

100MHz plot looks visibly smoother. This is due to the differences in bandpass filters applied 

during processing between the two datasets, as the filter was centered on the center frequency for 

each antenna. As the 100MHz antenna is lower in frequency, this removed more high frequency 

data compared to the 250MHz antenna, which naturally smoothed out the time-domain data. The 

overall amplitudes of the ATA lines are similar between the two frequencies. This is because the 

gain functions for frequencies were designed to emphasize the same mid-profile depth. 
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Figure 5.32: 100MHz ATA plot. This plot is relatively smooth due to the bandpass filter applied 
during processing. 
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Figure 5.33: 250MHz ATA plot. The lines are more erratic compared to the 100MHz data due to 
the higher range used in the bandpass filter removed less high frequency noise. 

 By comparing the lines from each profile in the ATA plots, it is possible to estimate the 

point in time where the signal is overwhelmed by background noise. This point begins where the 

lines diverge from one another, i.e., where the lines are no longer repeatable from one level of 

stacking to another. This is a visual representation of true reflected signals being overtaken in 

amplitude by background noise. Once these lines diverge from one another, their amplitudes are 

simply equal to the background noise multiplied by the gain function value for that position in 

time. This approach is only useful up to 1024 stacks as each line requires a higher stacked line to 

compare against. In these two examples, the 250MHz data appears to have more high frequency 

background noise due to the bandpass filters used in each dataset. 

In the 100MHz data the aluminum sheet anomaly located at 46ns is barely visible at 32 

stacks, and clearly visible at 64 stacks. In the 100MHz ATA plot, the 64 stacks line diverges 
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from the others at around 45ns, indicating that real signals should be visible around 45ns and 

above in the 100MHz 64 stacks data. This matches the 100MHz profiles shown in Section 5.2. 

The 250MHz data also follows this pattern. This approach could be used to estimate the depth of 

investigation for a given frequency and number of stacks at the 6702 test site and in locations 

with similar soils and electrical properties. For example, the 100MHz ATA lines (Figure 5.32) at 

256 stacks and higher match until around 65ns, suggesting that meaningful data can be captured 

to depth of 65ns with 256 stacks and the 100MHz antenna. Using a velocity of 13 cm/ns, this 

suggests a depth of investigation of about 4.2m. The maximum depth of investigation that may 

be estimated from this plot (using 1024 stacks) in nanoseconds is between 70 to 75ns, or 4.6m to 

4.9m. 

 In contrast, the 256 stack 250MHz ATA line diverges around 50ns, with all the lines 

diverging by 60ns. This matches the data, where the 250MHz dataset anomaly is fully resolved. 

This difference is due to the contrasting levels of attenuation between the two frequencies. This 

method suggests that at 2048 stacks both antennas could potentially resolve significantly deeper 

targets at the 6702 test site and in similar soils.   

By taking the ratio of background noise from the 1 stack profile with the noise from 

every other profile and plotting the values against the number of stacks, the noise improvement 

due to stacking can be estimated. The background noise values were taken from by estimating 

the average amplitude levels towards the end of the ATA lines, where only noise is left in the 

record. Assuming Gaussian noise, these values should follow sqrt(n). Both the measured and 

expected values are plotted below in  Figure 5.34. 
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Figure 5.34: With the exception of the DynaQ data, the noise reduction from stacking the GPR 
data follows the sqrt(n) rule for Gaussian noise. 

The similarities between the measured and expected data show that stacking the GPR 

data in the lossy environment performs as expected in the moderately lossy soil. The misfit in the 

final two points (1024 and 2048 stacks) are due to rounding errors when estimating the average 

noise levels, as the low amplitudes of highly stacked data means they are sensitive to relatively 

small errors. This shows that the noise in the data collected at the test site follows a Gaussian 

distribution, meaning stacking will continue to have a positive effect on the signal to noise ratio 

at any level used.   

