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Conversion Factors, Vertical Datum, Acronyms, and Additional Abbreviations

Multiply By To obtain
foot (ft) 0.3048 meter
foot per second (ft/s) 0.3048 meter per second
foot per nanosecond (ft/ns) 0.3048 meter per nanosecond
mile (mi) 1.609 kilometer
mile per hour (mi/h) 1.609 kilometer per hour
square mile (mi?) 2.590 square kilometer

Sea level: In this report, “sea level” refers to the National Geodetic Vertical Datum of
1929 (NGVD of 1929)—a geodetic datum derived from a general adjustment of the
first-order level nets of the United States and Canada, formerly called Sea Level Datum
of 1929.

Acronyms

GPR ground-penetrating radar
NWPSTP Northwest Pinellas Sewage Treatment Plant

Additional abbreviations

MHz megahertz
WS/cm microsiemens per centimeter at 25 degrees Celsius
ns nanosecond

Conversion Factors



Application of Ground-Penetrating Radar Methods in
Determining Hydrogeologic Conditions in a Karst Area,

West-Central Florida

By G.L. Barr

Abstract

Ground-penetrating radar (GPR) is a useful
surface geophysical method for exploring geology
and subsurface features in karst settings. In GPR
surveys, a radio-frequency electromagnetic signal is
transmitted into the ground, and the signal reflected
from subsurface lithologic and hydrologic features
and boundaries can be interpreted to identify sediment
thicknesses, depths to the water table and to clay
beds, breaches in confining beds, karst development,
buried objects, and lake-bottom structure. Data
collected during GPR surveys conducted in December
1987 and March 1990 in Pinellas, Hillsborough, and
Hardee Counties in west-central Florida were used to
demonstrate the application of GPR methods in deter-
mining subsurface hydrogeology in a karst area.

The reflected GPR signal is principally affected
by the bulk conductivity of sediments and pore fluids
and the apparent dielectric constant of subsurface
materials. Reflection amplitudes are a function of
contrasts in apparent dielectric constants across a
reflectory interface, and the apparent dielectric
constant is primarily a function of water content. The
effective exploration depth of a GPR survey is the
maximum depth at which coherent reflections can be
recognized. High subsurface conductivities attenuate
the transmitted signal, limiting exploration depths.
Effective exploration depths in predominantly unsatu-
rated and saturated sand and clay sediments at the
five study sites in west-central Florida ranged from a
few feet to more than 50 feet below land surface.
Exploration depths were limited as a result of strong
signal attenuation when high conductivity clay was

encountered, whereas greater exploration depths were
possible when low conductivity sand was encountered.

Results of the study in west-central Florida indi-
cate that GPR can provide information on shallow,
subsurface conditions that is useful in hydrogeologic
studies. Proper interpretation of the graphic record,
however, depends upon the user’s knowledge of the
method and familiarity with the local hydrogeologic
setting.

INTRODUCTION

Ground-penetrating radar (GPR) is a relatively
inexpensive, nonintrusive, electrical surface geophysi-
cal method that can be used to define shallow litho-
logic contacts and subsurface features. Lithologic and
hydrogeologic conditions that can be inferred from
GPR surveys include sediment thickness, depth to the
water table, breaches in confining beds, lake-bottom
structure, and sinkhole development. GPR data also
can be used to make lithologic or hydrogeologic
correlations and to locate buried objects.

Recent technologic developments of GPR methods
have lead to applications in various hydrogeologic
settings. To evaluate the potential for application of
GPR methods in the study area in west-central Florida,
the U.S. Geological Survey, in cooperation with
Pinellas County, Fla., conducted a study to demon-
strate the utility of GPR methods in karst terrain. GPR
surveys were made during 1987 and 1990 at five
study sites in Pinellas, Hillsborough, and Hardee
Counties. These sites are the Northwest Pinellas
Sewage Treatment Plant (NWPSTP), the East Lake
and Eldridge-Wilde well fields in northern Pinellas
and northwest Hillsborough Counties, a proposed
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well-field site near Pemberton Creek in northeast
Hillsborough County, and a phosphate-mining
reclamation area on CF Industries property in
northwest Hardee County (fig. 1).

