ANALYSIS OF GPR DATA FOR TIME AND FREQUENCY-DEPENDENT EFFECTS OF

CHANGING WATER TABLE LEVELS

by

Samuel Kwaku Amankwaa

APPROVED BY SUPERVISORY COMMITTEE:

George A. McMechan, Chair

William R. Griffin

Tom H. Briskowski



Copyright 2019
Samuel Kwaku Amankwaa

All Rights Reserved



I dedicate this work to my parents Mr. and Mrs. Amankwaa, all my siblings and my future wife

and unborn kids.



ANALYSIS OF GPR DATA FOR TIME AND FREQUENCY-DEPENDENT EFFECTS OF

CHANGING WATER TABLE LEVELS

SAMUEL KWAKU AMANKWAA, BS

THESIS
Presented to the Faculty of
The University of Texas at Dallas
in Partial Fulfillment
of the Requirements

for the Degree of

MASTER OF SCIENCE IN

GEOSCIENCES

THE UNIVERSITY OF TEXAS AT DALLAS

May 2019



ACKNOWLEDGMENTS

My sincere appreciation goes to my supervisor, Prof. George McMechan for giving me the
opportunity to work with him. I would like to thank him for every experience I have gained by
working with him. This research would have been impossible without his guidance, patience and
excellent ideas. I am especially grateful to him for providing me with all the previously collected
data from 1998 to 2017 as well as providing the software used in the processing and interpretation
of the data. Special acknowledgement is given to all past students of UTD GPR classes from 1998
to 2017 for their role in collecting all the previous data. Thank you to my supervisory committee
members Dr. Randy Griffin and Dr. Tom Brikowski for their help throughout this research.
Thank you to my UTD Geosciences professors for inspiring me to be a geoscientist and ultimately
pursue a graduate degree in Geosciences. I also want to thank Geosciences Department staff
members Gloria Eby and Kyong Edwards. I wish to express my gratitude to all members and staff
of the UTD Geophysical Consortium and the Center for Lithospheric Studies especially, Sharon
Edwards, Chen Tang and Sasmita Mohapatra for their individual and collective support over the
past one and a half years. It was a great privilege to use GPR instruments and computers in the
Center for Lithospheric Studies to facilitate my research. I am thankful to all my friends at The
University of Texas at Dallas, especially Chiamaka Oyekwe, Ozo Gladsome, Micheal Anekwe
and Solomon Akatakpo.

I would also like to thank my family, particularly my mother, Mrs. Theresah Afia Fofie and my
sister, Mrs. Mary Fosuhemaa for their moral support and encouragement to pursue higher
academic achievements.

April 2019



ANALYSIS OF GPR DATA FOR TIME AND FREQUENCY-DEPENDENT EFFECTS OF

CHANGING WATER TABLE LEVELS

Samuel Kwaku Amankwaa, MS
The University of Texas at Dallas, 2019

Supervising Professor: George A. McMechan

Frequency-dependent ground-penetrating radar (GPR) data are acquired every 2-3 years from 1998
to 2017 at a single location on an exposure of the Lewisville Member of the Woodbine Formation
along the shore of Grapevine Lake in North Texas. The depth to the groundwater in the outcrop
varies in position with the water level in the lake, and the short-term rainfall history. Thus, the
distribution of fresh and ground water and their different dielectric permittivities and electrical
conductivities produce visible time and frequency-dependent GPR velocities and attenuations. The
lithologic interbedding of sands and thin clays, the presence of fractures, and the distribution of
hematite in the uppermost layer, and a shallow unconformity, all contribute to variations in GPR
amplitude and attenuation. The difference between the known minimum and maximum water table
levels of ~3.38 m is consistent with observed changes in GPR velocity from ~0.063 m/ns to ~0.52
m/ns, and with the observed difference of 31.9 cm of rainfall and an average porosity of 20%. The
presence of hematite in the near-surface part of the section attenuates the GPR signals and produces

an amplitude variability of a factor of ~3.
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CHAPTER 1

INTRODUCTION

The electromagnetic properties of rocks are related to their composition and water content,
both of which control the speed of Ground Penetrating Radar (GPR) wave propagation and their
attenuation (e.g., Xu and McMechan, 1997). The contrasts in relative dielectric constant and
conductivity between adjacent rock layers give rise to reflection of incident electromagnetic waves
(Reynolds, 2011; Grunewald, 2017). The shape of the capillary transition zone (CTZ) depends on
the pore-size distribution of the soil and has a strong influence on the signature of the GPR
reflections (Igel et al., 2016). The depth of the onset of signal attenuation gives an indication of
the position of the water table (Taherian et al., 1990) in each of the 8 survey years. Known lake
levels obtained from the Fort Worth Army Corps of Engineers records (GPVT2 ELEV., 2017) at
Grapevine Lake, Texas, provide accurate relative positions of the local water table in the Woodbine
Formation at the time of each survey.

This research is facilitated by the availability of previous GPR data containing visible
differences as a function of water table position over time. Studies of GPR detection of the water
table include Kowalczyk et al. (2018), Klotzsche et al. (2018), Seger and Nashait (2011), Doolittle
et al. (2005) and Bentley and Trenholm (2002). Kowalczyk et al (2018), showed water table
changes using GPR data collected five times within 1 year. They compared their results with
piezometer data and concluded that GPR can detect the water table with standard error of 0.088.
Seger and Nashait (2011) compared underground water determination by drilling, to the results of
GPR data and concluded that GPR is an effective method for detection of underground water level.

Bentley and Trenholm (2002) reveal that the main sources of depth uncertainty are errors in the



GPR velocity estimates and in predicting the thickness of the capillary fringe. Bentley and
Trenholm’s work also shows that, under favorable circumstances, and using 200 MHz GPR data,
the elevation of shallow water tables can be estimated with an accuracy on the order of 0.2 m.
Klotzsche et al (2018) and Doolittle et al. (2005) have shown that over a 2 to 3-year period, GPR
can effectively reveal systematic temporal and spatial variations in water table depths and local
groundwater flow patterns. An important parameter in analysis is the velocity with which the radar
signals travel through the different rock strata recorded with their respective two-way travel times
(e.g., Parsekian, 2018; Cai and McMechan, 1995).

