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CHAPTER I 

INTRODUCTION 

Objectives 

The objective of this research is to investigate the appUcation of frequency domain 

electromagnetic methods (FDEM) and ground penetrating radar (GPR) to the study of 

ephemeral streams within the Caprock Escarpment region of the Southem High Plains. 

More specifically in this study I sought answers to the following three questions: 

1. What limitations on the depth of penetration and resolution do the 

electromagnetic properties of the shaUow subsurface media within and along 

streams in this region place on the appUcation of GPR? 

2. How usefiil are FDEM methods in the study of the geology of streams in this 

region? 

3. What is the relationship between FDEM and GPR observations and can the 

results be effectively combined? 

Field Area 

The Caprock Escarpment (Figure 1.1) marks the boundary between the Southem 

High Plains to the west and the RoUing Plains to the east (Caran and Baumgardner, 1990). 



location of study area 

34^ 
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Figure 1.1: Caprock Escarpment region (Caran and Baumgardner, 1990). 

The field area for this research is along McDonald Creek, a tributary of the Salt Fork of 

the Brazos River, located in southeastern Crosby and northeastern Garza counties, 

Texas. McDonald Creek flows southeasterly from the Caprock Escarpment through the 

Tertiary Ogallala Formation (Wormser and SuUo, 1997) and upper Triassic Cooper 

Canyon and TrujiUo Formations and into the lower part of the Triassic Tecovas Formation 

upstream from the study area. The lower Tecovas Formation is composed of gray-green, 

yellow, and purple claystone containing smectite, ilUte, and kaolinite (May, 1988). The 

Triassic Santa Rosa Sandstone and Permian Quartermaster Formations underUe the 



Tecovas (Lehman, 1994). The Santa Rosa Sandstone is a quartz-rich sandstone (Fritz, 

1991) and the Quartermaster formation is composed of sUtstone and shale . 

In the study area, the stream bed of McDonald Creek is composed of coarse to 

medium grained sand, pebbles and cobbles (Figure 1.2). This portion of the creek has 

water at the surface only after significant rainfell. 

Figure 1.2: View along McDonald Creek (looking to the SE) showing the 
flat bed with pebble and cobble covering. Main channel is to the right. 

The sidewaUs of the channel are Holocene and Pleistocene (Lingos formation) (Caran and 

Baumgardner, 1990) alluvial and coUuvial deposits (Wormser and Sullo, 1997). The 

Tecovas Formation is exposed along the sidewaUs and along the channel bottom upstream 

from the study area (Figure 1.3) 



Figure 1.3: Mottled-colored red, yeUow, and gray-green Tecovas outcropping 
along channel bed and side waUs upstream from study area. Note erosional 
discontinuity along side waU between Tecovas and overlying aUuvial deposits. 

The water table in the study area is typicaUy less than one meter beneath the stream bed. 

In cross-section profile the steam bed is relatively flat with one main channel, a steep 

sidewaU near the main channel and a gently sloped bar on the opposite side. Figure 1.4 

displays a simplified cross-section across McDonald Creek near the upstream end of the 

study area. 
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Figure 1.4: Simplified cross-section near upstream end of study area showing 
stratigraphy of study area (not to scale). 

Figure 1.5 is a map of the field area showing survey Unes along (blue) and across (red) 

used is this study. 



500 meter position 

P meter position 

Figure 1.5: Map of field area and survey Unes (Kalgary, Texas 7 V2 min. 

quadrangle) 

Equipment 

I used standard FDEM and GPR equipment for this research: the Geonics EM31 

(Figure 1.6) and EM34 (Figure 1.7) and the Sensors and Software PulseEkkoIV (Figure 

1.8). 



Figure 1.6: Geonics EM31. Coils are located at end of booms with control box 
and meters in the black box in the center. The coils are 4 meters apart. 



Figure 1.7: Geonics EM34 with coils in the horizontal dipole orientation. 
Transmitter coil to the right. 
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Figure 1.8: PulseEkko IV shovm with 200 MHz antennae. The smaU wagon is 
used to carry the control console, batteries, and laptop computer. 

The conductivity of a substance is a measure of the ease with which an electrical 

current can be made to flow through it (McNeil, 1980b). Conductivity of rocks and soil is 

determined by 

1. porosity, 

2. the fraction of pores containing water, 

3. the concentration of dissolved electrolytes in pore water, and 

4. the amount and composition of coUoids. 

Electrical properties of rocks and soU can be used to define or identify stratigraphic 

units. The Geonics EM31 and EM34 operate on the principle of electromagnetic 



induction to determine a conductivity value of subsurface strata. An ahemating electric 

current generated about the transmitter coil produces a magnetic dipole field whose 

orientation akemates along the coil axis. This varying magnetic dipole induces an electric 

current in the subsurface layers and causes an opposing varying magnetic dipole field 

perpendicular to this induced current (Figure 1.9). 

primary magnetic field H 

transmitter 
receiver 

induced subsurface 
current 

secondary magnetic 
field H, 

Figure 1.9: lUustrating relative position of coils and associated magnetic fields for 
a vertical dipole orientation. 