Purpose and Scope

This report describes how GPR methods were
used to delineate subsurface features in a karst area in
west-central Florida and possible application to other
hydrogeologic studies. A description of the GPR
equipment used for this study, a brief overview of
GPR principles, a description of the hydrogeology at
five study sites, and the interpretation of GPR data

collected in 1987 and 1990 at those sites are presented.

GPR data collected along approximately 11 mi
of traverses at the NWPSTP site in December 1987
and along approximately 5 mi of traverses each at the
East Lake, Eldridge-Wilde, and Pemberton Creek
sites and about 0.3 mi of traverses at the CF Industries

82° 45 30

site in March 1990 were used to demonstrate the
application of the methods. Data also were collected
along 0.5 mi of traverses on a lake at the Eldridge-
Wilde site in March 1990. Subsurface conditions inter-
preted from the GPR data collected at these sites were
used in conjunction with available hydrologic and
lithologic data.
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Description of the Study Sites

The study was conducted at five rural sites in
Pinellas, Hillsborough, and Hardee Counties. These
sites are characterized by relatively flat lowlands in
coastal areas and by gently rolling hills in inland
areas. The NWPSTP site area, about 0.4 mi?, is in a
sinkhole plain that is typically an upland with no
wetlands (U.S. Fish and Wildlife Service, 1985).
Land-surface altitudes range from 5 to 50 ft above sea
level. The East Lake site area, about 5 mi2, is in a
marshy, forested, scrub-shrub terrain (U.S. Fish and
Wildlife Service, 1985). Land-surface altitudes range
from 15 to 30 ft above sea level. The Eldridge-Wilde
site area, about 5 mi?, is in a sinkhole plain that is
typically an upland with no wetlands (U.S. Fish and
Wildlife Service, 1985). Land-surface altitudes range
from 20 to 40 ft above sea level. The Pemberton
Creek site area, about 1.2 mi?, is in a sinkhole plain
that is typically an upland with no wetlands (U.S. Fish
and Wildlife Service, 1985). Land-surface altitudes
range from 70 to 100 ft above sea level. The CF Indus-
tries site area, about 0.25 miZ, is in a sinkhole plain
that is typically an upland with no wetlands (U.S. Fish
and Wildlife Service, 1985). Land-surface altitudes
range from 116 to 130 ft above sea level.

Description of Ground-Penetrating Radar

GPR is a versatile electrical geophysical method
that can be used on the land surface, on surface-water
bodies, in boreholes, in aircraft, or space vehicles
orbiting the earth. GPR applications can be useful for
delineation of shallow hydrogeologic features. Explo-
ration depths using GPR techniques generally range
from a few feet to tens of feet, but can be greater than
100 ft in some hydrogeologic settings. The GPR
equipment produces a graphic display that allows the
user to interpret data while in the field. GPR equip-
ment consists of components that are carried either
manually or are towed behind vehicles or boats during
a GPR traverse.

The GPR system detects the radar energy that is
reflected when a pulse is transmitted through host
materials. All host materials will cause some scatter-
ing and reflection of radar energy; however, greater
contrasts of electrical properties at material interfaces
result in stronger reflected pulses. Buried objects,
such as pipes and storage containers, also commonly
cause strong reflected pulses.

The principal factors that affect performance of
the radar system are the electrical properties of the
host material that is being penetrated by the radar
energy and the transmitting frequency of the system.
The ionic strength of pore fluids, degree of saturation,
and porosity have the greatest effect on the electrical
properties of the host material. Conductivity (or
inversely, resistivity) and the dielectric constant are
the principal electrical properties that affect the
propagation and reflection of electromagnetic waves.