Precipitation increases the spatial variability of rock water content (Grote et al., 2010).
Explicitly including the free surface topography into Kirchhoff migration and the results of
velocity analysis aids the computation of the depth of the water table along the survey line
(Doolittle et al., 2005). Determination of the depth to the water table can be used to define the
availability of ground water in areas where water is needed. GPR can also potentially be applied
to flood-prone areas to determine the volume of water that would raise the water table to the surface

and thereby cause flooding in periods of heavy rainfall.

1.1 Geology of study area

The Woodbine Formation outcrop at the project site is primarily fine to medium grained
sandstone and is a hydrocarbon producing formation in the East Texas oil field. The Woodbine
contains ancient river and delta systems that originated from weathering and erosion of the
Ouachita uplift in Oklahoma and Arkansas and the Sabine uplift in Texas and Louisiana (Bunge,
2007). Its deposits are primarily terrigenous near shore and shallow marine depositional systems

and include fluvial, deltaic and shelf deposits (Oliver, 1971; Main, 2006). The Woodbine



Formation is Late Cretaceous (Hundnall and Eaton, 1968) and belongs to the Gulf Series (Dodge,
1969). It contains 175 to 250 feet of sandstones and shales (Oliver, 1971).

The structure of the Woodbine exposed in Dallas-Fort Worth area is homoclinal, with
average strike approximately N30°E (Lee, 1997). The Cretaceous rocks have undergone little
deformation since the time they were formed. Vertical fractures are found locally in the layers of
Woodbine sandstone which are interbedded with clay. There is southward thinning of the
Woodbine because of interfingering with the Eagle Ford Formation (Dodge, 1969).

The Woodbine is the basal stratigraphic unit of the Upper Cretaceous. It unconformably
overlies marine shale and limestone of the Grayson Formation, and is overlain unconformably by
marine shales of the Eagle Ford Group (Scheihing & Lorsong, 1995). The four rock members of

the Woodbine in ascending order are the Rush Creek, Dexter, Lewisville and Arlington members

(Figure 1).
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Figure 1. Stratigraphy of the Woodbine Formation. The green arrow
shows study location. Modified after Bergquist (1949) and Dodge (1969).



At the study location, the upper part of the Lewisville Member of the Woodbine Formation,
outcrops. It has reddish-brown to grey colored sandstone that contains ironstone cement and
concretions (Dodge, 1969) which is fairly laterally continuous in the upper part of Unit 7; also
there are numerous permeability zone fractures with varying amount of hematite infill (e.g., ~23
m position) with appreciable permeability of ~>1 that allows water to travel through it.

A distinctive conglomeratic lag at the base of the ironstone beds which cuts through
interbedded thin sandstones and clay containing carbonaceous plant fragments and marine fossils
identifies the Lewisville Member (Bunge, 2007). Generally, the upper portion of the Lewisville
Unit is more arenaceous than the lower and there are large selenite crystals which are locally
embedded in the shale (Scheihing & Lorsong, 1995). The ferruginous conglomerate caps the
exposed section and forms an excellent example of a transgressive lag and, together with its
thickness, represents a significant unconformity between the Lewisville Member below and the

Eagle Ford Shale above.
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Figure 2. Map showing the study location along the north side of Grapevine Lake.
Modified after Lee, 1997.



Figure 3. Location of GPR survey line along Grapevine Lake. Modified from Google Earth 2017.

Many of the sandstone beds show rippled surfaces and cross-laminated structure (Lee,
1997). Main (2006) interpreted the Lake Grapevine delta sequence as being a fluvial influenced
system because of the amount of sand observed in the delta front and delta plain environments.
Outcrops form small bluffs at the lake shore immediately west of the parking lot at Fishing Trail
No. 2 in Murrell Park on the north shore of Lake Grapevine, Denton County, Texas (Figure 2).
Several meters of heavily oxidized, ferruginous fluvial sands overlying a sandy clay base constitute
the lithology of this section (Figure 3). The sands are lenticular, bedded and are interpreted as

fluvial channel sequences which coarsen upwards (Main, 2006).

The upper 5.07 m of the outcrop contain the following lithologies in order from the top to

bottom of the cliff face (Scheihing & Lorsong, 1995).



Unit 7 (0 m-1.6 m): Pebbly conglomerate with ironstone-cemented concretions at the top (Figure
4). It contains thick layers of sandstone that alternate with mudstone. It is covered by a light layer

of freshly eroded loose sand that is rich in iron.

Unit 6 (1.6 m-1.94 m): The contact of this unit with Unit 7 is gradational. Unit 6 consists of fine-
grained, moderately well sorted, burrowed and rippled sandstone with desiccation cracks (Figure

5). The bottom part of this unit contains a few centimeters of clay.

Unit 5 (1.94 m-2.195 m): The contact of this unit with Unit 6 is gradational. Unit 5 consists of

trough cross-stratified mudstone grading upward into ripples at the top (Figure 5).

Unit 4 (2.195 m-2.54 m): The contact of this unit with Unit 5 is gradational. Unit 4 consists of

rippled sandstone (Figure 5).

Unit 3 (2.54 m-3.9 m): The contact of this unit with unit 4 is gradational. Unit 3 consists of fine-
grained, moderately well sorted, sandstone with small scale trough cross-stratification (in sets less

than 10 cm) and straight crested ripples at the top (Figure 6).

Unit 2 (3.9 m-4.48 m): The contact of this unit with unit 3 is gradational. Unit 2 consists of ripple
laminated, flaggy bedded, orange to ochre fine-grained, well sorted sandstone with possible wave

ripples on exposed surfaces and interbedded with flagged clay at the base.



Figure 4. Red ironstone-cemented pebbly conglomerate with concretions at the top
of Unit 7.

Figure 5. Exposed cliff face section showing lithologic units. Tidal channel
sandstones grading upwards into rippled flaggy bedded tidal flat sandstones at
Fishing Trail 2, Murrell Park.




Unit 1 (4.38 m-5.07 m): This unit consists of very fine-grained sandstone more than 1.74 m thick
and coarsens to fine-grained sandstone to the top. It is trough cross-stratified, with straight crested
ripples and burrows on foresets as well as clay clasts on scour surfaces. Trough cross sets are

between 15 cm and 30 cm thick.

