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Abstract

This paper presents examples of ground-penetrating radar (GPR) data from two study sites in southeastern Florida where

karstic Pleistocene platform carbonates that comprise the unconfined Biscayne aquifer were imaged. Important features

shown on resultant GPR profiles include: (1) upward and lateral qualitative interpretative distribution of porosity and

hydraulic conductivity; (2) paleotopographic relief on karstic subaerial exposure surfaces; and (3) vertical stacking of

chronostratigraphic high-frequency cycles (HFCs). These characteristics were verified by comparison to rock properties

observed and measured in core samples, and identified in digital optical borehole images. Results demonstrate that an

empirical relation exists between measured whole-core porosity and hydraulic conductivity, observed porosity on digital

optical borehole images, formation conductivity, and GPR reflection amplitudes—as porosity and hydraulic conductivity

determined from core and borehole images increases, formation conductivity increases, and GPR reflection amplitude

decreases. This relation allows for qualitative interpretation of the vertical and lateral distribution of porosity and hydraulic

conductivity within HFCs. Two subtidal HFCs in the uppermost Biscayne aquifer have significantly unique populations of

whole-core porosity values and vertical hydraulic conductivity values. Porosity measurements from one cycle has a median

value about two to three times greater than the values from the other HFC, and median values of vertical hydraulic-

conductivity about three orders of magnitude higher than the other HFC. The HFC with the higher porosity and hydraulic

conductivity values is shown as a discrete package of relatively low-amplitude reflections, whereas the HFC characterized by

lower porosity and hydraulic-conductivity measurements is expressed by higher amplitude reflections. Porosity and hydraulic-

conductivity values measured from whole-core samples, and vuggy porosity identified on digital borehole images from

shallowing-upward, peritidal HFCs show that the highest porosity occurs at the base of the cycles, moderate porosity at the

middle of the cycles, and lowest porosity occurs at the top of cycles. Hydraulic conductivity is also highest at the base of the

peritidal cycles and lowest in the middle to upper parts of cycles. This change in porosity and hydraulic conductivity from

bottom to top is visible as an upward variation in reflection amplitude on GPR profiles—lowest amplitudes at the base and

highest at the cycle tops. This study demonstrates that GPR can be used to show the qualitative distribution of porosity and

hydraulic conductivity within a cycle-stratigraphic framework composed of carbonate HFCs. The distribution of porosity and
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hydraulic conductivity within HFCs is related to depositional textures. The upward and lateral patterns of the rock facies

within the HFCs can be translated to geophysical-log properties and radar facies configurations that could aid in interpretation

and prediction of ground-water flow through a carbonate aquifer.
D 2003 Elsevier B.V. All rights reserved.
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1. Introduction identified with GPR imaging of Pennsylvanian cyclic
Ground-penetrating radar (GPR), combined with a

precisely defined cycle stratigraphy from cores and

digital borehole images, and the detection of vuggy

porosity from digital borehole images of near surface

karst limestone, can provide a robust visualization of

karst aquifer architecture, encompassing the spatial

distribution of aquifer bodies, barriers, conduits, and

connectivity. Calibration of high-resolution borehole

data to GPR attributes for complex karst carbonate

lithologies requires continuously cored boreholes and

digital-image logs. The high-resolution study of the

shallow, karstic Biscayne aquifer serves as a guide for

developing improved and more realistic geology-

based karst-carbonate aquifer models.

Although the geologic application of GPR is most

common for siliciclastic strata (e.g., Beres and Haeni,

1991; Smith and Jol, 1992; van Overmeeren, 1998)

and crystalline rocks (e.g., Grasmueck, 1996; Lane et

al., 2000), its use in karst-carbonate rocks is becoming

more common (Ballard, 1983; Beck andWilson, 1988;

Barr, 1993; McMechan et al., 1998; Beres et al., 2001;