Conductivity is the measure of the ease with
which current can flow through a material as a result
of an applied electrical field. Resistivity, the recipro-
cal, is the measure of opposition to the flow of electri-
cal current (Sheriff, 1984). Conductivity is affected by
porosity, fluid properties, and the types and the quan-
tity of clays present in the formation. Ions adsorbed
by clay particles increase the conductivity of a mate-
rial (Olson and Doolittle, 1985). Montmorillonite
clays have a higher cation exchange capacity than
kaolinite and oxide clays and, therefore, are more
conductive under similar pore fluid conditions
(Doolittle, 1988).

The dielectric constant is the measure of inductive
capacity of a material that results from an applied
electrical field (Sheriff, 1984). The dielectric constant
is similar to conductivity in porous materials; it varies
with the amount of pore water present (Telford and
others, 1978). Materials that have higher dielectric
constants (water) can store more electrical potential
energy than materials that have lower dielectric
constants (dry quartz sand).

General relations among conductivity and
resistivity, fluid properties of host materials, the
transmitting frequency, and GPR response are
presented in table 1. Approximate conductivities and
dielectric constants for selected materials are
presented in table 2. Dielectric constants for materials
at the NWPSTP site, calculated from this study, also
are included in table 2. The methods used in the
calculation of these values are discussed in the follow-
ing sections of this report.

The conductivity and dielectric constant of a
material affect the attenuation of a GPR signal (loss of
radar energy), the strength of reflected radar energy,
the depth of signal penetration (exploration depth),
and the density of recorded traces on the graphic
display. Materials with high conductivities, such as
seawater and clays, greatly attenuate radar energy and
cause stronger reflected pulses than materials with
lower conductivities. Strongly reflected pulses are
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Table 1. Effects of formation resistivity, ionic strength of formation fluid, and
signal frequency on ground-penetrating radar response

[MHz, megahertz]

Higher «- - - ---- - - - - ELECTRICAL CONDUCTIVITY - = = = = = = = = — - » Lower
of host material
Lower - - - == ~—- = - - - ELECTRICAL RESISTIVITY - - - = = = = = = — — 1 » Higher
of host material
(lonic chemicals (Nonionic chemicals
in host material: in host material:
Higher <~ - - - acids,- - - - - - - - lonic strength = = - - ---- water, - - -p» Lower
bases, and saturation degree gasoline,
salts) of fluids in host material hydrocarbs)
affects
Decreases - - - - -~ - - ===~ - - PROBING DEPTH - = - === -~ - - - - -~ » Increases
Higher €« - - - - -~ - - - - - — - ATTENUATION (loss)- - - - - ==~ - == = - = » Lower
of radar energy
Lower €- - - - - ~---------- STRENGTH---------~---- - » Increases
of reflected signal
Thinner traces €-----~--------- REFLECTION- - - - - - - ==~ - = — - — -] » Denser traces
(Lighter) on graphic chart (Darker)
Higher «--------------- FREQUENCY - - -------—-—- -~ -~ » Lower
(1,000 MHz) of transmitted pulse (10 MHz)
affects
Decreases €- - - - -~ =---~=---- PROBING DEPTH - - - - - - - - - - - = - 1 » Increases
Increases - -----------—-~- RESOLUTION of- - - - - - ==~ = = =~ — » Decreases
graphic chart images
displayed as dense, dark traces on the graphic E; = (¢/Vm)? (D

recorder chart. The more saturated the materials are,
the greater the conductivity and attenuation of radar
energy. Increased signal attenuation results in reduced
exploration depth. The dielectric constant of a material
affects the propagation velocity, attenuation of radar
energy, and the strength of reflected radar energy, as
shown by the relation in the following equations:

where
E; is relative dielectric constant, dimensionless;
c is the propagation velocity in free space, in feet
per second (equivalent to velocity of light,
0.98 ft/ns); and
Vn is the propagation velocity in the host material,
in feet per nanosecond.
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The degree of radar energy attenuation can be
calculated by the equation (Morey, 1974):

A=12.863x10"8 f VE, (Vtan?8+ 1 — 1)1/2 @

where
A is the energy attenuation, in decibels per meter;
f1s the frequency, in hertz;
E, is the relative dielectric constant, dimensionless;
and
tan J is the loss tangent.