Figure 6. Lithologic Unit 3. Fine grained moderately well-sorted sandstone showing
small scale trough cross-stratification and straight crested ripples at the top.



CHAPTER 2

RESEARCH METHODOLOGY

2.1 GPR METHOD

GPR is a near surface geophysical technique that makes use of electromagnetic waves to
construct 2D or 3D images of the subsurface (e.g., Davis and Annan, 1989). It works by producing
a short pulse of high frequency (10 to 1000 MHz) electromagnetic energy which is directed into
the shallow subsurface (Bentley and Trenholm, 2002). These waves are reflected, refracted and
attenuated depending on the electromagnetic properties of the subsurface. Rocks are quite variable
in their electrical properties with conductivities ranging from 10* to 10"* S/m (Gueguen and
Palciauskas, 1994). Rocks at the survey site are sandstone and are expected to have conductivities

ranging from 10 to 105 S/m.

Sandstone materials at depths below the water table are saturated and may have
conductivity values up to 102 S/m (Reynolds, 2011). Such a large range implies that
electromagnetic methods can be powerful tools in the detection of areas of anomalous conductivity
associated with rock water content. There is an increasing loss of electrical energy from radar
signals as they travel through rocks which are electrically conductive (Taherian, 1990).
Propagation of electromagnetic radiation is described by Maxwell's equations (e.g., Annan, 2005).
GPR has been used for geological applications since the 1960s, when it was first used in
connection with the development of radio echo-sounding of polar ice sheets (Bradford, 2007).

Subsequently, advanced data processing software has made GPR a very important geophysical



tool for high resolution studies of the shallow subsurface (e.g., Fisher et al., 1992b). GPR has been

used to investigate the movement and behavior of the water table (Davis and Annan, 1989).

2.2 Research Objectives

Eight GPR profiles and Common Mid-Point gather data sets were collected on the same

line, every two or three years from 1998 to 2017. This research is unique because the GPR data

span about 2 decades; at the times of the surveys, the lake water level varied from 159.57 m to

162.97 m (Table 1). Changes in the attenuation and velocity of GPR signals can be obtained from

these data sets and compared and analyzed as a function of the known position of the lake level.

The presence of iron oxide in the top layer strongly attenuates the GPR waves. Therefore, the

objectives of this research include:

1.

Mapping and measuring geologic features present in a cliff face exposure that lies parallel
to the survey line.

Analyzing and interpreting 2D radar profiles in terms of GPR velocity and attenuation.
Estimating the depths to the water table in each of the survey years from the GPR data and
how they relate to the known water level of the lake at those times.

Investigating the effect of the presence of hematite, in the top layer on the strength of the
GPR signal.

Analyzing GPR data as a function of fresh and ground water distribution and estimation of
fresh water quantity using calculations from the porosity of the Woodbine aquifer and for

the characterization of the reservoir analog.

10



2.3  Data acquisition and field work

The pulseEKKO GPR 100 system used for this study consists of four main elements; the
transmitting unit, the receiving unit, the control unit and the display unit (Figure 7). The transmitter
produces a short duration, 1000-volt pulse, which is applied to the transmitting antenna that

radiates the pulse into the ground. This transmitted signal travels in the ground and is reflected, by

Table 1. Lake elevation readings and their respective dates of GPR data
collection acquired from the Fort Worth Army Corps of Engineers, 2017.
GPVT2 ELEV. OBS. FT-NGVD, all readings are converted from feet to

meters.

Date of Data collection | Lake Elevation (m)

September 26, 1998 161.7

September 30, 2000 159.57

September 28, 2002 162.2

September 24, 2005 161.8

October 4™, 2008 161.5

October 8™, 2011 161.7

September 27, 2014 159.59

September 23, 2017 162.97

the various contrasts in dielectric permittivity and electrical conductivity, back to the receiving
antenna, and then to the receiver. The receiver amplifies the signals and formats them for display
by the control unit and are finally saved on the hard disk of th computer (Sensors and Software®,
1996). Within any geologic section, GPR is able to map the water table as well as the capillary

fringe, associated with changes in the dielectric constant and the electrical conductivity of the

subsurface (Kowalsky et al., 2005).

11



Surveys were performed at 2-year or 3-year intervals at the same location using a 1000 v
transmitter and receiver combination in the years 1998, 2000, 2002, 2005, 2008, 2011, 2014 and
2017. For all surveys, GPR data were acquired along a 50 m measuring tape stretched along the
ground from the north to south near the cliff face (Figure 8). The measuring tape serves as the
reference line along which GPR signals are recorded (Liu, 2006). Data collected include common
mid-point gathers and profiles at 50 MHz, 100 MHz and 200 MHz frequencies, elevation data to
be used for topographic corrections and photos of the location and rock outcrops, as well as hand

samples of each stratigraphic unit. The transmitter-to-receiver offset for the common-offset
Display

:|
Record

Timing

Air

Transmitter Receiver

Y

Antenna Antenna

ground penetrating radar system (Modified after Sambbhaji,
2016).

profiles is fixed at 2 m and the trace spacing was 0.5 m. A 256-trace stack was recorded and saved

at each receiver location along each profile. Common Mid-Point data were collected at a 0.25 m

constant half-offset increment for a total of 149 traces.

12



Figure 8. Sensors & Software® 100 MHz transmitter and receiver ready for data
collection.

S

5

Figure 9. (a) Rod and (b) tripod-mounted level and for measuring water level and topography.
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The mid-point gather was centered (Figure 8) at the 25 m mark on the tape; this serves as
the primary data in determining the velocity profile, and hence depth to the water table, at that
position. A rod and the tripod-mounted level combination (Figures 9a and 9b) are used to measure
the lake water depth below the midpoint. They are also used to measure the relative topography of
each point along the survey line (Figure 10), which is required input for doing the subsequent
Kirchhoff migration; the topography is used as the datum for implicit correction of elevation statics

(Figure 11).