The ratio at the receiver coil of the secondary magnetic field (from the induced 

current in the ground) to the primary magnetic field (from the transmitting coil) is Unearly 

proportional to the terrain conductivity (McNeU, 1980c). 

aa=(4/(co^os'))(Hs/Hp) 
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where Ga = conductivity (mS/m) 

Hs= secondary magnetic field at the receiver 

Hp = primary magnetic field at the receiver 

CO = 271* frequency 

0̂ = permeabiUty of free space 

s = intercoil spacing 

The EM34 and EM31 coils can be oriented in a number of ways to vary the 

sampUng depth and sensitivity range. With the EM34 the coil separation can be varied 

using 10 meter, 20 meter and 40 meter cables (with corresponding frequencies of 6400 

Hz, 1600 Hz, and 400 Hz, respectively). The larger the coil spacing the larger the 

sampUng volume. The EM31 has a fixed coU spacing of 4 meters. Two standard coil 

orientations are v^th the coUs held in a vertical plane paraUel to the survey line, in which 

case the transmitter magnetic dipole is horizontal and perpendicular to the survey Une (this 

wiU be referred to as the horizontal dipole or HD orientation); and with the coils laying on 

the ground, in which case the transmitter 

magnetic dipole is vertical (this wiU be referred to as the vertical dipole or VD orientation) 

(Figure 1.10). 

11 



vertical magnetic dipole 

vertical dipole magnetic 
field orientation 

horizcwital dipole magnetic 
field (Mientaticxi 

Figure 1.10: Orientation of coils and magnetic dipoles for vertical dipole 
orientation (left) and horizontal dipole orientation (right). 

EM34 and EM31 conductivity values can be analyzed for trends in geological 

features either through simple inspection of plots of conductivity versus position 

(displayed as vertical profile or surfece contour) or by comparison between observed 

conductivity vertical profiles and synthetic apparent conductivity profiles derived from 

conductivity models. Inspection of conductivity contour or surface plots provides useful 

information concerning the extent and relative shape of conductivity patterns that 

correspond to geological features (McNeil, 1980c). 

When one analyzes EM34 and EM31 data it is important to understand the 

relationship between coil spacing and coil orientation on the one hand and sampUng depth 
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and sampled conductivity weighting on the other. Figures 1.11 (EM34 VD), 1.12 (EM34 

HD), and 1.13 (EM31) display the response curves for the EM34 and EM31 for the 

different coil separations and orientations (McNeil, 1980c). These response curves show 

both the relative contribution of a differentiaUy thin layer as a function of depth in a 

homogeneous half-space (the left hand side of each of the foUowing figures) and the 

relative cumulative contribution of aU the material in a half space below a given depth 

(right-hand side) for a given coil spacing and coil orientation. For example in left hand plot 

in Figure 1.11 notice that the 10 meter cable in VD orientation has its peak sensitivity at 

approximately 4 meters of depth while the 40 meter cable has peak sensitivity at 

approximately 15 meters. This means that the conductivity of a differentiaUy thin layer at 

4 meters deep has a much greater impact on the overaU conductivity measured by the 10 

meter cable than it does on that measured by the 40 meter cable. Note by comparing the 

left sides of Figures 1.11 and 1.12 that the horizontal dipole orientation (Figure 1.12) is 

much more sensitive to near surfece conductors than is the vertical dipole orientation 

(Figure 1.10) for the same cable length. The right hand side of Figure 1.12 

iUustrates that 50% of the contribution for a 40 m coil spacing is from below a depth of 

10 m while this same material contributes less than 20% for a 10 m coU spacing. 
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Figure 1.11: Response curves for EM34 VD orientation (blue 10m cable, red 20m 
cable, black 40m cable) 
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Figure 1.12 : Response curves for EM34 HD orientation (blue 10m cable, red 20m 
cable, black 40m cable) 
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Figure 1.13: Response curves for EM31 (blue HD, red VD). 

As can be seen from these graphs, in vertical dipole orientation the EM34 and 

EM31 are relatively insensitive to surface conductivity. In this orientation they 

predominantly sample through a vertical volume. In horizontal orientation the EM34 and 

EM31 are most sensitive to near-surface and surface conductivity; in this orientation they 

sample a substantiaUy wider lateral volume. As a result in horizontal dipole orientation 
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they are more sensitive to lateral changes in conductivity; with the width of this lateral 

sensitivity zone increasing as the coil separation increases. In horizontal dipole orientation 

the EM34 is less affected by the coils being out of plane. This orientation is therefore 

useful in surveying across uneven or brushy terrain where it is difficult to maintain the 

coUs in the same horizontal plane (McNeU, 1980c). 

EM34 and EM31 have been used in a wide variety of geologic and engineering 

appUcations from the location of sand and gravel beds, determination of bedrock 

topography, mapping groundwater saUnity, and location and mapping of ore bodies. They 

have several advantages over conventional resistivity methods. They are less sensitive to 

the presence of locaUzed resistivity inhomogeneities near the potential electrodes and 

there are no current injection problems due to poor coupling between electrodes and the 

ground. Survey speed is also much greater (McNeil, 1980c). 

The Sensors and Software PulseEkkoIV is a standard ground penetrating radar. 