The strength of the reflected radar energy is a function
of the reflection coefficient, R, and the contrast
between the dielectric constants for the two materials
at the interface reflecting the signal. The reflection

Table 2. Conductivity and dielectric constant of
selected materials

[uS/cm, microsiemens per centimeter at 25 degrees Celsius;
--, No data]

Dielectric
Material Conductivity constant,
(uS/cm) E
Air! 0 1
Freshwater! 10%t0 3 x 102 81
Seawater! 4 81
Sand, quartz, dry! 107 to0 1073 4106
Sand, quartz, 104 t0 102 30
saturated
(freshwater)!
Silt, saturated! 103 to0 102 10
Clay, saturated 101t01 81012
(freshwater) !
Dry, sandy, flat 2% 103 10
coastal land!
Limestone, dry! 107 7
Sand and mixed soil 109 to 104 2t06
components, dry?
Mixed soil 103 t0 102 S5to15
components, saturated?
Quartz sand dry3 - 1.8t06.0
Quartz sand, and -- 891067

kaolinite, illite
and smectite clays,
saturated, (freshwater)>

Morey, 1974.
2Ulriksen, 1982.

3Data from this study--Northwest Pinellas Sewage Treatment
Plant site, Pinellas County; field-determined values from 35 sites.

coefficient that is directly proportional to the strength
of the reflected radar energy can be calculated by the
equation (Sellman and others, 1983):

_ (B - (ENS 3
(B +ENS

where
E,1 is the relative dielectric constant of the upper
material, dimensionless; and
E 2 is the relative dielectric constant of the lower
material, dimensionless.

The strength of the reflected radar energy is R2.

The dielectric constant of a material is inversely
proportional to the exploration depth (depth of
penetration) of radar energy as shown in the equation

D =ct4 (E,)” )

where
D is the exploration depth, in feet;
¢ is the velocity of light, 0.98 ft/ns;
t is the two-way travel time of an energy pulse, in
seconds; and
E, is the relative dielectric constant, dimensionless.

The transmitted energy is a wide-frequency
pulse that lasts about 3 ns. The center frequency
affects the exploration depth and spatial resolution of
chart images (table 1). The frequency used is a function
of balancing exploration depth against spatial resolu-
tion according to the survey objectives. The use of
high-frequency short-wavelength signal pulses results
in greater energy attenuation and, therefore, shallower
exploration depths (eq. 2), but provides for greater
resolution of the signal. The use of low-frequency,
long-wavelength signal pulses increases exploration
depths but reduces resolution of the signal. Because
clays were present at the study sites, at depths that
ranged from several feet to about 40 ft below land
surface, a frequency of 80 MHz was used to provide
greater penetration depths without sacrificing too
much vertical resolution.

A single antenna can be used for both transmitting
and receiving signal pulses in GPR surveys. Although
use of a single-antenna system is commonly preferred
because it is less expensive and easier to maneuver, a
dual-antenna array was used for this study because it
minimized unwanted surface noise and could better
detect small vertical fractures in the subsurface than a
single-antenna system (Benson and others, 1982).
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Figure 2. Simulation of a reflected pulse as recorded by the receiver and displayed by
a graphic recorder. (Modified from and published with permission of Geophysical
Survey Systems, Inc., 1986.)

Method of Study energy into the shallow subsurface of the terrain being
surveyed. Reflected pulses are received by the antenna,
Subsurface features were examined during this processed by the system components, and displayed
study by collecting GPR data along traverses across on a graphic recorder as a continuous time-of-travel
land surface and across a freshwater lake. The GPR equip-  and traverse-distance profile that is stored as data on a
ment used for this study is the SIR System-8 with a magnetic-tape recorder (fig. 2). Land traverses of the
dual 80-MHz antenna array manufactured by Geophy-  GPR equipment required an equipment operator in the
sical Survey Systems, Inc. The equipment operates in back of a truck, a driver, and a third person to steer the
the radio frequency range of 10 to 1,000 MHz by antenna array. The manually guided antenna array was
transmitting short-duration pulses of electromagnetic towed 100 ft behind the vehicle by a connecting cable.
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