2.4 Data processing and analysis

The acquired CMP data were first processed for velocity analysis which is required for
profile plotting and migration. For analysis of the amplitudes of the profile data, each profile is

plotted with a calibrated gain. Lake elevation data obtained from the 24-hour records of the Fort

Figure 10. Tape measure on the ground showing the 50 m long survey line.

14
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(Profile, CMP, Background Kirchhoff
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2D Profile
Image Plot

Common-
offset

Zero Time Topographic

correction Data

Figure 11. Flow chart for GPR Data collection, filtering/processing and analysis. Modified
after Fisher et al., 1992a.

Worth Army Corps of Engineers (GPVT2 ELEV., 2017) show the lake level at each survey time
as well as the rising and falling water levels between the surveys (Table 1). This study includes
comparing the effect of the changing water level of the lake on the water table position and
studying amount of attenuation caused by additional fresh water from rainfall, in the GPR data in

each of the years when the data were collected.

Although data from all the years is processed and analyzed, more time is spent to analyze
data from survey years 2017, 2014, 2011, 2008 and 2005 which contain data when the water level
was highest, intermediate and the close to the lowest value (Figure 12). These data have been

strategically selected for examination because we expect to see the largest differences in radar

15



amplitude and velocity when subsurface rocks are fully saturated versus when they are least

saturated with water.

2.4.1 GPR data processing

Various filters are applied to raw GPR field data to improve the data quality by removing
different types of noise which can be of very high or very low frequency. Basic GPR processing
includes dewowing and time zero corrections. Dewowing fits and subtracts the exponential
background signal of the capacitive decay between the antenna and the ground surface to
emphasize the dominant frequency band around the spectral peak of the transmitted signal

(Sambhayji, 2016). Time zero corrections align all the first arriving (air) waves to the same time to
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Figure 12. Plot of lake elevations against data acquisition years. Modified after Fort

Worth Army Corps of Engineers, 2017.
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correct for both local time shifts and long period drifts. Trace differencing replaces each trace by
the difference between itself and the previous trace (Sensors and Software®, 1996) which acts as
a dip filter that removes all constant-time features, such as the time-zero-corrected air waves, flat

reflections in profiles, and stacking artifacts in RMS velocity scans (Figure 13).

2.4.2 Velocity analysis

Velocity analysis can be performed by sweeping through a range of RMS velocities,
applying the calculated moveout correction for each zero-offset time in the CMP, and stacking the
corrected data at constant time to determine the RMS velocity that flattens the moveout corrected
data. The importance of velocity analysis in radar data processing is the extraction of RMS velocity
versus depth functions from the sounding data (Xu and McMechan, 1997). Procedures for reliable

picking of velocity events are detailed by Harbi and McMechan (2011).

The PulseEKKO® software enables an RMS velocity calculation from the CMP data and
plotting the result for interpretation. The velocity is necessary to determine the depths to targets.
The offset increment from trace-to-trace, centered on the CMP mark, is required for accurate
calculations (Cassidy, 2008). The velocity trajectory in the RMS velocity versus two-way time is

determined by following the largest amplitude through time (Lee et al., 2005).

2017 and 2000 are the two years when the water level of the lake reached the maximum
and minimum values, at the time of the respective surveys. For the minimum, we prefer the 2014
data rather than 2000 because the former contains less noise. The difference in the water levels

between 2017 and 2014 is 3.38 m (Table 1). For the maximum difference in electric and dielectric
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attributes, in terms of attenuation caused by rock saturation (Figure 13), it is appropriate to examine

the effects of the water level on the GPR velocities and attenuation of these two years.

2.4.3 Comparing velocity models at different lake levels

The velocity of light in air is ~0.3 m/ns (Reynolds, 2011). The RMS velocities and their
travel times need to be picked for accurate interval velocity analysis. Figure 14 shows the 50 MHz
interval velocity versus depth functions from 2017, 2014, 2011 and 2008. Each of data were
collected at different times when the water levels were different (Table 1). GPR signals in the 50
MHz CMP profiles are attenuated at two-way reflection times greater than ~160 ns, which are
times equivalent to ~6 m depth (Figures 13 and 14). Beyond this depth, no clear record of velocity
is available. As the water level rises, the velocity curves shift to lower interval velocity values

(Figure 14).

GPR velocities of years with the largest water level difference correspond to the largest
difference in water saturation, and hence, attenuation. Velocity models from the four CMP data all
follow and have similar shapes (Figure 14). The velocities in all the four curves drop to their lowest
values (0.052-0.065 m/ns) near 1.7 m depth, suggesting water saturation in high porosity. GPR
velocity is determined by the water saturation and the signal attenuation is determined by the
electrical conductivity of the water (Sensors and Software®, 1996). A drop in GPR velocity and
signal amplitude versus depth is associated with water saturation and the conductivity respectively;

the latter is controlled by its salinity or total dissolved solids (Nabighian, 1988).
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Figure 13. Plot 0of 2017 and 2014 50 MHz RMS velocity curves superimposed on the 2014 time
data. 2014 (the green curve) has velocities ranging from 0.13 m/ns to 0.76 m/ns corresponding
to the low water content. 2017 (the orange curve) has the highest recorded water level with
highly saturated rocks slowing down GPR velocities to ranges from 0.116 m/ns to 0.68 m/ns.

2.4.4 2D Pre-stack Kirchhoff Migration

Profile data of 2017 and 2014 are plotted in Figure 15 after the pre-processing is complete. At this
stage, no migration or topographic correction is applied; these show the data character that is input

into migration.

2.44.1 2D velocity grid
The input velocities for migration are defined at equally spaced grid intervals that may
have equal or unequal dimensions (McMechan and Epili, 1992). The 2D velocity grid increments

used for migration of the GPR profile data in this analysis are 0.125 % 0.125 m. The grid

19



dimensions are (X, z) = (473, 105) points for the 50 MHz profiles, (x, z) = (473, 75) for the 100
MHz profiles and (x, z) = (473, 50) for the 200 MHz profiles. We add 24 extra voxels at the north

and south ends to retain reflections that dip toward the grid edges.

Depth (m)
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Figure 14. Interval velocity-depth plot showing the 50 MHz velocity curves of 2017, 2014,
2011 and 2008 superimposed on the lithologic units. The 2014 data (black curve) shows
maximum velocity while 2017 (red curve) has the least velocity at most depths. 2011 and

2008 (blue and pink curves) have intermediate velocities with values that lie between those
of 2014 and 2017.
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Figure 15. (a) 2017 and (b) 2014 50 MHz profiles after dewowing and time alignment.