Cunningham and Aviantara, 2001). GPR has been

applied to near-surface carbonate rocks, but the com-

bined use of GPR and digital borehole images is a new

application (Cunningham and Aviantara, 2001). No

published examples have been found that demonstrate

the use of GPR to delineate porosity within a carbonate

high-frequency cycle stratigraphy. Other lithologic and

hydraulic features that can be inferred from GPR

profiles include sediment types and thickness (Beres

and Haeni, 1991), karst features (Barr, 1993; McMe-

chan et al., 1998), subaerial-exposure surfaces (Kruse

et al., 2000), and depth to water table and clay beds

(Johnson, 1992; Barr, 1993). McMechan et al. (1998)

used GPR to image a near-surface paleocave system in

the Lower Ordovician Ellenberger dolomites in central

Texas. Martinez et al. (1998) showed that small-scale

(less than 0.01 m) lithologic heterogeneity could be
limestone outcrops in Kansas. The lithologic hetero-

geneity, which affects permeability, can provide quan-

titative data for use in fluid-flow modeling. Dagallier

et al. (2000) showed that GPR could be used to

identify the internal organization of lithologic units

within Jurassic limestone in France. Kruse et al. (2000)

have shown that GPR can be effective in mapping the

altitude and structure of shallow limestone cap rock in

the prairie, cypress swamp, and hardwood hammock

of the Fakahatchee Strand State Preserve in southwest-

ern Florida. Beres et al. (2001) demonstrated that GPR

is an excellent tool for identifying and delineating

shallow subsurface cavities in karstified Jurassic lime-

stone in Switzerland.
2. Purpose and scope

The purpose of this paper is to demonstrate how

the combined use of GPR, borehole-geophysical logs,

and continuously drilled cores can be used to charac-

terize the spatial distribution of porosity and identify

karst features within shallow carbonate aquifers. In

this paper, it is shown that GPR profiles combined

with cores and digital optical borehole image logs can

contribute powerfully to characterizing hydrogeologic

properties of shallow karst-carbonate aquifers. This

investigation demonstrates the effective use of the

relation between porosity and high-frequency carbon-

ate cycles and amplitude of reflections in GPR pro-

files, to characterize a karst-carbonate aquifer. Results

from this study have improved the understanding of

the distribution of porosity in young (Pleistocene)

platform carbonates that comprise an unconfined

surficial aquifer.

GPR profiles and data from test coreholes were

collected at two sites, the north-central Miami-Dade

site and the Rocky Glades site, in southeastern Florida

(Fig. 1). To enhance the data set, whole-core porosity



Fig. 1. Map of locations of the north-central Miami-Dade and Rocky Glades ground-penetrating radar (GPR) sites, and the Lake Belt Area.

K.J. Cunningham / Journal of Applied Geophysics 55 (2004) 61–76 63
values were used from ongoing research of the surfi-

cial aquifer in the Lake Belt Area (Cunningham and

Aviantara, 2001), which includes the north-central

Miami-Dade site (Fig. 1).
3. Methods

3.1. GPR surveys

Two types of GPR field surveys were conducted

for this project: (1) continuous measurement com-

mon-offset reflection surveys and (2) common mid-

point (CMP) velocity surveys (Annan and Davis,

1976; Davis and Annan, 1989). The common-offset
reflection surveys were performed to produce two-

dimensional profiles of the GPR reflections, and the

CMP surveys were used to calculate radar velocities

propagating through the solid and fluid material

comprising the Biscayne aquifer. All GPR data was

collected using a Geophysical Survey Systems (GSSI)

SIRk System-10A+ with a dual 100-MHz antenna

array. The common-offset reflection surveys were

collected while towing the antennas 17 m behind a

truck at a rate of about 0.8 km/h. The separation

between the center points of the antennas was 89 cm.

Velocities were calculated by correlating depths to

reflectors, which could be determined from positive

correlation with corehole lithologies and the CMP

surveys. Processing included a horizontal filter pass
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and, for some GPR profiles, a constant-velocity mi-

gration of the continuous survey data using GSSI

RADANk for WinNT software. Identification of

GPR reflection amplitudes also was accomplished

using the software GSSI RADANk. Interpretations

of profiles were made using the RADANk for

WinNT software and RADANk-to-bitmap conver-

sion utility. The descriptions of radar-reflection pat-

terns are consistent with patterns described for seismic

profiles by Mitchum et al. (1977).