The outlier in Figure 5.34 is due to the profile collected in the DynaQ stacking mode. The 

metadata from this profile indicates that 57 stacks were collected, however Figure 5.33 shows 

that this profile (DynaQ, 57 stacks) has an ATA line that almost perfectly matches the line with 

32 stacks. This is reinforced by examining the profiles (Figure 5.20 and Figure 5.21), which are 
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also very near matches. Similar patterns are also visible in the 100MHz data. This suggests that 

the DynaQ stacking algorithm saves 2^x number of stacks closest to the calculated optimal level 

of stacks. As this outlier is an effect of a design decision with the proprietary algorithm, it can be 

safely ignored. While the DynaQ stacking mode is useful in typical data collection, this effect 

needs to be considered when using the GPR data in an analysis such as this. 

There are similar results in the 250MHz “Dry” dataset and the 500MHz dataset. The 

250MHz “Dry” dataset (Figure 5.35) matches the main 250MHz dataset well up to 512 stacks 

(maximum number of stacks in the “Dry” dataset). This ATA plot suggests a strong signal to 

noise ratio up to 45 to 50ns in depth, like the 250MHz ATA plot in Figure 5.33. This further 

suggests that the distortions present in the sheet anomaly in the main dataset are caused by 

localized changes in the electrical properties rather than changes throughout the entire profile. 

 

Figure 5.35: 250MHz “Dry” ATA plot, with noticeable similarities to Figure 5.33. 
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Figure 5.36: The 500MHz ATA plot demonstrates the inability of the antenna to resolve the 
aluminum sheet target, as the lines diverge well before the expected depth. The plot appears 
noisier due to a much higher bandpass filter. 

 The 500MHz ATA plot (Figure 5.36) confirms the inability of the higher frequency 

antenna to resolve targets as deep as the 3m sheet ,seen in the example 500MHz profile (Figure 

5.1). Even the highest stacked profile ATA line from this dataset diverges from the rest by 30-

35ns, which is far too shallow to resolve the aluminum sheet target. This shows that the 500MHz 

antenna was incapable of resolving the aluminum sheet target without significantly higher 

numbers of stacks than the Noggin unit is capable of recording. As the 250MHz main and 

250MHz “Dry” datasets were similar to one another in general, this also suggests that the 

500MHz antenna would not have been able to resolve the target with 2048 stacks under the 

optimal “Dry” conditions either. 
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5.6 Conclusions 
 Datasets resolve the aluminum sheet target at different numbers of stacks. Minimum 

stacks required to resolve the target and resolving the target clearly are two different levels, 

where resolving the target clearly means the sheet is obvious without prior knowledge of the 

target’s location and depth. These values are summarized for the datasets below in Table 5.1. 

Antenna Conditions Minimum Stacks Clearly Resolved 
Stacks 

100MHz Wet 32 64 
250MHz Wet 64 128 
250MHz Dry 64 128 

 

Table 5.1: Summary of minimum stacks needed to resolve the aluminum sheet target and the 
number of stacks needed to clearly resolve the target. 

Examining the Average Trace Amplitudes of the datasets shows that the signal to noise 

ratio in both the 100MHz and 250MHz datasets increased with stacks predictably in the 

moderately lossy soils at the test site. Using the ATA plots, the depth of investigation for a given 

number of stacks (up to the maximum number of stacks collectable by the equipment) can also 

be estimated for each frequency. This approach suggests that data collected at 2048 stacks with 

both the 100MHz and 250MHz may be able to resolve targets significantly deeper than the 

aluminum sheet in the moderately lossy soils at the test site and in similar locations around 

southern Arizona. These comparisons are summarized in Table 5.2, located on the next page. 
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Antenna Conditions Estimated Depth (In 
Nanoseconds) Number of Stacks 

100MHz Wet 70-75 1024 
250MHz Wet 65 1024 
250MHz Dry 55-60 512 
500MHz Wet 35-40 1024 

 

Table 5.2: Estimated depths of investigation from each of the ATA plots earlier in the chapter. 
The number of stacks used varies as this comparison is only useful up to the second highest 
number of stacks in the dataset. 