Oval circles enclose less coherent areas at the left-hand side of each profile. See

interpretation section below.

-way time map construction

2.44.2 2D ray tracing and two

Rays are traced from each survey (transmitter or receiver) point to each grid point on the

D grid of time indexes of the

chosen image plane to calculate the image times. The output is a 2-

1996). For a given transmitter and receiver pair (i.e.,

one-way travel times (McMechan and Epili,

-way times are obtained for each grid point, by summing the two

one GPR trace), two

way time maps for the transmitter and receiver locations.

corresponding one

2.4.4.3 Migration

The final step in the migration of a single time sample is to insert its amplitude into the
21

image plane at all the grid points that have the corresponding two-way time (McMechan & Epili,



1996). The final image for a profile of traces is obtained by summing the imaged amplitude
contributions of all traces, over all image times at each image point. It takes an unfocused
(distorted) finite-offset time section and produces a migrated, focused, depth section. Elevation
variations are included by using the topography as the datum (Figure 16). The resulting migrated
2D images are plotted by supperimposing the output amplitudes in two formats, wiggle traces and
color scale. This improves clarity and reduces uncertainty in depth determination and identification

of subsurface lithologic layers (Figure 16).
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CHAPTER 3

RESULTS AND INTERPRETATION

3.1 Subsurface geological features.

Comparing the pre-migration GPR data in Figure 15 (a and b) to their corresponding
post-migration data in Figure 16 (a) and (b) shows the input image quality associated with the

migration. For example, the rock layers that tend to follow the topography in Figure 15(a) are
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Figure 16. (a) 2017 and (b) 2014 50 MHz profiles after application of Kirchhoff migration
using the measured topography as the datum. The uppermost thin yellow line is the free

surface topography.
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moved to their correct relative positions in Figure 16(a) and reveal their true elevations. The color-
differentiated amplitudes with wiggles plots used in the post-migrated profiles of Figures 16 (a)

and (b) make it easier to visually detect changes in GPR amplitudes.

The adsorbed water in the clay layers which occur as interbeddings within units 6, 5 and
4 is the probable cause of the drop in GPR velocities at ~1.7 m depth (Figure 14). Saturated clay
layers have velocities as low as 0.047 m/ns to 0.09 m/ns and high conductivities of between 20-
1000 mS/m (Reynolds, 2011); this is consistent with our data. Also, the high relative velocities
near 4.4 m depth (in Figure 14) suggest that units 2 and 1 have lower porosities than the shallower
units. The locations of the perturbations of the rate of velocity changes at ~1.7 m, ~3.2, ~3.7 m
and ~4.8 m depths indicate the locations of boundaries between the layers, which have different
water content, mineral composition and rock physical properties. The right-hand side of both
profiles in Figure 15 (a) and (b) is more coherent, implying that the rock layers are more

continuous.

The north end of the profile is incoherent with features such as joints and faults
dominating areas in the ovals between positions 6 m and 30 m. These are more visible in the pre-
migration profiles of Figure 15, than in their post-migration versions of Figure 16, because the
GPR data are 3D but are processed as 2D; thus, some out-of-plane discontinuities are smeared and
are less visible after migration. The rapid attenuation of radar signals in depth implies the existence

of a capillary fringe which gradually increases to full saturation at the water table.

The south-end of the 50 MHz 2D images reveal ~9 distinct rock layers of the subsurface

that are identified from 0 m to ~9 m depth in 2017 and to ~7.8 m depth in 2014 (Figure 16a). Of
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these, only the upper 7 layers appear above the lake water level through the years of this survey
and have been identified as lithologic units in Figure 16(a). These units are predominantly fine-
grained sandstone with clay interbedding. The behavior of these strata and their features are well
established in these models. For example, the strata at depths less than the unconformity at 2 m
(units 7, 6 and 5) are relatively flat. The underlying stratigraphy contains a local top truncated

syncline with apparent dips on its flanks of <6°.

3.2 Analysis of 2D GPR data with respect to the water table position.

The ability of GPR to detect the water table is a direct consequence of the contrast between
the electric and dielectric properties in the transition from unsaturated to saturated rock. The water
table is generally flat, as its position is primarily determined by gravity, and thus cuts across
dipping lithologic boundaries (e.g. Fisher et al., 1992a). The water table is locally perturbed by
variable capillary effects associated with changes in grain size and pore structure. Compare Figure
16a, in which a strong water table reflection hides the lithology, with Figure 16b, in which it does
not. The GPR data recorded at any time contains the superimposed signatures of both the time-
independent sedimentology and the time-dependent distribution of the water. The GPR velocities

and attenuations are both affected by the water distribution and chemistry.

Identifying the effects of different positions of the water table requires GPR data collected
at the corresponding times. Figure 17 shows the 50 MHz, 100 MHz and 200 MHz profiles each
for the survey years 2014, 2005 and 2017. The water level for 2017 is highest (~162.97 m), that of

2005 is intermediate (~161.8 m) with 2014 recording a lower water level (~159.59 m) (Table 1).
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For a realistic comparison and analysis, equal amplitude scaling and depth extents are maintained

when plotting data of the same frequencies.

The strength of GPR attenuation and the depth of penetration are dependent on the
frequency used for the data collection; hence the 50 MHz, 100 MHz and 200 MHz data are plotted
to depths ~13 m, 9 m and 6 m respectively (Figures 17(a), 17(d) and 17(g)). At any given depth in
2014, when the water level is lowest among the three chosen data sets, larger amplitudes are seen
at the same depth because of the low water content of the rocks above the water table (Figure
17(a)). This is not the case in 2005 when the water table was 2.21 m closer to the surface, saturating
the overlying rocks and therefore producing lower amplitudes at the same depth and position

(Figure 17(b)).