3.2. Drilling, borehole geophysical logs, and whole-

core porosity

Seven test wells were drilled to verify results from

GPR surveys. Four test coreholes were drilled at the

north-central Miami-Dade site (Fig. 1). Two test core-

holes and one rotary roller-bit test well were drilled at

the Rocky Glades site (Fig. 1). Borehole-geophysical

logs were collected by the U.S. Geological Survey

(USGS) for all seven test wells and included conduc-

tivity, natural gamma ray, caliper, and digital borehole

image logs. The digital borehole image logs were run

using either a RaaXk Borehole Image Processing

System (BIPSk) or an ALT OBI-40k digital optical

logging tool in the test wells filled with clear, ambient
Fig. 2. Shallow time stratigraphic units, hydrostratigraphy (Fish and Stew

(1977), and high-frequency cycles (HFC) used in this report for southeas
freshwater. Sixty-nine whole-core porosity measure-

ments were made on samples of core drilled at both

the north-central Miami-Dade and Rocky Glades GPR

sites, and on samples from other test coreholes drilled

throughout the Lake Belt Area (Fig. 1). Air-perme-

ability values were converted to hydraulic conductiv-

ity values using a factor of 1 millidarcy equals

9.67� 10� 9 m/s.
4. Cycle stratigraphy

The spatial distribution of vuggy porosity in the

Pleistocene carbonate rocks of the Biscayne aquifer

is controlled mostly by the distribution of deposi-

tional textures, which is best described by a strati-

graphic framework comprised of high-frequency

cycles (HFCs). Using a modified definition by Lucia

(1999), the HFC is a chronostratigraphic unit com-

posed of an unconformity-bounded succession of

genetically related textures contained in beds or bed-

sets. The upper and lower bounding surfaces of the

HFC are surfaces of subaerial exposure caused by a

relative fall in sea level.

Two types of HFCs are present in the Biscayne

aquifer. One is a subtidal cycle formed by vertical
art, 1991), lithostratigraphy (Causaras, 1987), ‘‘Q units’’ of Perkins

tern Florida.
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aggradation of high-energy shoals or shallow-marine,

peloidal, highly burrowed sand flats. The Miami Lime-

stone contains two unconformity bounded subtidal

HFCs (Fig. 2). The second type of HFC, a peritidal

cycle, is composed of a succession of depositional

textures that decrease in grain size upward, that shal-

low upward, and is capped by a tidal-flat deposit or

freshwater limestone or a stacking of both. Three

peritidal HFCs are recognized in the upper part of the

Fort Thompson Formation (Fig. 2). The delineation of

HFCs in the lower part of the Fort Thompson is

currently under investigation. The ‘‘Q’’ terminology

of the HFCs is modified from Perkins (1977), who first

recognized that the Miami Limestone and Fort Thomp-

son Formation of south Florida are composed of five

unconformity-bounded, time-stratigraphic marine

units (Fig. 2). These units were informally termed,

from oldest to youngest, Q1 through Q5 (Q for Qua-

ternary). Fig. 2 shows the relation between the ‘‘Q

units’’ of Perkins (1977) and the HFCs of this study.
Fig. 3. GPR line 286 at the Rocky Glades site, Everglades National Park

frequency cycles Q4 and Q3. A horizontal-filter pass has been applied

correspond to the high-frequency cycle stratigraphy shown in Fig. 2.
5. Results of GPR surveys

5.1. Rocky glades site

At the Rocky Glades site (Fig. 1), the radar

reflections from the Q5 subtidal HFC typically have

poor horizontal continuity or hummocky configura-

tions (Fig. 3). These reflection patterns image highly

bioturbated, massive beds (without well-defined bed-

ding planes) composed of pelmoldic grainstone and

packstone that have very high porosities and hydraulic

conductivities (Figs. 4–6). The reflections of the Q5

HFC are mostly lower amplitude than reflections in

the underlying uppermost limestone of the Q4 HFC

(Fig. 3). Amplitude analysis demonstrates that a

reflection representing the base of the Q5 HFC has

substantially lower amplitude than amplitudes of the

top layers of the Q4 HFC (Fig. 7a). The basal

reflection of the Q5 HFC averages about 6 decibels

(dB) lower than amplitudes at the top of the Q4 HFC
. (a) 100-MHz profile across zones of very high porosity in high-

to the profile. (b) Line drawing of GPR profile. Q5, Q4 and Q3



Fig. 4. (a) Digital optical borehole images of the G-3740 and G-3762 test coreholes (Fig. 3) with base of borehole images continued. (b)