 Using a similar approach, comparing the 250MHz “Dry” ATA plot with the main 

250MHz ATA plot suggests that the overall characteristics of the test site between the two data 

collection periods were similar. This suggests that the distortions in the sheet anomaly in the 

main dataset were caused by localized variations in electrical properties. Examining the 500MHz 

ATA plot shows that the antenna is not capable of resolving the 3m deep aluminum sheet target 

even at the maximum number of stacks available with the Noggin system. 

Higher numbers of stacks will be collectable in shorter periods of time as GPR 

technology continues to advance, and deeper targets will be easier to resolve in these moderately 

lossy soils. With improved data collection equipment, it is possible that deep targets in higher 

loss and more conductive environments, such as the Avra Valley test site, may be detectable with 

GPR. 

 Stacking data in the moderately lossy soils performed well, with the signal to noise ratio 

improving at a rate expected from random noise with a Gaussian distribution. Though increasing 

the number of stacks yields diminishing improvements on the signal to noise ratio, the only limit 

to using stacking in this environment is the capability of the GPR equipment being used. As a 

reflection of the differences in attenuation, the 250MHz data required more stacks to clearly 

resolve the target than the 100MHz data. Collecting large numbers of stacks to resolve deep 
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targets in these soils will become easier over time as continued improvements in GPR equipment 

are expected.   
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6. 6702 Site 3D Data 
6.1 Overview 
 As a follow-up to the data collected in Chapter 5, several 3D gridded datasets were 

collected at the 6702 test site using the Sensors and Software Noggin system. The two antennas 

used for data collection were the 100MHz and 250MHz units used in the previous chapter. The 

overall dimensions of the grid are 11m by 22m, with 1m separations between lines when 

possible. In some cases, lines were skipped or truncated due to obstacles on the test site or a lack 

of buried targets. These 3D datasets were collected about two months apart from one another; the 

100MHz data were collected as part of the 2D data collection from Chapter 5 (2/6/2019 and 

2/7/2019), and the 250MHz data were collected on 3/26/2019 and 3/27/2019. In addition to the 

aluminum sheet target that has been the focus of study in previous chapters, these datasets also 

cover a power cable located just beneath the surface as well as a large, shallowly buried HDPE 

pipe. The aluminum sheet is a rectangle with dimensions of .6m in the north-south direction and 

3.2m in the east-west direction for an area of 1.92m. The HDPE pipe has a radius of .5m and 

stretches across the entire grid in the east-west direction. 

 While the 2D data in Chapter 5 show that relatively high numbers of stacks are required 

to adequately resolve the aluminum sheet target, these data were collected to test whether these 

high number of stacks were also required in a 3D environment, or if it was possible to clearly 

resolve the target with fewer stacks. This is important in 3D surveys as data collection times will 

increase drastically when increasing the number of stacks used, simply due to the higher number 

of lines required to construct a 3D grid. 

Due to time constraints, only two stacking levels were used for data collection (128 and 

512 stacks). The step size used for data collection was 0.1m, and line direction was usually 
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alternated between each line. Horizontal slices were generated for each dataset that highlight 

different features and targets at depth. The horizontal slice figures generated for each dataset are 

overlain by the entire GPR grid in white lines. The 3D processing for the horizontal slices may 

vary slightly depending on the features being highlighted in each slice. The primary differences 

in processing between the horizontal slices are the gain type and level used, which is visible in 

the information box attached to each 2D depth slice. In general, the 3D processing parameters 

are as follows: 

 Gain: Auto 

 Migration: FK 

 Enveloping: On 

 In addition to adjusting the gain function, the only other variation is the migration 

algorithm used. When displaying the HDPE pipe anomaly, the migration algorithm was swapped 

to Kirchhoff migration, using a 1m diameter cylinder as the target to match the dimensions of the 

buried HDPE pipe. 

 An image mosaic of the test site collected by a GoPro HERO4 Silver camera mounted on 

a drone (DGI Phantom) has been overlain by the GPR line locations and the grid dimensions can 

be seen in Figure 6.1. On this figure the GPR lines have been marked in black and the target 

locations and dimensions are marked in blue. The GPR grid measures 11m on the x-axis and 

22m on the y-axis, where (0, 0) is in the bottom left (southwestern) corner.  