Potential penetration depth and resolution are varied by changing antenna frequency or 

transmitter voltage (Annan, 1992). I used three antenna pairs in this study: 25 Mhz, 100 

Mhz, and 200 Mhz, and a 400V transmitter. Typical penetration depths for these antenna 

sets are 2.0 meters for 200 MHz, 5.0 meters for 100 MHz, and 30 meters for 25 MHz 

(Annan, 1992). The PulseEkk042 can be used in several survey modes two of which are: 

1. Reflection mode in which the transmitter and receiver antennae are kept a fixed 

distance apart and are oriented perpendicular to the profile Une as they are 

moved along the survey line (Figure 1.14 top). This mode is usefiil for seeing 
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the relative shape of the reflecting layers but not their depth or velocity 

through them. 

2. Common midpoint (CMP) mode in which the antenna are moved away from a 

fixed point and are oriented perpendicular to the direction of movement 

(Figure 1.14 bottom). This mode is usefiil for determining velocities through 

and depth to the reflectors (Annan, 1992). 

Reflection Mode 

J P > ^ ^ ^ <^<P> <P>J^ 

CMP/NWARR Mode 

<a <a <^ 

Figure 1.14: lUustration of reflection mode survey (top) and CMP mode survey 
(bottom) (Annan, 1997). 
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The GPR transmitter emits an electromagnetic pulse whose path and velocity 

through the subsurface is determined by the electromagnetic properties of the media on 

the basis of the general physical principles of wave propagation. A portion of the input 

pulse is reflected by boundaries defined by a change in electromagnetic impedance. The 

remainder of the energy is transmitted and may be reflected from deeper boundaries 

(Harari, 1996). Each trace in a GPR profile is a series of ampUtudes of received 

electromagnetic waves versus the difference between transmission time and reception time 

(this time difference is referred to as the two-way travel time). A GPR profile is a set of 

these traces coUected for a number of different antenna positions. Time versus horizontal 

position profiles can be converted to depth versus horizontal position profiles if the EM 

wave velocities to the various boundaries are known. In a reflection mode survey the 

two-way travel time is related to the depth of the reflector and the velocity of the EM 

wave through the overlying layers; this travel time changes along the survey Une as the 

depth and velocity change (Conyers and Goodman, 1997). In a CMP mode survey the 

reflection point on each reflector remains the same; what changes is the path length from 

the transmitter to the reflector and then to the receiver as the transmitter and the receiver 

are moved apart. How the travel time increases as this path length increases is function of 

the average velocity through overlying the layers and the depth to the reflector (Reynolds, 

1997). 

The ampUtude of the reflected pulse is attenuated by the subsurfece media 

(particularly by coUoidal clay particles), wavefront spreading, and transmission loss at 
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each electromagnetic impedance boundary. Attenuation typicaUy decreases as 

transmission frequency decreases; unfortunately resolution also decreases as frequency 

decreases (Harari, 1996). 

GPR results can be interpreted as direct images of the subsurface or through an 

analysis typical of seismic processing, velocity and electromagnetic properties of the 

subsurface can be determined (Davis and Annan, 1989). In this study the results from 

CMP mode surveys are analyzed using standard normal moveout correction methods to 

determine EM wave velocity in the subsurface layers and from this the depths to the 

reflectors (Annan, 1997). 

Ground penetrating radar has been used in a wide variety of geologic and 

engineering appUcations from mapping stratigraphy (Davis and Annan, 1989), mapping 

near-surface faults and fractures, mine shaft surveys, locating buried storage tanks, and 

determining groundwater depth (Annan, 1997). Spicer et al. (1997) used GPR to estimate 

flood discharge. Harari (1996) used GPR to image stratigraphic features and groundwater 

in sand dunes. It is also appUcable to archeological investigations such as location of 

structures, roads, and burial sites (Conyers and Goodman, 1997). 

GPR has a number of potentiaUy useful quaUties. It can produce high resolution 

direct images of subsurface features and through a CMP survey can determine both layer 

velocities and depths. Its disadvantages include slow survey speed, difficulties in use in 

rough or brushy terrain, interference due to nearby highly conductive bodies including 

highly conductive subsurface layers, and attenuation due to clay or shale (Harari, 1996). 
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CHAPTER II 

DATA COLLECTION: FDEM 

Before coUecting data I surveyed the field area. Figure 2.1 displays the 500 meter 

long survey Une along the creek with the 0 meter and 500 meter positions marked and the 

cross-sections Unes perpendicular to the creek. 

500 meter position 

0 meter position 

Figure 2.1: Study area shovdng position of 0 meter and 500 meter positions and 
survey Unes (blue along the creek; red perpendicular to the creek). 
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I coUected data with the EM34 using aU three coU separations and both vertical 

and horizontal dipole orientations along the center of McDonald creek and along the 

perpendicular Unes with the 20 meter coil separation in horizontal dipole orientation. 

Figure 2.2 shows the contour plot of EM34 conductivity measurements and location of 

channel 

Contour Plot of EM34 Conductivity Values (mS/m) 
(using 20 m cable in horizontal dipoie mode 

-400 -350 -300 -250 -200 -150 

distance (m) 
-100 -50 

Figure 2.2: Contour plot of EM34 conductivity measurements. The Ught blue Une 
marks the stream channel. 
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Notice that the lowest conductivity values are to the SW of the creek and that near the 

upstream end (upper left) that the conductivity values rise rapidly to the NE of the creek. 

Figure 2.3 shows the same EM34 observations as a surface plot. 

