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ABSTRACT

Rapid infiltration of river water into unconfined
parts of the Floridan aquifer represents a significant
component of subsequent ground-water discharge
in regions where the aquifer is dissected by surface
streams. A two-year investigation of the Devil’s Ear
cave system, an extensive saturated conduit net-
work in the Floridan aquifer which underlies a 1.5-
km reach of the Santa Fe River in north-central
Florida, revealed that there is an appreciable and
rapid exchange of water between the river and the
underlying Floridan aquifer. Natural tracers Ra-
don-222 (*Rn) and 5*0 were used to quantify these
exchanges. Cave diving was employed to collect 50
water samples which were analyzed for tracer con-
tent and to observe water clarity conditions within
the saturated karst conduits as far as 1.2 km from
the cave entrance.

22Rn concentrations measured in the cave system
revealed three distinct zones where river water is
rapidly intruded into the Floridan aquifer. A two-
component mixing model was used to quantify the
intruded river water that was found to account for
as much as 62 percent of the discharge at Devil’s
Ear spring. Observations of diminished water clar-
ity in the cave system following large precipitation
events in the highland provinces of the Santa Fe
River basin indicate that river water intrusion to
the aquifer can occur in as little as one or two days.

‘The results of this investigation imply that, in re-

gions such as the western Santa Fe River basin,
there can be no clear distinction between ground
and surface waters and intruded river water pro-
vides a significant vehicle for contamination of the
unconfined Floridan aquifer,

PURPOSE

This paper presents and describes a geochemical data
set that has been collected from within a phreatic cave
system developed in the upper Florida aquifer beneath
the Santa Fe River, Florida. The objectives of this paper
are to demonstrate the potential magnitude and rate of

direct river water intrusion to the Floridan aguifer in
regions where the Floridan aquifer is unconfined and
dissected by surface streams, and to offer a hypothesis
which describes the mechanisms responsible for ground-
water/surface-water exchange in this region. Finally, it
is the intent of this paper to demonstrate that, in regions
where an unconfined aquifer is dissected by surface
streams, there can be no clear distinction between ground
water and surface water.

Problem

Standard hydrogeological data such as potentiometric
surface maps and discharge measurements from stream
gauging stations are not capable of documenting sur-
face-water/ground-water interactions taking place across
short reaches of a river or stream. Researchers have long
recognized the significance of these interactions and at-
tempted several methods of quantification with various
levels of success. Most of the research to date has focused
on lake scepage. Local head and stage measurements
have been employed either directly or coupled with finite
difference and finite element models to predict exchange
rates (Ackerer et al., 1990; Devito et al,, 1996; and Lee,
1996). These attempts break down under anisotropic
conditions found in karst-aquifers like the upper Floridan
aquifer. Seepage metérs have been constructed and
employed to make direct measurements (Shaw and Prepas,
1990) but are not suited for deployment in a swift river
cutting through bedrock such as the western Santa Fe
River. By comparison, isotopic studies provide a well
tested and widely applicable means of distinguishing
between ground and surface waters (Rogers, 1958; Ellins
et al., 1990; Ellins, 1992; Herczeg et al., 1992; Kincaid,
1994; and Criss and Davisson, 1996). Although methods
and applications differ, it seems generally accepted that
surface-water/ground-water interactions must be studied
at the local scale iz order to adequately estimate the flux
of water and thus the potential for contaminant migration
from one system to another.

In this investigation, I have adapted the geochemi-
cal technique originally described by Rogers (1958) to
quantify river water intrusion to an extensive network of
phreatic conduits developed in the Floridan aquifer. The
impetus for this research grew from observations reported
by cave divers of significant seasonal water clarity re-
ductiens that occur in most if not all of Florida’s saturated
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cave systems. For years, divers have attributed increased
turbidity to river water intrusion that introduces dark tan-
nin-stained water into the otherwise crystal clear ground
water. To investigate these observations that have rarely
been noted- by the hydrologic and regulatory communi-
ties, this investigation capitalized on cave diving tech-
nigues to collect water samples from large saturated karst
conduits beneath the Santa Fe River. The water samples
were subsequently measured for geochemical tracers to
identify and quantify river water intrusion to the aquifer.
Figure 1 shows the mixing of ground water and river
water in the Santa Fe River above Devil’s Ear spring.