At depths less than ~1.8 m, the 50 MHz and 100 MHz GPR profile data of both 2014 and
2005 show the same amplitudes. This is because rocks at this depth in both datasets are ~equally
unsaturated with less conductivity, and thus facilitates radar penetration. Again, attenuation in the
2014 50 MHz data (Figure 17(a)) is low and starts at depth ~5.8 m at the north end to as deep as
7.6 m at the south end compared to the corresponding 50 MHz data of 2005 (Figure 17(b)) in
which attenuation starts at smaller depths of ~3 m at the north and ~5 m at the south end. This is

better revealed in the (higher resolution) 100 MHz data [Figures 17(d and e)].

The 100 MHz data also confirms the influence of the water level on the water table, as
larger amplitudes are recorded in 2014 down to depths of ~5 to 7 m, while the amplitude at the

same depths in 2005 are comparatively very low because of the shallower water table. In the 100
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Figure 17. 50 MHz, 100 MHz and 200 MHz matrix and wiggle profile plots of 2014 (a, d and g), 2005 (b, e and h) and 2017 (c, f and 1) data showing
the water table, level of attenuation and subsurface geologic features. All 50 MHz data (a), (b) and (c) are plotted to a maximum depth of 13 m, 100
MHz to a maximum depth of 9 m and the 200 MHz to a maximum depth of 6.1 m. Traces are sampled at 0.125 m. Black arrows show the water
level of each survey year such as 2014 ~6.59 m, 2005 ~4.42 m and 2017~3.36 m, Ovals show regions of large recorded amplitudes caused by the
erosion of the ironstone beds at both ends of the cliff face. The uppermost thin yellow line in each one of them is the free surface topography. Plotted
depths are relative to the highest elevation on the line, at ~12 m, not relative to the topography. The solid black vertical line is the reference location
at the center of the CMP. This is where the velocity profiles of Figure 14 are determined.
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MHz datasets (Figures 17 (d), () and (f)), we consistently lose information as we go toward the

south end where the land surface is closest to lake level.

As the frequencies of GPR data of 2014 and 2005 are increased to 200 MHz, the resolution
increases, attenuation increases, and the depth of radar penetration decreases to 6 m (Figures 17(g
and h). By examining the 200 MHz radar profiles of 2014, 2005 and 2017 in (Figures 17(g, h and
1), it is interesting to find that, as the water rises, there is more attenuation of the radar signals.
There is a large decrease in the amplitude of the 200 MHz data with increasing water level at
depths greater than 2 m from 2014 through 2017. At depths less than ~1.8 m, amplitudes remain
~unchanged for all the three 200 MHz datasets. This again attests to the fact that, rock materials at
shallow depths at the time of all three surveys are unsaturated and thus less conductive, giving

fairly constant, large amplitudes.

3.2.1 Analysis of 2D models as a function of fresh and ground water distribution.

There is good relation between GPR amplitude changes of 50 MHz, 100 MHz and 200 MHz data
from 2014 to 2005 with the 2.21 m change in lake water level (Figures 17 (a), (b), (d), (e), (g) and
(h)). However, there is an apparent inconsistency when compared to the amplitudes at the
equivalent frequencies of the 2017 data. The lake level is highest in 2017 and we expect higher

attenuation and a smaller depth of penetration of the GPR signal.

However, the 2017 GPR data has less attenuation and greater depth of penetration than
the 2014 and 2005 data do (Figures 17(c), (f) and (i)). Consider the cause of this observation.

Attenuation is a consequence of the electrical conductivity of the groundwater. Saturation of rock
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by ground water increases the conductivity of the rock-water medium (1 mS/m to 3000 mS/m) as

ions from dissolved minerals move freely in the pore spaces of the rocks to carry electrical current

and this increased conductivity increases attenuation with a corresponding reduction in depth of
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Figure 18. Cumulative precipitation of 2005, 2014 and 2017 prior to the day of GPR data
collection. Of these 3 years, the least amount of rainfall 42.7 cm was recorded in 2014. 2005
had 48.53 cm; 2017 had 74.6 cm. All precipitation data are converted from inches to cm.
Modified after DFW iWeatherNet, 2017.

penetration. However, water is not always as conductive as popularly assumed. Fresh water, such

as rainwater, containing fewer dissolved ions, has very low conductivity of the order of ~0.5 mS/m

(e.g., van Dam, 2001). Figure 18 shows the accumulated amount of fresh water that was added to
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the survey area from precipitation in each of the three years prior to the time GPR data were
collected in those years. The least amount of accumulated rainfall (42.7 cm) was in 2014. 2005
had an intermediate amount (48.53 cm) and 2017 had the highest (74.6 cm).

Up until the end of May in 2005 and 2017, the site had fairly equal amounts of rainfall,
but subsequent heavy rain from May to September in 2017 gave a 53.7% increase in cumulative
precipitation compared to that of 2005, and 74.7% more than that recorded in 2014. The density
of ground water at surface temperature (14.6°C) is 1.03 g/cm?® (McGuire, 1998) and that of fresh
water from precipitation is 1.0 g/cm® (Cohen, 1994). The density of water is affected by its
temperature and its salinity. Since the surveys were done at nearly the same time of each year and

at the same place, we assume a constant value for each of these determining factors.

With information about the additional fresh water from rainfall absorbed by the surveys
site in 2017, it is not surprising to see large differences in the trend of the relationship between the
water table position and attenuation. With fresh water being slightly less dense than the ground
water (McGuire, 1998; Cohen, 1994), rainwater added to the survey site reduces the electrical

conductivity (and hence reduces the GPR attenuation) at the water table.

During a prolonged rain, the ground water which contains free-moving ions in the pores
spaces of the rocks with be replaced by freshwater which contains fewer ions even at depths as
large at 8.5 m in the 2017 50 MHz data. This reduces the average conductivity of the rock and
thereby increasing the depth of GPR penetration; Figures 17(c) and 17(f) show large amplitudes
are recorded from greater depths in the 50 MHz data of 2017 where the lake water level is highest.

Thus, a consequence is that the reflections from the deeper lithologic layers are less attenuated
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than the same reflections in the corresponding 2005 and 2014 data. The fresh water-to-ground

water interface is believed to exist at a depth less than 9 m even though it is not well defined in

Figure 17 (c), presumably because of mixing of the rain-water and ground-water in a transition
zone.