Surface Plot of EM34 Conductlvtty Values (mS/m) 
(using 20 m cable in horizontal dipole mode) 

(view from SE to NW up McDonald Creek) 

Figure 2.3: Surface plot of EM34 conductivity measurements. Blue Une marks 
stream channel. 
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Again note the conductivity low at the bottom of the figure. The EM34 vertical dipole 

conductivity measurements made with aU three coil separations along the creek are 

displayed in Figure 2.4 

EM34 conductivity profile along McDonald Creek: vertical dipoie 
85 

E 70 

1 1 

20m cable 

10m cable 

200 250 300 
position (m) 

500 

Figure 2.4: EM34 vertical dipole conductivities along the center of 
McDonald Creek (blue 10m cable, green 20m cable, red 40m cable) 

This figure shows that the conductivity values rise towards the right upstream end. Notice 

that the 20m values plot above the 10 m values. This indicates that conductivity is rising 

with depth through the range in which these separations are most responsive. Also note 

that the 40 m separation values plot between the 10 m and 20 m graphs. This indicates 

that the 40 m coil separation is sampUng through the depth range of increasing 

conductivity demonstrated by the shorter coil spacings and into a depth v^th lower 
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conductivity. Figure 2.5 show the observed the horizontal dipole values along McDonald 

Creek. 

EM34 conductivity profile along McDonald Creek: horizontal dipole 
110 . . , , ^ ^ ^ , ^ r— 

30 

40m cable 

0 50 100 150 200 250 300 350 400 450 500 
position (m) 

Figure 2.5: EM34 horizontal dipole conductivities along the center of 
McDonald Creek (blue 10m cable, green 20m cable, red 40m cable). 

Notice in Figure 2.5 that without exception conductivity values increase as the coU 

separation increases. Notice that the difference between the graphs is smaUer near the left 

end (the downstream end). Notice that while the 10 m coU separation graph has only a 

moderate positive slope to the right that the 20 m and 40 m graphs have steep positive 

slopes. FinaUy notice that there is a good correspondence among the patterns of highs and 

lows along the graphs. These relationships among the horizontal dipole orientation graphs 
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could be explained as being the resuh of a substantial downward thickening of a 

conductive layer towards the upstream end; since the larger coil separations sample 

deeper, this would account for the steep slopes of their graphs. However, the vertical 

dipole orientation graphs in Figure 2.4 show that this could not the cause. The 20 m and 

40 m vertical dipole coU separations do not indicate any downward thickening; the 40 m in 

particular indicates a layer of lower conductivity at depth. The other explanation for the 

horizontal dipole results is that there is a high conductivity anomaly near the surface at a 

horizontal distance from the survey line such that it is not detected by the 10 m HD coil 

separation but is detected by the larger HD separations. The clay-rich Tecovas Formation 

is exposed along the northeast side the stream upstream from the 500 meter position. This 

conductive layer is close enough to the survey Une to be detected by the 20 m and 40 m 

HD separations but not the 10 m HD coU separations and not, to the same degree as the 

horizontal dipole orientations, by the verticaUy sampUng 40 m VD coU separation. This 

explanation is supported by the EM31 conductivity measurements. 

I measured conductivity with the EM31 along the same survey Unes described 

above. Figure 2.6 is the contour plot of the EM31 conductivity measurements. Figure 2.7 

shows the EM31 results as a surfece plot. 
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Contour Rot of EM31 Conductivity Values (mS/m) 
(vertical dpole) 

distance (m) 

Figure 2.6: Contour plot of EM31 conductivity measurements. The Ught blue Une 
marks the stream channel. 
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Suiface Plot of EM31 Conductivity Values (mS/m) 
(vertical dipole) 

(view from SE to NW) 

Figure 2.7: Surface plot of EM31 conductivity measurements. The blue line marks 
the stream channel. 

Figure 2.8 shows the EM31 conductivity measurements along McDonald Creek 

from the downstream end at the 0 meter position to the upstream end at the 500 meter 

position. Compare Figures 2.2 and 2.6. Notice that in Figure 2.6 there is a conductivity 

low the fliU length of the creek whereas in Figure 2.2 conductivity values rise along the 

creek near the upstream end (top of the map). This can also be seen comparing Figures 
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2.3 and 2.7. The conductivity graphs in Figure 2.8 indicate that conductivity increases 

with depth through the range sampled by the EM31. 

65 
EM31 conductivities along McDonald Creek 

I 1 1 1 1 1 — 

25 

horizontal dipole 

0 50 100 150 200 250 300 350 400 450 

position (m) 

500 

Figure 2.8: EM31 conductivity measurements along McDonald Creek. 
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CHAPTER III 

DATA COLLECTION: GPR 

Using the PulseEKKO IV I coUected a reflection mode profile with the 25 MHz 

antenna pair and 400 V transmitter from the 0 meter position to the 400 meter position 

(see Figure 2.1) using 5 meter antennae separation and 1 meter spacing between stations. 

Figure 3.1 displays the radar time profile along this Une. 