Study Area

The field area lies in the western Santa Fe River basin
of north-central Florida along a 1.5 km reach of the Santa
Fe River between Rum Island and July springs. The
investigation focused on the exchange of water between
the Santa Fe River and the underwater conduits that
comprise the Devil’s Ear cave system underlying this

Figure 1. Ground water and surface water mixing at the entrance
to the Devil’s Ear cave system. View is looking up at the surface of
the Santa Fe River. The tannin-stained surface water appears in
shades of gray whereas the ground water is clear. Photo by Wes
Skiles of Karst Productions, High Springs, Florida.

reach of the river. Figure 2 is a reduced section of the
U. S. Geological Survey High Springs SW topographic
quadrangle showing the location of the field area and
the position of the Devil's Ear cave system relative to
the Santa Fe River.

Significance

Ground water is a vital natural resource in Florida
providing 87 percent of the public water supply and 94
percent of the dispersed private supply (Fernald and
Patton, 1984). Florida has promulgated environmental
regulations with the specific intent of protecting the pres-
ent and future beneficial uses of ground water to insure
continued availability and utility (Florida Environmental
Health and Safety Regulations, 62-520, 1994a). The regu-
lations continue to specifically outline the permissible
levels of known contaminants for aquifers and surface
waters. Under the regulations, aquifers are classified as
class-1, -2, and -3 where class-1 is the most protected.
Surface waters typically have the least stringent regula-
tions and narrative rather than numerical eriteria which
are often used to set water quality standards. Definitions
at the beginning of Chapters 62-520 and 62-520.200 of
the Florida Environmental Health and Safety Regula-
tions (1994a, b) specifically outline the criteria for clas-
sifying a body of water as ground water or surface water.

“Ground Water means water beneath the surface
of the ground within the zone of saturation, whether
or not flowing through known or definite chan-
nels... Surface Water means water upon the surface
of the earth, whether contained in bounds created
naturally or artificially or diffused. Water from
natural springs shall be classified as surface water
when it exits from the spring onto the earth’s
surface.”

Much of ‘the land in north Florida, and particularly
in the western Santa Fe River basin, is used for agricul-
ture and industrial dairy farms. Pesticides, fertilizers, and
high-nitrate sewage effluent associated with these land
uses either infiltrate directly to underlying aquifers or
discharge to rivers and streams via overland runoff. The
continued growth of the dairy industry has caused in-
creased public concern for the protection of water quality
in local springs, rivers, and the Floridan aquifer from
organic pollution. Andrews (1992) showed that ground
water and surface water in the vicinity of dairies com-
monly contains large quantities of nitrate, ammonia, and
soluble organic nitrogen species. Water quality data com-
piled from nine dairy farms in north Florida demon-
strated that, where unconfined, the Floridan aquifer is
vulnerable to contamination from wastes applied to the
land surface and that nearby surface waters receive Targe
quantities of nutrient-rich runoff (Andrews, 1992).
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Figure 2. Topographic map showing the position of the Devil’s Ear cave system relative to the Santa Fe River, north-central Florida.
Topography from the U. S. Geological Survey High Springs SW 7.5 Minute Topographic Quadrangle.

Forty-four percent of all the ground water consumed
in Florida and 100 percent of the water used for private
consumption in this study area comes from the Floridan
aquifer which is designated as a class-1 aquifer (Fernald
and Patton, 1984). In the western Santa Fe River basin,
many wells used for private water consumption are located
within tens of meters of the Santa Fe River. Here and
in other similar regions, pollutants carried to the river
by overland runoff from area farms and dairies can enter
the Floridan aquifer via river water intrusion and pose
a significant threat to water quality in the aquifer.

HYDROGEOLOGIC SETTING
The Floridan Aquifer

The Floridan aquifer is areally extensive underlying
all of peninsular Florida, nearly half of Georgia and South
Carolina, and part of Alabama. It is regarded as one of
the most productive aquifers in the United States (Spangler,
1981). The Floridan aquifer consists vertically of several
hundred meters of limestone and dolomite but only the
upper 100-250 m of the Floridan aquifer yields potable
water (Hunn and Slack, 1983). The stratigraphic units
constituting the aquifer are, from oldest to youngest: the
Ocala Limestone, formerly the Ocala Group (Scott, 1992)
of Eocene age; the Suwannee Limestone of Oligocene
age; and the limestones at the base of the Hawthorn
Formation of Miocene age (Hunn and Slack, 1983). The
productivity of the Floridan aquifer is evidenced by more

than 300 springs that discharge an average of 360 m*/sec
to Florida’s major rivers (Fernald and Patton, 1984). Of
the 78 largest springs on the North American continent,
27 discharge more than 272 m%sec from the Floridan
aquifer (Lane, 1986). Aside from the large magnitude
springs, pumping tests carried out in this study area
reveal transmissivity values that range from 3,000—50,000
m?/day which permit well yields of between 0.1-0.3
m3/sec (Hunn and Slack, 1983).