Continuation of base of borehole images in (a). Depths of ground-penetrating radar events are interpreted from common mid-point velocity

surveys and correlation to test-corehole lithology. Zones of relatively high vuggy porosity are shown. HFC= high-frequency cycle.
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Fig. 5. Box-whisker plots of laboratory-measured porosity of whole-core samples from the Rocky Glades GPR site and Lake Belt Area. In

the box plot, the upper and lower quartiles of the data are portrayed by the top and bottom of the polygon, and the horizontal line segment within

the polygon represents the median. When comparing the notches on two boxes, if the notches do not overlap, this indicates a difference in the

median of porosity populations at about a 95% confidence level. Where there is overlap of notches, there is not a significant difference in the

medians. Roughly 99% of the data is contained between the limits of the whiskers and the remaining 1% of the data are plotted as individual

points. The plots for the two subtidal high-frequency cycles of the Miami Limestone indicate that the upper Q5 high-frequency cycle (HFC) has

significantly higher values of porosity than the lower cycle (Q4 HFC). The three plots to the right indicate that the porosity values within the

high-frequency peritidal cycles of the Fort Thompson Formation decreases upward from cycle base to cycle cap.
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(Fig. 7a). The relatively low amplitudes of the reflec-

tions of the Q5 HFC are consistent with a very high

pelmoldic matrix porosity, high solution-enlarged bur-

row porosity, and high hydraulic conductivity that are

characteristic of the Q5 HFC (Figs. 5 and 6). The

relatively high reflection amplitudes of the Q4 HFC

correlate with a micrite-rich rock fabric that has a

characteristically lower porosity and hydraulic con-

ductivity (Figs. 5 and 6). Whole-core porosity values

of the Q5 HFC from the Lake Belt Area and Rocky

Glades site (Fig. 1) range from 40% to 50%, and

values from the Q4 HFC are two to three times lower

(Fig. 5). The average median whole-core vertical

hydraulic-conductivity value of the Q5 HFC averages

about three orders of magnitude higher than the

median value from the Q4 HFC (Fig. 6a) and the

median whole-core maximum horizontal hydraulic-

conductivity value of the Q5 HFC averages about one

order of magnitude higher than the median value from

the Q4 HFC (Fig. 6b).
The lower amplitudes of the reflections in the Q5

HFC relative to higher reflection amplitudes in the top

layers of the Q4 HFC are probably caused by much

higher porosities, and thus higher freshwater content

in the Q5 HFC. Fig. 8 shows that the formation

conductivity of the Q5 HFC is higher than the

formation conductivity of the top layers of the Q4

HFC. The attenuation of electromagnetic (EM) waves

increases as the electrical conductivity of a medium

increases (Lane et al., 2000). Thus, there is an

empirical relation between formation porosity, hy-

draulic conductivity, formation conductivity, and re-

flection amplitudes—as porosity increases, hydraulic

conductivity and formation conductivity increases,

and reflection amplitude decreases. This relation is

observed throughout the entire vertical and lateral

section of the Biscayne aquifer represented in Figs.

3 and 4.

The top of the Q4 subtidal HFC has a relatively

low porosity limestone cap and much of the bottom



Fig. 6. Box-whisker plots of hydraulic conductivity of most of the same samples displayed in Fig. 5. See Fig. 5 for an explanation of the box-

whisker plots. Hydraulic conductivities were calculated from laboratory-measured air-permeability values using a factor of 1 millidarcy equal to

9.67� 10� 9 m/s. (a) Vertical hydraulic conductivity and (b) maximum horizontal hydraulic conductivity.
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section of the Q4 HFC is characterized by higher

matrix and vuggy porosity (Fig. 4). On the GPR

profile shown in Fig. 3, the reflections in the top

layers of Q4 HFC have relatively higher amplitude

than the reflections in the bottom section of the Q4

HFC. In the area of the G-3762 test corehole, high

vuggy porosity in the bottom section of the Q4 HFC

is developed best (Fig. 4). This high porosity at the
G-3762 test corehole is expressed as a thick zone of

relatively low amplitude reflections in the bottom

section of the Q4 HFC on the GPR profile shown in

Fig. 3. Comparison of Q4 HFC reflection amplitudes

in Fig. 7a and b confirms that the reflection ampli-

tudes at the top of the Q4 HFC are about 9 dB

higher than at the base of the Q4 HFC. Formation

conductivity in the top layers of the Q4 HFC is also



Fig. 7. Changes in ground-penetrating (GPR) reflection amplitudes over GPR survey distance, and corresponding box-whisker plots showing