Reflection fine from 0 meters to 400 meters: 25MHz 

150 200 250 
position (m) 

400 

Figure 3.1: Radar time reflection profile along the center of McDonald Creek from 
0 meter position to 400 meter position. 
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Note the reflector just below the 100 ns level near the left hand side and just above the 

100 ns level on the right hand side. Also notice the discontinuous reflectors below this 

reflector. There are two prominent diffraction patterns due to peaks in the discontinuous 

reflectors. Using the 25 Mhz antenna and 400 V transmitter I coUected CMP data sets at 

positions 30 meters and 350 meters along the creek. The antennae were initiaUy 5 meters 

apart and the distance between them was increased in 1 meter increments. The CMP 

profiles are shovm in Figures 3.2 and 3.3. 

To compare the resolution and penetration depth of the 200 MHz, 100 MHz, and 

25 Mhz antenna pairs I coUected reflection mode profiles across (perpendicular to the 

creek) a point bar west of position 30 m. I also coUected a reflection profile with the 200 

MHz pair along the bar paraUel to flow and a CMP with the 200 MHz pair on the bar. 

Figure 3.4 shows the 200 MHz reflection profile across the bar. Note what appears to be 

trough cross-bedding (Boggs, 1995) or trough scours (between 15 ns and 45 ns) in this 

section and laminar bedding above and possibly below the cross-bedding. Kothmann 

(1963) reported scours in streambeds in this region with dimensions up to 15 feet long, 4 

feet wide and 3 feet deep. Figure 3.5 shows the 200 Mhz reflection profile paraUel to flow 

(the 0 meter position of this Une is on the profile Une of Figure 3.4 at position 2 m in 

Figure 3.4). 
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CMP at position 30 m 25 Mhz antenna 

15 
position (m) 

Figure 3.2: CMP at position 30 meters along McDonald Creek with 25 
MHz antenna. Again note strong reflector near the 100 ns level. 
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CMP at position 350 m 25 Mhz antenna 

10 15 
position (m) 

20 25 30 

Figure 3.3: CMP at position 350 meters along McDonald Creek with 25 MHz 
antenna. Note strong reflector just below 100 ns. 
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Reflection Ine across point bar 200 MHz antenna 

Figure 3.4: Reflection GPR profile across point bar vnth 200 MHz. Note 
indication of trough cross-bedding between 15 and 45 ns (the present channel is 10 
meters to the left of position 0). 
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Reflection profile along point t)ar 200 MHz antenna 

4 5 6 
position along bar (m) 

10 

Figure 3.5: Reflection section along point bar with 200 MHz antenna. This profile 
is perpendicular to that shown in Figure 2.12 and intersects it at position 2 meters 
shown in Figure 3.4 (timing errors apparent at 9 meter 9.5 meter positions). 

The resolution of the 100 MHz antenna pair (Figure 3.6) is lower than that of 200 

MHz profile (Figure 3.4). Trough cross-bedding or trough scours are stUl apparent. No 

trough cross-bedding or scours are apparent in Figure 3.7 (25 MHz antenna). Notice in 

Figure 3.7 that some of the reflectors dip away from the present channel (channel is to the 

left). This dip is towards the conductivity low seen in both the EM34 and EM31 

conductivity contour and surface plots ( SW of the 0 meter position in Figure 2.1). 
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Reflection profile across point bar 

4 5 6 
position (m) 

10 

Figure 3.6: Reflection profile using 100 MHz antenna across point bar 
(along same Une as shown in Figure 2.12. Trough cross-bedding is also 
indicated but with poorer resolution as compared to the 200 Mhz profile 
(Figure 2.12). 
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Reflection section across point t)ar with 25 MHz antenna 

10 15 20 
position (m) 

25 30 35 

Figure 3.7: Reflection profile across point bar with 25 MHz antenna. Note 
reflectors dipping to the SW (to the right). 

Using the 200 Mhz antenna I also coUected a CMP section on the sand bar v^th 

the antennae initiaUy 1 meter apart and separation increasing in 5 cm increments (Figure 

3.8). 
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point t)ar 200 WHi&nimd 

position (m) 

• + Kar with 200 MHz antenna. 
Figure 3.8: CMP on point bar with zuu 
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CHAPTER IV 

ANALYSIS AND CONCLUSIONS 

Analysis 

To convert the radar time profiles into the more geologicaUy meaningful form of a 

depth radar profile, one has to know the EM wave velocities to the reflectors. I used a 

standard method of obtaining EM wave velocity through the subsurface and the depths to 

the reflectors from CMP profiles by plotting time versus position . This method as 

appUed to GPR is iUustrated in Figures 4.1 and 4.2. 

SEPARATION X 

1. Direct air wave 
2. Critically refracted 

air wave 
3. Direct ground 

wave 
4. Reflected wave 

t • x / c 
t • x / c 4-constant 

t • x / v 

t . t« ' -«-^<*'^ 
Vz 

Figure 4.1: Diagram of ideaUzed CMP showing wave nomenclature. 
The inverse of the slope of the direct ground wave is the velocity in the 
upper layer (Annan, 1992). 
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In Figure 4.1, c is the speed of Ught in air, v is the speed of EM waves in the subsurface, 

and d is the depth to the reflector. Notice the position of Xc along the separation axis. 