The north-south lines y6, y7, andy8 (vertical lines located at x=6, x=7, and x=8) have 

been labelled on the figure as these lines are presented as 2D profiles for each dataset. Lines y6 

and y7 pass directly over the aluminum sheet and line y8 passes slightly to the east of the target. 
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Line y5 also passes over the sheet target but is not displayed due to redundancies between that 

line and lines y6 and y7. These 2D profiles have been processed with parameters identical to the 

processing applied to the 2D lines in Chapter 5. In the 2D profiles (lines y6-y8) the aluminum 

sheet appears at 13.75m, the power cable appears at 7m, and the HDPE pipe appears at 4.75m 

along the x-axis. The x-axis in these profiles is reversed compared to the 2D profiles in Chapter 5 

as these profiles use the same grid system as the entire 3D dataset. The y7 profile line matches 

the 2D profiles collected in previous chapters and can be used to compare the 3D data to other 

datasets in this thesis. 

As mentioned in Chapter 4, some lines in this dataset were collected in opposite 

directions. This is a standard approach to collecting gridded GPR data and is done to conserve 

time. The Sensoft data collected in Chapter 4 suggested that there can be some variation in the 

aluminum sheet reflection depending on which direction data are collected in. This may have had 

an influence on the horizontal 2D slices (as adjacent lines may not have recorded the same sheet 

response), but this effect should be minimal due to the processing used while generating the 

slices. This effect is visible when comparing the 2D lines y6 and y7. 
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Figure 6.1: Drone imagery overlain with GPR grid lines and distance axes. Target locations are 
marked in blue, and lines y6-y8 are labelled at the bottom. Line y7 is equivalent to the 2D 
profiles in Chapter 5. 
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6.2 100MHz 
 Using the sheet anomaly depth in time from the center 2D profile (line y8, Figure 6.3 and 

Figure 6.12) as a guide suggests a velocity of11.3 cm/ns for the 100MHz dataset. This line was 

used to estimate the velocity as it passes the closest through the center of the sheet anomaly. This 

estimated value is lower than the 12.85 cm/ns average value from Chapter 4 (12.1% lower), the 

13.3 cm/ns value from Chapter 5 (13.1% lower), and the 12.4 cm/ns theoretical value calculated 

in Chapter 3 (8.9% lower). As this dataset was collected shortly after the 2D data collected in 

Chapter 5, there should not be any significant changes to the test site conditions that would cause 

this change. Using the velocity estimated from line y7 with line y6 (Figure 6.2) would cause the 

anomaly to appear too shallow: in this case, the aluminum sheet anomaly appears around the 

same depth in time as the datasets (around 46-47 nanoseconds) from previous chapters. This 

suggests that there is enough spatial variability in the electrical properties at the test site to affect 

velocities over the aluminum sheet, even when collecting relatively dense datasets such as these. 

For these data the velocity from the center line was used to generate depth slices, as this line 

captured most of the anomaly. 

   Like the 100HMz datasets in previous chapters, these 100MHz data fail to capture 

meaningful information in the early portions of the profile. This effectively erases the primary 

reflections of the shallow targets (power cable and HDPE pipe), leaving only some scattered and 

noisy shadows from these targets deeper in the data. 

 Due to a combination of the enveloping processing used when generating the 3D images 

and the larger wavelength of the 100MHz antenna, the aluminum sheet anomaly appears to 

extend past 3m in the ground in the horizontal slices. This effect must be accounted for when 

interpreting 3D data, particularly when a thin reflector like the aluminum sheet is being tested. 



126 
 

The differences between the 128 and 512 stacks 3D datasets are small with the 100MHz 

antenna. The reflection amplitudes from the 512 stacks data are higher than the 128 stacks data 

due to a higher signal to noise ratio, but in general the overall character between the two datasets 

is similar. As the sheet anomaly from the 100MHz data in Chapter 5 was clearly visible in both 

128 and 512 stacks, a stacking value lower than 128 stacks may have been more useful to for this 

test comparison. This was not known at the time of data collection however and was only 

discovered after data processing when the 100MHz antenna was no longer available for use.   