reflection amplitude sample populations for GPR reflection events at the base and tops of high-frequency cycles (HFCs). Uses data from GPR

line 286 from the Rocky Glades site and GPR line 242 from the north-central Miami-Dade site. Reflection amplitudes at cycle bases are mostly

lower than the reflection amplitudes from underlying cycle tops as shown by comparison of amplitude between (a, d) the base of Q5 high-

frequency cycle (HFC) and top of Q4 HFC, (b) the base of cycle Q4 HFC and top of the Q3 HFC, and (c) the base of the Q3 HFC and the top of

the Q2 HFC. Box-whisker plots show that there is a significant difference between median values of reflection amplitudes for values from

contiguous cycle tops and cycle bases. The two very irregular curves in the graphs are based on running averages and the two smooth curves are

based on a polynomial averaging. See Fig. 5 for an explanation of box-whisker plots.
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Fig. 8. Formation conductivity measured by an induction-resistivity borehole-geophysical tool for the G-3740 test corehole and ground-

penetrating radar (GPR) events interpreted from GPR line 286 (Fig. 3). Zones of relatively higher electrical conductivity correspond to zones of

relatively high vuggy porosity on digital optical borehole images and zones of relative low-amplitude reflections on the GPR line 286. High-

frequency cycles (HFC) determined from stratigraphic analysis of cores and digital borehole images.
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higher than in much of the bottom section of the

cycle (Fig. 8).

The high water saturation of the thick zone of high

vuggy porosity in the bottom section of the Q4 HFC

near the G-3762 test corehole (Fig. 4) produces a

velocity pulldown in the reflections of the upper

surface of the Q3 HFC (Fig. 3). The velocity of EM

waves in freshwater (0.033 m/ns) is considerably

slower than that of limestone (0.12 m/ns) according

to Davis and Annan (1989). The interval velocity

between the ground surface and top layers of the

Q4, Q3 and Q2 HFCs was determined by correlation
of a CMP analysis (Fig. 9a) with layers identified in

test corehole G-3740 (Fig. 3). The computed velocity,

0.06 m/ns, is about half of Davis and Annan’s (1989)

limestone velocity. The lower south Florida velocities

are probably due to very high limestone porosity and

almost complete ground saturation.

These data suggest that the apparent structural low

on the upper surface of the Q3 HFC (Fig. 3) was

caused by a relatively slow two-way traveltime of

EM waves through the vuggy porosity zone. Corre-

lation of the top of the Q3 GPR anomaly between

the G-3740 and G-3762 test coreholes shows that



Fig. 9. Common mid-point velocity surveys. (a) Survey from due north of the G-3740 test corehole (Fig. 3) and (b) survey from near the G-3710

test corehole (Fig. 10).
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there is almost no difference in the altitude of the Q3

GPR event between the test coreholes (Fig. 4). The

roughly 1-m thick structural ‘‘sag’’ in the altitude of

the top of the Q3 GPR event near the G-3762

corehole, is thus attributed to a decrease in velocity

(Fig. 3). Further evidence of the velocity pulldown is

the similar in vertical distance between the top Q4

GPR event and top Q3 GPR event at the G-3762

test corehole relative to the G-3740 test corehole

(Fig. 4).

The GPR reflections at the tops of the Q3 and Q2

HFCs have amplitudes averaging about 9–11 dB

higher than overlying reflections at the bases of the

Q4 HFC and Q3 HFC, respectively (Fig. 7b and c).

Low porosity lime mudstone and wackestone cap

both the Q3 and Q2 HFCs (Fig. 4), whereas vuggy,

pelecypod floatstone and rudstone compose the bases

of these cycles. Fifty-three whole-core samples from

the Q3 and Q2 peritidal HFCs from both the Rocky
Glades GPR site and the Lake Belt Area (Fig. 1)

confirm that porosity values decrease upward from

the base to the tops of pertidal cycles (Fig. 5).