This is the cross-over position. When coUecting coordinates along a reflection Une (curve 

4 in Figure 4.1) for use in a time-squared versus position-squared analysis it is important 

not to go past this cross-over point; coordinates past this position do not foUow the 

hyperboUc curve assumed in the time-squared versus position-squared analysis. 

i 

(a) 

CAN. J. EARTH SCI. VOL. 28, 1991 

Receiver positions Transmitter positions 
Steps 

1 1 

ANTENNAE SEPARATION (m) 
5 10 15 20 25 30 35 

Air wave 

Ground wave 

Figure 4.2: Diagram of CMP coUection and example CMP section 
(Jol and Smith, 1991, their Figure 4) 

Figure 4.2 is a good example of a CMP profile. It clearly shows the hyperboUc curvature 
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of reflected waves. Air waves (shown in this figure) travel from the transmitter to the 

receiver directly through the air; the reciprocal of their slope is 0.3m/ns, the velocity of 

Ught; since this velocity is greater than the speed of EM waves in the ground air waves are 

always the first to arrive. Air waves are easy to identify on a CMP profile since the 

reciprocal of their slope is the speed of Ught. Ground waves (also in Figure 4.2) travel 

from the transmitter to the receiver along the ground at the velocity of the topmost layer; 

the reciprocal of their slope is the velocity of this uppermost layer. 

For purposes of discussion I have labeled two reflectors in Figures 4.3 and 4.4 as 

A and B (Figures 4.3 and 4.4 are the CMP profiles coUected at 30 meter and 350 meter 

positions, respectively). I used coordinates along these reflectors between the points 

indicated by the arrows (this was to insure that only coordinates inside the cross-over 

separation were used) for a time-squared versus separation-squared analysis. A least 

squares line through these coordinates squared is iUustrated in Figure 4.5. 
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15 
position (m) 

Figure 4.3: CMP at position 30 meters with reflectors A and B used in 
velocity and depth calculations indicated. 
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900 
0 10 15 20 

position (m) 
30 

Figure 4.4: CMP at position 350 meters with reflectors A and B used in 
velocity and depth calculation indicated. 

43 



3.2 
j( '\Q* Example of velocity and deptti determination from CMP 

3.1 -

3 

2.9 

2.8 -

2.7 -

2.6 -

2.5 -

2.4 -

2.3 

2.2 

slope = 275.1408 

velocity = 0.0603 m/ns 

JH^/ 

^ y ^ 

ty^^ 

I 1 

• I 1 1 

^ ^ 

y-intercept = 22869 

depth = 4.5584 m 

-

1 1 1 

10 15 20 25 30 

Figure 4.5: Example of velocity and depth determination from CMP. The 
asterisks indicate the squares of the points selected 

The slope of this Une is a fiinction of the reciprocal of the square of the velocity to the 

reflector and its y-intercept is a function of the velocity and depth to that layer (Annan, 

1992). 

velocity = (l/slope) 1/2 

depth = (y-intercept * velocity^ / 4) 1/2 

The velocity obtained through this approach is referred to as the stacking velocity 

(Telford, et al. 1995). The velocities and depths for the two indicated reflectors at the 30 

meter position CMP and the 350 meter position CMP are 
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at position 30 meters: VA = 0.07 m/ns; depth = 4.5 meters, 

VB = 0.10 m/ns; depth = 10 meters; 

at position 300 meters: VA = 0.07 (m/ns); depth = 3.75 meters, 

VB = 0.10 (m/ns); depth = 10.5 meter. 

Stacking velocity is an average velocity to the reflector. The Dix formula (Telford 

et al, 1995) is used to find the velocity V in the layer above a given reflector 

I 

T2 n. ^T2 n-1 V=((VVt.-VV't i ) / tn) 1/2 

where VL is the velocity in the lower layer 

Vu is the velocity in the upper layer 

t i is the time through the layer 

and tn is the total time 

Figure 4.6 shows the 200 MHz CMP coUected along a point bar. For purposes of 

discussion, I have identified two reflectors as C and D. Air waves and the ground wave 

are also indicated. 
I 
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r.-gjES 

3 4 
position (m) 

Figure 4.6: 200 MHz CMP on point bar. Air waves, ground wave and two 
reflectors are noted. 

The 200 MHz CMP on the point bar (Figure 4.6) more clearly shows the 

hyperboUc moveout curves (compare with Figure 4.2) than do the 25 MHz CMP's 

(Figures 4.3 and 4.4). Using the 200MHz CMP (Figure 4.6) I calculated velocities and 

depths to the indicated reflectors C and D. An interesting pattem emerged in doing this; 

starting from a velocity of 0.125 m/ns for the ground wave (from the reciprocal of the 

slope of the ground wave), the velocity decreased with depth going from a layer velocity 
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of 0.08 m/ns for reflector C at a depth of 0.7 meters to 0.06 m/ns for reflector D at a 

depth of 0.9 meters. Reflector C is above the saturated zone, reflector D is within the 

saturated zone (determined with a hand auger). I used a hand auger to sample through the 

bar past the top of the saturated zone and could discem no compositional change in 

Uthology that could accoimt for the velocity profile. 

Electromagnetic wave velocity V in a layer is related to the relative dielectric 

constant Kr of the medium by 

(4.1) 

where c is the speed of Ught in air (0.3 m/ns) 

(Reynolds, 1997). The relative dielectric constant Kr of a saturated medium can be 

expressed as 

K, = (l-(|))K„ + <|)Kw (4.2) 

where ^ = the porosity of the medium 

Km = the relative dielectric constant of the matrix 

Kw = the relative dielectric constant of water. 