 The northern portion of the 2 to 2.5m 100MHz slices suggest appears empty, but 

the 2D profiles show reflections in those areas. This is likely due to the gain function used (the 

2D slices do not use a different gain than the 2D profiles) as the HDPE pipe reflection is so 

strong compared to the reflections in the northern part of the profile. 
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6.2.1 100MHz – 128 Stacks 

 
Figure 6.2: Using the velocity estimated from the Line y7 profile places the sheet anomaly 
(13.75m) too shallow in depth. Instead, this profile suggests a velocity similar to velocities from 
Chapters 4 and 5. This suggests that the soil is changing enough that lines collected right next to 
each other can capture these variations. Nothing is visible beyond some expected ringing from 
the power cable, and while the top portion of the HDPE pipe is effectively erased the bottom of 
the pipe produces a strong anomaly. 
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Figure 6.3: Beyond the change in velocity and some slight changes in both the sheet anomaly 
shape and character of the background, little changes between y6 and y7. 

 
Figure 6.4: The nearby line y8 barely catches a slight reflection from the aluminum sheet. 
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Figure 6.5: The HDPE pipe and ringing from the power cable should be clearly visible at .5m, 
but due to the 100MHz antenna only scattered noise from the two objects are present. 

 
Figure 6.6: At 1m the bottom reflection of the HDPE pipe is clearly visible, along with trace 
remnants of the power cable ringing. 
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Figure 6.7: With no targets at 2m, little is visible beyond some ringing from the HDPE pipe. 

 
Figure 6.8: There are few changes between 2m and 2.5m, though the variation hints at changes in 
electrical properties in the soils. 
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Figure 6.9: The 3m slice shows the aluminum sheet anomaly in the correct location, with 
continuing noise from the HDPE pipe. 

 
Figure 6.10: At 3.5m the aluminum target is still visible. As the sheet does not produce a strong 
ringing response this artifact is a product of enveloping. 
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6.2.2 100MHz – 512 Stacks 

 
Figure 6.11: Though visibly less noisy, there is little difference between the 100MHz 512 stacks 
data and the 128 stacks counterpart. 

 
Figure 6.12: Like before, this line displays the sheet anomaly the best. 
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Figure 6.13: At 512 stacks, there is still only a very small anomaly at the aluminum sheet 
position on line y8. 

 
Figure 6.14: Regardless of the number of stacks, this antenna fails to produce useable data this 
close to the surface. 
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Figure 6.15: At higher stacks, the bottom HDPE pipe reflection stands out better, and there are 
some hints that the pipe is dipping to the east. 

 
Figure 6.16: There is little difference between 128 and 512 stacks at 2m depth. 
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Figure 6.17: There is little change between 2m and 2.5m. The high amplitudes at the southern 
end of the slice are due to the bottom HDPE pipe anomaly ringing. 

 
Figure 6.18: At 3m the sheet is clearly visible in the expected location. There is still ringing 
noise from the HDPE pipe in the southern part of the slice, even at this depth. 
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Figure 6.19: Due to the enveloping processing step, the aluminum sheet produces a false 
anomaly far deeper than the actual location of the sheet. 

6.3 250MHz 
 Like the 3D 100MHz dataset in 6.2, the center line (line y7, Figure 6.21 and Figure 6.30) 

was used to estimate the GPR wave velocity for depth calculation. For the 3D 250MHz data, this 

was estimated to be approximately 12 cm/ns. This value is lower than expected for the 6702 site 

for both the predicted value of 13.6 cm/ns from Chapter 3 (11.8% lower) and the estimated 

velocity of 13.3 cm/ns from Chapter 5 (9.8% lower). As these data were collected several months 

after the 2D data in the previous chapter they may not be directly comparable, but it is 

noteworthy that both of the 3D dataset suggest velocity estimates were lower than expected. 

 While reflections from the aluminum sheet target were visible in all three highlighted 2D 

lines (y6-y8) in the 100MHz dataset, the 250MHz data only has a clear reflection in line y7. The 

512 stacks 250MHz data has a faint reflection in y6, but in both the 100MHz and 250MHz 

datasets nothing is visible in line y8. This is due to the differences in penetration depths between 
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the two antennas, as the 250MHz antenna struggles to resolve the target further away from the 

center of the target. 