Further, core-scale hydraulic conductivity values de-

crease upward from the base to the tops of peritidal

cycles (Fig. 6). This upward trend in decreasing

porosity and hydraulic conductivity reflects a de-

crease in grain size and an increase in matrix micrite

upward within the HFCs, and is expressed as an

upward decrease in conductivity within the Q3 HFC

(Fig. 8). Similar to the Q4 HFC, the upper part of

the Q3 HFC has higher reflection amplitudes than

the lower part of the Q3 HFC (Figs. 3 and 7) that are

apparently related to an upward decrease in porosity

and freshwater saturation. The highly porous zones

in the Q4 and Q3 HFCs (Fig. 4) could be a laterally

well-connected, incipient dissolutional cave system

that is similar to more evolved cave systems des-

cribed by Ford (1988).
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5.2. North-central Miami-Dade site

Two high-frequency carbonate cycles (Q5 and Q4

HFCs) of the Miami Limestone and the uppermost

high-frequency cycle (Q3b HFC) of the Fort Thomp-

son Formation are imaged on GPR profile 242, which

was collected at the north-central Miami-Dade GPR

site (Figs. 1, 2 and 10). A thin calcrete layer at the top

of each HFC provides evidence that a surface of

subaerial exposure, which was related to a relative

fall in sea level, caps each HFC (Fig. 11). A prominent

karstic exposure surface that shows evidence for

significant dissolution along the surface separates

HFCs Q5 and Q4, as shown in Fig. 11. This buried

karstic surface has up to 1 m of paleorelief and,

locally, karstic dissolution has almost entirely re-

moved the Q4 HFC (Figs. 10 and 11). Digital optical

borehole images and continuously drilled cores con-

firm that the Q4 HFC is relatively thick to almost

absent (Fig. 11). Verification of the interpretation

shown in Fig. 10 would not have been possible with

only cores because of incomplete recovery and the

associated error in depths. Only with the digital optical

borehole images (Fig. 11) was it possible to verify

unambiguously the interpretation shown in Fig. 10.

Typical reflection configuration patterns and lith-

ofacies in the Q5 HFC are like those described earlier

for the Q5 HFC at the Rocky Glades site. Fig. 10

shows that the GPR reflections of the Q5 HFC are

lower amplitude than reflections of the Q4 HFC and

K.J. Cunningham / Journal of A72
Fig. 10. Ground-penetrating radar (GPR) line 242 at the north-central Mia

GPR profile. Q5, Q4 and Q3b correspond to the high-frequency cycle str
upper part of the Q3b HFC. Comparison of ampli-

tudes of a GPR reflection at the base of the Q5 HFC

and a reflection at the top of the Q4 HFC indicate that

the median amplitude of the Q5 HFC reflection is

about 7 dB less than the upper reflection of the Q4

HFC (Fig. 7d). This difference is significant at about a

95% confidence level (Fig. 7d). The relatively low

amplitudes of the Q5 reflections are probably related

to a very high pelmoldic matrix porosity and solution-

enlarged burrow porosity, which are characteristic of

the Q5 HFC, relative to lower matrix porosity (Fig. 5)

and more micrite-rich peloidal facies of the Q4 HFC.

These relations between the GPR reflection ampli-

tudes and porosity of the Q5 HFC, and the amplitudes

and porosity of the Q4 HFC are almost ubiquitous in

the data collected at the Rocky Glades GPR site and

throughout the Lake Belt Area (Fig. 1). Relatively

low-amplitude reflections assigned to the Q5 HFC

shown in Fig. 10 correspond to a zone of relatively

high formation conductivity in test corehole G-3713

(Fig. 12). This observation corroborates the empirical

relation between porosity, hydraulic conductivity, for-

mation conductivity, and reflection amplitudes—as

porosity increases, hydraulic conductivity and forma-

tion conductivity increases, and reflection amplitude

decreases.

The interval velocity between the ground surface

and top of the Q4 HFC is 0.06 m/ns as determined by

CMP analyses near test coreholes G-3710 and G-3711

at the north-central Miami-Dade site (Figs. 9b and
mi-Dade GPR site. (a) 100-MHz GPR profile. (b) Line drawing of

atigraphy shown in Fig. 2.