3.2.1.1 Control of fresh and lake water distribution and visibility of GPR reflections by
porosity.

The depositional systems of the Cretaceous Woodbine Formation of Texas have been
studied for their highly porous sandstones and potential for economic development (Main, 2006).
As avital aquifer in McLennan, Cooke and Red river counties, water produced from the Woodbine
formation supplies municipal, industrial, domestic, livestock and small irrigations in many parts

of North Texas (Ashworth and Hopkins, 1995).

Studies from wells drilled in the East Texas Oil Field show that the Woodbine reservoir
sandstone at 4200 m depth has ~23% porosity (Sticklin, 2002). Research conducted in the
Woodbine sandstone and aquifers in the North Texas area by Ashworth and Hopkins, (1995) and
Brun et al., (2016) predicts 18% to 21% porosity. Hence, we assume the porosity of the rocks of

the survey area to be ~0.2.

The depth extent of the unsaturated cliff face above the water table in each of the years
GPR data were collected are known from our level and rod measurements. Figures 17 (a), (b) and
(c) show GPR images that are consistent with the measured depths from the reference elevation at
the highest point on the line down to the fully saturated water table in 2014, 2005 and 2017 of 6.59

m, 4.42 m and 3.36 m, respectively. With this information, and by assuming a typical porosity of
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0.2, we can estimate the amount of precipitation required to raise the water table to the surface and

thus, to flood the survey site. For example, the amount of rainfall that would saturate to the highest
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Figure 19. 50MHz, 100 MHz and 200 MHz matrix and wiggle profile plots of 2008 (a, c and ¢)
and 2011(b, d and f) data showing the water table, the strength of attenuation and subsurface
geologic features. All 50 MHz data (a and b) are plotted to a maximum depth of 13 m, 100 MHz
(c and b) to a maximum depth of 9 m and the 200 MHz (e & f) to a maximum depth of 6.1 m.
Traces are sampled at 0.125 m. Arrows show the water level of each year such as 2008 ~4.81m
and 2011~ 4.46 m. Ovals show regions of large recorded amplitudes caused by the erosion of
ironstone beds at both ends of the cliff face. The uppermost thin yellow line in each figure is
the free surface topography. Plotted depths are relative to the highest elevation on the line, at
~12 m, not relative to the topography. The solid black vertical line is the reference location
relative to the center of the CMP. This is where the velocity profiles of Figure 14 are determined.
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point on the surface in 2014 is calculated as 6.59 m x 0.2 = 131.8 cm. Repeating this calculation

for the 2005 and 2017 data gives 88.4 cm and 67.2 cm respectively.

The water table is deeper in 2014 than in 2017 (table 1). The volume of unsaturated rock
pore space available to be filled with any additional water decreases, and the rate at which this
happens, defines the saturation gradient of the rocks over years of changing water table. The
complement of this process is also true; i.e., if we measure the amount of precipitation needed to
raise (or lower) the water table through a given height increment, the porosity of the rock as a

function of depth can be computed.

These calculations are necessarily very approximate as they are based on a static 1D
model. The assumptions include homogeneity of connected porosity, a flat topographic surface,
no lateral transport of water from the saturated subaerial rock into the lake, no evaporation, and
that there is no artificial influence on the lake level generated by opening or closing the dam at the

end of the lake during the measurement period.

3.2.2 Repeatability of data from years with small differences in lake level.

The foregoing analysis of changes in GPR attenuation and amplitude with the rising water
level makes a consistent story, except for the 2017 data, whose amplitude and attenuation
abnormalities at depth are caused by the presence of additional fresh water. For consistency, it is
important to repeat the analysis using GPR data collected in two other different years that have
small difference in lake elevation and compare the results with those described in Chapter 3.2.1.

With only 0.2 m difference in lake water elevation (Table 1), GPR data collected in 2008 and 2011
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are appropriate to be used for the water table confirmation experiment. Figure 19 shows the 50,

100 and 200 MHz data from both years with almost equal water level.

The 50 MHz profiles of 2008 and 2011 (in Figures 19a and 19b) are nearly identical in
terms of the depth of GPR penetration and the amplitudes at those depths, except for small
incoherent features found at ~5 m depth in the 2008 data which are not seen in the 2011 data. The
100 MHz profiles are very similar. Amplitudes at 0 m to ~2 m depths are equally large in both 100
MHz profiles; for depths greater than 2 m, low amplitudes are seen at the south end of both 100
MHz Figures 19(c) and 19(d) where the water table is closer to the topographic surface. Large
amplitudes are also recorded at the north end where the height of the cliff face above the water
table, is larger than at the south end side making the rocks have lower average saturation. These
observations are also similar in the 200 MHz profiles (Figures 19e and 19f). The amplitude changes
in the 200 MHz data (Figures 19¢ and 19f) from north to south follow the same trend as found in

the lower frequencies except that they have higher resolution and larger vertical magnification.

Comparing the 2008 and 2011 data (Figure 19) where the water levels are closer to each
other, with that from 2014, 2005 and 2017 (Figure 17) data, it is concluded that the changing of
the water level of the lake and the corresponding changes in the water table position, and hence
the associated dielectric and conductive properties of the water, causes predictable distinctive,

visible changes in GPR data amplitudes, attenuations and velocities.

3.3 Sensitivity of GPR to ironstone beds.

Hematite is an iron oxide that is highly attenuating of electrical waves. Its typical

resistivity ranges from ~3.5 x 10-3 Qm to as large as ~3.5 x 107 Qm (Kariya, and Shakland, 1983),
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which can significantly affect radar signals. These effects are usually not associated with the
electrical resistivity or permittivity of the hematite, but rather by its water retention (van Dam,
2001). A large part of the topographic surface of the survey site is in a layer containing red
ironstone concretions (Figures 4, 10 and 20). However, the iron- rich layer has been eroded away
at both ends of the cliff face. The electrical conductivity of the top, iron-containing, layer reduces
the amplitude of all GPR reflections from deeper layers such as the water table. The data profiles
show stronger reflections are recorded at the ends of the cliff face where the iron-rich layer is
eroded off (see in the ovals in Figure 19¢, 19d, 19¢e and 19f) as compared to signals collected at

positions near the center, which lie beneath the beds with ironstone filled fractures (Figure 20).