 The 250MHz antenna does not resolve the target well at 128 stacks in 2D, but the 

hyperbola is visible at 512 stacks. As the main hypothesis of this test was that lower stacked 3D 

data may be able to resolve the target comparably to highly stacked 2D data, this provides an 

excellent comparison. The horizontal slices from both 250MHz datasets are seen in Figure 6.27 

(128 stacks) and Figure 6.35 (512 stacks). In comparing these two slices, it’s clear that the 512 

stacks data resolves the sheet significantly better than the 128 stacks data, though the aluminum 

sheet anomaly is still visible in both datasets. This suggests that, at this frequency and in these 

soils, it is possible to collect 3D data at lower numbers of stacks and successfully resolve the 

deep aluminum sheet, but for optimal results high numbers of stacks are required just like the 2D 

case. Additionally, the 512 stacks dataset is less noisy overall and resolves the other targets more 

clearly, but this is an expected result. 

 This dataset also continues to contrast the strengths and weaknesses between the 250MHz 

and 100MHz antennas in these soils. The resolution is higher and near-surface targets are easily 

resolved with the 250MHz antenna, but overall noise tends to be higher than data collected with 

the 100MHz antenna. The power cable target and both the top and bottom portions of the HDPE 

pipe target are clearly resolved in the 250MHz dataset, though with the higher resolution antenna 

the HDPE pipe reflections had clear variability in depth instead of constant .5m and 1m depths. 

A close look at the data shows that the depth of the pipe appears to be increasing to the east, a 

detail that the 100MHz antenna does not clearly show. Because of this, slightly different depths 

were chosen for the 250MHz horizontal slices. 
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 Measuring the surface above the pipe across approximately 9m yielded an average slope 

of about 2.4°. Estimating the slope by measuring the change in depth of the pipe in the data 

suggests a slope of a little under 3°. Surface measurements and the data both show that the slope 

is higher on the western side of the profile. As these measurements closely match it verifies that 

the average velocity used is a close match. The surface slope over the aluminum sheet anomaly 

was measured to be 1.3°. This slope is not steep enough to explain the change in velocity noted 

in this chapter or the apparent dip of the anomaly towards the east. This means that this effect 

must be caused by changes in the electrical properties above the aluminum sheet rather than a 

physical change in soil depth above the target, the same conclusion that was reached in previous 

chapters with the 2D datasets. 

 The false continuing anomaly beneath the aluminum sheet target caused by enveloping 

processing in the 100MHz data is muted in the 250MHz data. This is due to the shorter 

wavelength of the 250MHz antenna and contributes to the higher resolution of the dataset. 

 Opposite to the 100MHz data, the 2 to 2.5m slices appear much more reflective than the 

2D profiles would suggest. This is again likely due to the gain function, but in the 250MHz data 

the HDPE pipe reflection is much lower compared to the 100MHz data. Because of this, the 

lower amplitude reflections are more visible.
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6.3.1 250MHz – 128 Stacks 

 
Figure 6.20: Unlike the 100MHz data, the sheet is effectively nonexistent in Line y6. 

 
Figure 6.21: At 128 stacks and 250MHz, the sheet anomaly is barely visible. As this line was 
collected in reverse so the sheet location is at 8m on the x-axis. 
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Figure 6.22: There is no sign of the sheet anomaly in Line y8. 

 

Figure 6.23: Just beneath the surface, this slice clearly shows the power cable (at y = 7, with 
some variation). 
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Figure 6.24: At .6m the HDPE pipe is visible, though the anomaly falters towards the east due to 
the changing depth. 

 
Figure 6.25: The bottom of the HDPE pipe is also clearly visible at 1.1m. 
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Figure 6.26: At 2m there is some slight ringing visible from the HPDE pipe, as well as a 
reflection in the north of the slice suggesting a possible layer change. 