Solving equation (4.2) for porosity (j) and substituting equation (4.1) for the relative 

dielectric constant yields 

(t) = (c ' / Vs' - Km)/(Km - K,v) (4.3) 

where Vs= the velocity in the saturated layer. 

Using a relative dielectric constant of the matrix equal to 5 based on a representative 

composition of 70 % quartz, 6% feldspar, 12 % rock fragments, and 9 % clay (with 

relative dielectric constants of 5, 7, 6, and 15, respectively), along with a relative 
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dielectric constant of 81 for water and a velocity in the saturated layer of 0.06 m / ns, the 

calculated porosity is 26 %. The relative dielectric constant for an unsaturated layer can 

be expressed as 

K r = ( l - ( | ) ) K . + (t)wKw + (t)aKa (4.4) 

where ^^ = fraction of pore space fiUed with water, 

(|)a = fraction of pore space fiUed with air, 

Kw = relative dielectric constant of water ( = 81), and 

Ka = relative dielectric constant of air (= 1), 

then the fraction of pore space fiUed with water can be expressed as 

— / ^ 2 
(|)„ = (c'/V'-(|)-(l-.t>)Km)/(K„-l) (4.5) 

where V = EM wave velocity in an unsaturated layer 

and (|) = the porosity value found previously using equation (4.3). 

Using equations (4.4) and (4.5) wdth the velocity values for the upper sand layer 

(0.125 m/ns), the layer above reflector C (0.08 m/ns), and the layer above reflector D 

(0.06 m/ns), the percent water in these layers are 2 %, 12 % and 26%, respectively. 

Figure 4.7 displays these results along with a spUne through the coordinates. Notice how 

the curve flattens as the saturated layer is approached due to the constant EM wave 

velocity in the saturated layer. 
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Figure 4.7: Graph of EM wave velocity versus water saturation 

For comparison typical Uterature value EM wave velocity through saturated sand 

is 0.06 m/ns (Annan, 1992), and for dry sand are 0.12 to 0.15 m/ns (Harari, 1996). The 

velocity for reflector B (Figures 4.3 and 4.4) is close to Uterature velocities for shale 

(Annan, 1992). This suggests that reflector A may be the top boundary of the Tecovas 

Formation and reflector B the bottom boundary. 

Using a stacking velocity of 0.07 m/ns I converted the radar time profile shown in 

Figure 3.1 into a depth profile (Figure 4.8). On the basis of the above analysis, the top of 

the Tecovas Formation is indicated in this figure. The reflector at the bottom of the 
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Tecovas Formation is not as definite as the top; this is due in part to the attenuation of the 

signal in passing through the clay-rich Tecovas Formation. 

Tecovas 
Tecovas 

150 200 250 
position (m) 

Figure 4.8: Reflection radar section along McDonald Creek using 25MHz 
antenna with y-axis converted from time to depth (top of Tecovas 
Formation reflector is indicated) 

Figure 4.9 shows the 200 MHz time radar section shown in Figure 3.4 converted 

to a depth section using a stacking velocity of 0.08 m/ns. 
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Reflection ine aaoss point t)ar 200 MHz antenna 

4 5 6 
position (m) 

10 

Figure 4.9: Reflection depth profile across point bar using 200 MHz 
antennae. 

Figure 4.9 also demonstrates that the 200 MHz frequency can image to a depth of at least 

2 meters with good resolution. The presence of the clay-rich Tecovas Formation Umits 

penetration with the 25 MHz to about half the value of the expected value of 30 meters 

but resolution is usefiil to this depth. 

The EM34 contour plot (Figure 2.2) shows a long conductivity low just southwest 

of the present channel. The EM31 contour plot (Figure 2.6) also shows this feature. In 

addition Figure 2.6 shows a conductivity low along the present creek axis. The lateral 

conductivity high northeast of the channel is close enough and strong enough to influence 
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the EM34 measurements; causing them to be higher than would otherwise be the case and 

consequently masking the conductivity low along the creek. Figure 4.10 is the EM31 

contour plot (Figure 2.6) v^th three areas of low conductivity labeled. 

Contour Plot of EM31 Conductivity Values (mS/m) 
(vertical dipole) 

-300 -250 -200 

distance (m) 

150 -100 -50 

Figure 4.10: Contour plot of EM31 conductivity measurements (creek channel in 
Ught blue). 

Conductivity low from X to Z is the low just southwest of the creek also seen in Figure 

2.2. There is no surface expression marking this feature near position X; near position Z 

there is a topographic low along a remnant channel. On the basis of the geology of the 

area and the GPR and FDEM data coUected in this study, the controUing fector for 

conductivity in this study area is the depth and thickness of the Tecovas Formation 
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underlying the FDEM instrument. As a consequence a low conductivity not associated 

with an increase in elevation (which none of the labeled features are) indicates that the 

Tecovas is either deeper or thinner under the feature most Ukely as the result of erosion. 

The elongated conductivity low Y also has no surface expression. Near the end of this 

low at the top of the Figure 4.10 there is a smaU draw cutting through a high bank to the 

northeast of the creek. This also appears to be the buried channel of a past tributary of the 

creek flowing in from the northeast. As can be seen from this FDEM is very useful in 

detecting and mapping past channels and so can aid in the study of the evolution of a 

drainage pattem. 