Figure 20. Hand sample of an ironstone concretion from Unit 7. The dominant
mineral is hematite which exhibits strong attenuation of electromagnetic waves.
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CHAPTER 4

DISCUSSION AND CONCLUSION

4.1 Discussion

The unique data set available for this study consists of eight repetitions of a short GPR line
recorded at times that correspond to different water table levels and different amounts of fresh
(rain) water lying above the ground water. The surveys were conducted along a bluff at a lakeshore
for which the lake surface elevations were accurately known; this, along with the exposed section

supports the interpretations of the observations.

If the frequency-dependence of the GPR velocity is correctly estimated, including the
contribution of the water distribution and properties, then the images of each boundary after
migration will coincide across all frequencies. Despite giving many satisfactory results in this
analysis, more complete models could be produced if 3D data were acquired; 3D GPR data
volumes would lead to volumetric estimations of the available void space to be filled by additional

fresh water.

As an analog of a reservoir rock, and as an aquifer, characterization and imaging of 2D
and 3D features may be performed by velocity and attenuation tomography if more offsets were
recorded; this would also facilitate analysis of multi-offset amplitudes as a function of reflection

angle. This is left for a future project.
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4.2 Conclusions

GPR data recorded at any time contain the superimposed signatures of both the time-independent
sedimentology and the time-dependent distribution of the water. Both the GPR velocities and
attenuations are affected by the water distribution and chemistry. This allows identification of the
parts of the data that contain information about the water content through both the related
reflections, and the frequency-dependent attenuation. Fresh, low-density water with low ion
content, such as rain, lies above higher-density, higher-ion-content ground water, and affects the
GPR velocity similarly, but has significantly lower attenuation; this allows the underlying
sedimentology to be imaged deeper, even though it is water saturated. A hematite-rich layer at the
top of the exposed section reduces the GPR amplitudes except at the two ends of the survey line

where it is eroded off, and thus facilitates stronger reflections from the deeper interfaces.
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APPENDIX A

TIME TO DEPTH CONVERSION

GPR systems record the time for a radio wave to travel to a reflector surface and back. The
depth to the target is calculated based on the velocity at which the wave travels to the target and
back. The RMS velocities obtained from our velocity analysis are converted to interval velocities

for the depth calculations. Depth is derived as:

Di = Z ViTi
i

where Di is depth (m) to the bottom of layer i, V is the interval velocity (m/ns) within layer 7, and

T is the one-way vertical travel time (ns) within it.
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APPENDIX B

ESTIMATION OF ROCK POROSITY

The porosity of the rocks is estimated from the GPR data using Archie's first equation which

gives the empirical quantitative relationship between porosity (@) and formation factor (F) as:
F=Qm

Where m is the exponent which increases with compaction, cementation and consolidation.
When the conductivity of the boundary layers is negligible, the equation above can be

written as:

where O, is the conductivity of the saturated rock,

Oy 1s the conductivity of the electrolyte (water).
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APPENDIX C

GOVERNING EQUATION OF GPR VELOCITY

The velocity and attenuation of electromagnetic wave propagation through a material are
heavily dependent on the composition and water content of that material (Gueguen and

Palciauskas, 1994). The velocity of electromagnetic waves is given by

V. o=cl{(eu I 2)[1+P)+1]"7},

where ¢ = the speed of light in free space, €, =the relative dielectric permittivity, .= the relative

magnetic permeability (=1 for non-magnetic materials). P = the loss factor such that P= O /o

where O = conductivity in (mS/m), o= 2mf where f is the frequency in Hz. The velocity of

electromagnetic waves in low-loss materials (P = 0) is reduced to v=c/ ’ E,.

Attenuation coefficient («) is an important parameter that determines the maximum depth

of GPR penetration in rocks and is given as (Reynolds, 2011);

52 1/2
(”W) ]‘1}

where w = 2nf where f is frequency in Hz, u is the magnetic permeability (4 X 107 H/m), o is the bulk

1/2

conductivity (S/m) at given frequency w.

40



o Depth (m) o Depth (m)

Depth (m)

10
12

[« )T, N FT R N =]

w0 o R MNO
}

R dﬂgﬂllﬂﬁuniﬁw

ST L

o o RN O

APPENDIX D

2D PROFILE IMAGES OF GPR DATA FROM OTHER YEARS
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Figure 21. (a) 50MHz, (b) 100 MHz and (c) 200 MHz matrix and wiggle profile plots
of 1998 data showing the strength of attenuation and subsurface geologic features. 50
MHz data (a) is plotted to a maximum depth of 13 m, 100 MHz (b) to a maximum depth
of 9 m and the 200 MHz (c) to a maximum depth of 6.1 m. Traces are sampled at 0.125
m. Lake elevation at the time of data collection is 161.7 m. The uppermost thin yellow
line in each figure is the free surface topography. Plotted depths are relative to the
highest elevation on the line, at ~12 m, not relative to the topography.
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Figure 22. (a) 50MHz, (b) 100 MHz and (¢) 200 MHz matrix and wiggle profile plots of
2000 data showing the strength of attenuation and subsurface geologic features. 50 MHz
data (a) is plotted to a maximum depth of 13 m, 100 MHz (b) to a maximum depth of 9

m and the 200 MHz (c) to a maximum depth of 6.1 m. Traces are sampled at 0.125 m.

Lake elevation at the time of data collection is 159.57 m. The uppermost thin yellow line
in each figure is the free surface topography. Plotted depths are relative to the highest

elevation on the line, at ~12 m, not relative to the topography.
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Figure 23. (a) S0MHz, (b) 100 MHz and (¢) 200 MHz matrix and wiggle profile plots
of 2002 data showing the strength of attenuation and subsurface geologic features. 50
MHz data (a) is plotted to a maximum depth of 13 m, 100 MHz (b) to a maximum
depth of 9 m and the 200 MHz (c) to a maximum depth of 6.1 m. Traces are sampled
at 0.125 m. Lake elevation at the time of data collection is 162.2 m. The uppermost
thin yellow line in each figure is the free surface topography. Plotted depths are
relative to the highest elevation on the line, at ~12 m, not relative to the topography.
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