Fig. 11. Correlation of four digital optical borehole image logs from test coreholes G-3710, G-3711, G-3712, and G-3713 used to verify ground-

penetrating radar at the north-central Miami-Dade GPR site (Fig. 10).
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Fig. 12. Formation conductivity measured by an induction-resistivity borehole-geophysical tool for the G-3713 test corehole and ground-

penetrating radar (GPR) events interpreted from GPR line 242 (Fig. 10). The zone of relatively high electrical conductivity within the Q5 high-

frequency cycle (HFC) corresponds to a vertical and lateral zone of relatively low-amplitude reflections assigned to the Q5 HFC shown on the

ground-penetrating radar line 242 (Fig. 10). High-frequency cycles determined from stratigraphic analysis of cores and digital borehole images.
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10). This velocity is the same as the velocity deter-

mined at the Rocky Glades site and similar to a

velocity (0.05 m/ns) calculated by Kruse et al.

(2000) for the limestone of the upper Biscayne aquifer

in an area of Everglades National Park (ENP).
6. Discussion and conclusions

Ground-penetrating radar (GPR) is a useful tool in

the hydrogeologic characterization of shallow carbon-

ate aquifers. This technique was applied to karstic

Pleistocene platform carbonates of the upper Biscayne

aquifer in southeastern Florida. Geologic features
shown on resultant GPR profiles include: (1) two-

dimensional, qualitative distribution of porosity on

hydraulic conductivity; (2) paleotopographic relief

on karstic subaerial exposure surfaces; and (3) vertical

stacking of chronostratigraphic high-frequency cycles

(HFCs). These characteristics were verified by com-

parison to rock properties observed and measured in

rock samples from continuously drilled cores, and

identified in digital optical borehole images.

An empirical relation exists between measured

whole-core porosity, observed porosity on digital

optical borehole images, formation conductivity, and

GPR reflection amplitudes—as porosity determined

from core and images increases, formation conductiv-
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ity increases, and reflection amplitude decreases. A

plausible explanation is that attenuation of GPR-EM

waves increases as the freshwater saturation of the

medium increases. Borehole-conductivity logs show

that highly porous limestone of the Biscayne aquifer

with relatively high freshwater saturation has a higher

conductivity than low-porosity limestone with rela-

tively low freshwater saturation. Thus the highly

porous, highly conductive zones within the limestone

of the Biscayne aquifer have low reflection amplitude,

because as the electrical conductivity of a medium

increases the attenuation of the GPR-EM waves

increases.

The stratigraphic framework of the uppermost part

of the Biscayne aquifer is composed of two high-

frequency subtidal carbonate cycles that form the

Miami Limestone. Whole-core porosity values from

the upper subtidal HFC are typically about two to

three times higher than whole-core porosity measure-

ments from the underlying subtidal HFC. GPR pro-

files show that overall, the higher porosity of the

upper HFC generates lower amplitude reflections than

the underlying lower porosity HFC. Also, measured

basal reflection amplitudes of the upper subtidal HFC

are significantly lower than measured reflection

amplitudes of the lower subtidal HFC.

The Fort Thompson Formation underlies the Miami

Limestone and forms the middle to lower part of the

Biscayne aquifer. The upper Fort Thompson Formation

is composed of multiple high-frequency peritidal car-

bonate cycles. Porosity values measured from whole-

core samples show that the lowest porosity occurs at

HFC tops, moderate porosity at the middle of the

HFCs, and the highest porosity at the base of the HFCs.

This change in porosity from bottom to top is visible as

an upward variation in reflection amplitude on GPR

profiles—lowest amplitudes at the base and highest at

the HFC tops. Using a 100-MHz source, amplitudes of

reflections of relatively low-porosity cycle tops typi-

cally have median values about 2–11 dB higher than

amplitudes of reflections in overlying relatively high-

porosity cycle bases.

This study demonstrates that GPR can be used to

show the qualitative distribution of porosity within a

cycle-stratigraphic framework composed of carbonate

HFCs. The distribution of porosity within HFCs is

mostly controlled by depositional textures. The up-

ward and lateral patterns of rock facies within the
HFCs can be translated to borehole geophysical

properties and radar facies configurations that could

aid in interpretation and prediction of ground-water

flow through a carbonate aquifer. Furthermore, the

highly porous zones identified in HFCs at the Rocky

Glades site could be a laterally well connected,

incipient dissolutional cave system that is similar to

more evolved cave systems described by Ford (1988).
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