One of the objectives of the study was to examine the relationsh^) between FDEM 

and GPR data in order to combine the speed and ease of use of FDEM with the resolution 

of GPR. As I discussed in Chapter II the EM34 measurements are in part due to lateral 

conductivity changes. This is more the case for the larger coil separations and horizontal 

dipole orientation but even the shorter separations in vertical dipole orientation show 

some effect. The EM31 measurements because of its smaUer coU separation and 

consequently smaUer sampUng volume are not significantly influenced by lateral 

conductivity variations. Figure 4.11 shows the GPR 25 MHz depth reflection profile 

compared to the EM31 graphs along McDonald Creek. 
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Figure 4.11: Comparison of GRP 25 MHz reflection profile and EM31 
conductivity graphs along McDonald Creek. 

There is some relationship between the pattem in the reflection profiles and the 

conductivity graphs. Highs and lows along the reflection profile can be related to highs 
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and lows along the conductivity graphs. The association is not straightforward. This in 

part is due to the difference in how the two classes of instruments view the subsurfrice. 

FDEM measurements are a weighted average of the conductivities in the sampled volume 

and so tend to smear across boundaries; while GPR traces record boundaries between 

differing electrical properties. A clearer relationship exists between the overaU trend in the 

two data sets. In Figure 4.11 both the GPR profile and the EM31 graphs show a 

decrease in the depth to the Tecovas from downstream to upstream. The GPR profile 

shows this as the reflector corresponding to the top of the Tecovas decreases in depth to 

the right. The EM31 graphs show this as an increase in conductivity as the depth to the 

Tecovas decreases. Figure 3.7, the reflection profile of the 25 Mhz antenna across a 

point bar, also demonstrates this relationship with reflectors dipping in the direction of a 

conductivity low. The GPR and FDEM data sets also agree on the thickness of the 

Tecovas. From the CMP velocity and depth analysis, the bottom of the Tecovas is 

approximately 10 m to 11 m deep. The EM34 vertical dipole graphs along McDonald 

Creek indicate that conductivity increases v^th depth through the depth response range of 

the 20m coil separation (approximately 9 m) but decreases at a depth less than the 

sensitivity maximum for a 40 m coU separation (approximately 15 m). 

Conclusions 

This study demonstrates that GPR is appUcable to the study of streams in the 

Caprock Escarpment region. The penetration depths and resolution relative to antenna 

frequency are within expected values. The 200 MHz antenna is useful in studying recent 
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sedimentary structures along the stream bed and within sand bars. The 100 MHz antenna 

in this study area was not as useful as the 200 MHz antenna but the reverse could be true 

where greater penetration is needed. The 25 Mhz antenna is appUcable to the study of the 

bedrock boundary beneath stream channels. This frequency showed usable resolution and 

penetration even through the clay-rich Tecovas layer. The velocities found through CMP 

profiles are weU within Uterature ranges. Consequently GPR reflection profiles can be 

converted to depth profiles with confidence. The velocity analysis from the 200 MHz 

CMP on a point bar demonstrates the use of GPR in study of the distribution of water 

with depth; and so can aid in modeUng the water budget of these streams. The main 

Umiting fector on the appUcation of GPR in this region is the difficulty in using it in the 

brushy and uneven terrain typical of the area around streams in the Caprock Escarpment 

area. This is not a problem in studjong along stream beds and across sand bars. 

FDEM is also appUcable to the study of streams in this region. Because of large 

lateral variations in near-surface conductivity, shorter coil spacing and vertical dipole 

orientation should be used. The EM31 is a better choice than the EM34 for this reason. 

The sampUng depth of the EM31 is adequate for most of the depth ranges of interest. 

While neither the EM34 or EM31 are useful in the study of bedding structures within a 

stream channel or sand bar, this study demonstrates that the EM31 is useful in imaging 

past channel locations and so its use could contribute to a study of the evolution of stream 

drainage patterns. WhUe the EM34 proved to be susceptible to lateral conductivity 

variations, its use in vertical dipole orientation along the creek demonstrated the presence 

of a layer of lower conductivity underlying the more conductive Tecovas. 
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Because of the difference in how these two classes of instruments view the 

subsurface there is not a simple relationship between their data. Nevertheless in 

combination GPR and FDEM can contribute more to a study of these streams than either 

can alone. FDEM can indicate the presence of layers hidden from GPR by attenuating 

formations. GPR can provide high resolution images in an area in which its use is 

practical which can then be extended with FDEM. 

The results of this study suggest a number of areas for further research. Two of 

these are using GPR to study bedding structures within and along streams in this region. 

More specificaUy how the geometry of bedding structures determined through GPR relate 

to the actual geometry. This could be done by first coUecting reflection profiles in a grid 

in an area of stream or bar and then digging trenches along the profile Unes to compare the 

GPR images with the true bedding structures. Another line of research is using GPR and 

FDEM to study the deposition of the Lingos formation. The Lingos formation (Caran and 

Baimigardner, 1990; Gustavson et al, 1991) was deposited during the Pleistocene as the 

Caprock Escarpment eroded to the west. Past research on this formation has utilized 

water weU logs and erosional cuts to examine its deposition. The use of GPR and FDEM 

could extend these studies. 
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