 
Figure 6.27: At 3m depth the sheet anomaly stands out but is smaller than expected and distorted. 
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Figure 6.28: Unlike the 100MHz data, there is no shadow from the aluminum sheet present at 
depth.  
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6.3.2 250MHz – 512 Stacks 

 
Figure 6.29: At 512 stacks, the y6 line has a stronger expression of the sheet anomaly. 

 
Figure 6.30: The sheet anomaly at 512 stacks has a much clearer and more hyperbolic shape 
compared to the 128 stacks counterpart. 
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Figure 6.31: In both the 100MHz and 250MHz datasets, the y8 line does not have any indications 
of the aluminum sheet target. 

 
Figure 6.32: At near surface, the 128 and 512 stacks 250MHz data are nearly identical, save for a 
change in the relative amplitudes in the slice. 
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Figure 6.33: Once again this slice shows that the HDPE pipe appears to be dipping to the east. 
This is more apparent in the 512 stacks data compared to the 128 stacks data. 

 
Figure 6.34: The 1.1m slice is similar between the 128 and 512 stacks cases, save for a slight 
reduction in noise in the 512 stacks case. 
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Figure 6.35: At 512 stacks the reflective zones at 2m are better resolved, owing to the increased 
signal to noise ratio at depth compared to the 128 stacks data. 

 
Figure 6.36: The 3m slice clearly shows the sheet anomaly, much more clearly in the 512 stacks 
data than the 128 stacks data. 
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Figure 6.37: A small hint of an enveloping artifact from the sheet anomaly is present at 3.5m, but 
it is almost indistinguishable from the background noise at this depth. 

6.4 Conclusions 
 While the 2D data in Chapter 5 tested how different numbers of stacks changed how well 

a deep target in the moderately lossy soils of the 6702 test site could be resolved, the data in this 

chapter tested whether or not 3D data is capable of resolving a deep target with fewer stacks. 128 

and 512 stacks datasets were collected for both 100MHz and 250MHz.  Since the 100MHz 

antenna clearly resolves the target at 128 stacks, a lower number of stacks would have been more 

effective for this test and comparison. This was not clear until the data were processed, at which 

point the 100MHz antenna was no longer available for use. 

 In both the 100MHz and 250MHz cases the sheet anomaly amplitude was higher in the 

512 stacks data case, but the anomaly was still visible in every dataset. The difference in 

anomaly amplitude was more pronounced in the 250MHz data, where the 128 stacked data 

yielded a misshapen anomaly much smaller than expected. As the 250MHz antenna is expected 
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to have a lower signal to noise ratio at depth due to higher attenuation rates, the changes between 

the two 250MHz datasets were expected.  

The target was resolved in every dataset, indicating that it is possible to resolve deep 

targets using fewer stacks in 3D datasets in moderately lossy Arizona soils, such as those at the 

6702 test site. Data with higher levels of stacking performed better than their lower stacked 

counterparts, meaning the usual tradeoff of data collection time versus data quality is still 

applicable here. This can be summarized in Table 6.1 below with a comparison between the 

dimensions of the aluminum sheet target compared to the area of the anomaly seen in the 3m 

horizontal slices. 

Antenna Stacks True Area (m^2) Est. Area (m^2) %Difference 
100MHz 128 1.92 1.6 -17% 
100MHz 512 1.92 1.8 -6% 
250MHz 128 1.92 1.3 -32% 
250MHz 512 1.92 2.3 20% 

 

Table 6.1: Comparison of sheet area estimated from data and actual sheet dimensions. 

Considering this comparison, it is still recommended to collect as many stacks as possible 

even when collecting 3D data in these moderately lossy and conductive soils. In the case of both 

antennas the 512 stacks data performed better than the 128 stacks counterpart. Though collecting 

fewer stacks is faster and can resolve the target, in the long run the higher signal to noise ratio 

will be more beneficial than time saved by lowering the number of stacks collected during a 

survey. The lower frequency performed better overall, as the 128 stacks 250MHz data did not 

fully resolve the sheet and the 512 stacks 250MHz data anomaly size was exaggerated by 

1significant noise at depth. 
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