Karstification is ubiquitous in the limestones and
dolomites that comprise the Floridan aquifer. Sink-
holes such as the famous Winter Park sinkhole in central
Florida are the most common surface expressions of the
karstification. Many of these sinkholes have at least
partially filled with water and constitute most of the over
7,700 freshwater lakes in Florida that are larger than
40,000 m? (Spangler, 1981). Dry caves such as those
found in Florida Caverns State Park in Marianna, Florida,
are exposed in regions where the limestones and dolo-
mites are unsaturated.

Much more common are the regionally extensive cave
systems that occur in the limestones beneath the water
table. These saturated cave systems are of particular
hydrogeologic interest because they transmit large quan-
tities of upland recharge to springs in Florida’s major
rivers such as the Suwannee, St. Johns, Santa Fe, Okla-
waha, and Withlacoochee, In fact, all of the 27 first
magnitude springs (discharge >2.8 m?%sec) in Florida
discharge from phreatic cave systems. The ground-water
discharge from these springs is, in each case, between
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one and three orders of magnitude greater than the
largest well yields. The distribution and magnitude of
these spring discharges demonstrate that phreatic karst
conduits provide the major ground-water flow pathways
in the Floridan aquifer. A more thorough discourse on
the springs in Florida is provided by Rosenau and others
(1977).

The Santa Fe River Basin

The Santa Fe River basin comprises over 3,500 km?
of land in north central Florida and is a major tributary
to the Suwannee river. The region is characterized as
semi-tropical with mean annual precipitation of 135 cm,
52 percent of which falls between the months of June
and September. The large seasonal variation in precipi-
tation renders the Sanfa Fe River basin very susceptible
to flooding.

The Ocala Limestone, Hawthorn Formation, and
Alachua Formation are the three geologic units present
in all or part of the Santa Fe River basin that are sig-
nificant to this investigation. The Qcala Limestone, a
thick sequence of highly permeable Eocene limestone
beds, is the predominant geologic formation comprising
the Floridan aquifer in this region. Extensive karstifi-
cation in the Ocala Limestone has created amisotropic
conditions where permeability has increased by many
orders of magnitude in dissolved conduits. The Hawtharn
Formation is a 25 to 30-m thick Miocene sequence of
phosphatic clays and dolomitic limestones that overlies
the Ocala Limestone in the eastern Santa Fe River basin.
Where present, the Hawthorn Formation effectively
confines the Floridan aquifer. The Alachua Formation is
a thin sequence of phosphatic sand and clay deposits
thought to be erosional remnants of the Hawthom For-
mation. Outcrops exist as outlying hills and ridges in the
western part of the Santa Fe River basin covering the
Ocala Limestone (Williams et al., 1977). The Alachua
Formation is ineffective at confining the Floridan aquifer
(Hunn and Slack, 1983).

The Santa Fe River basin is commonly subdivided into
eastern and western halves with the Floridan aquifer
being confined in the east and unconfined in the west,
The Santa Fe River flows from east to west. Figure 3
adapted from White (1970) shows the course of the river
and its main tributaries across the three physiographic
provinces that merge within the basin: the Northern
Highlands, Central Highlands, and Gulf Coastal Low-
lands.

The Santa Fe River originates in the eastern half of
the basin on a high flat plateau known as the North-
ern Highlands physiographic province. Elevations in
these highlands range between 50 and 60 m. The Flori-
dan aquifer is effectively confined by the Hawthom
Formation in this province and precipitation drains di-
rectly, via overland flow, to the Santa Fe River and its

tributaries (Hunn and Slack, 1983). As the Santa Fe River
reaches the western edge of the Northern Highlands it
crosses the Cody Scarp, which marks the western ero-
sional boundary of the Hawthormn Formation. The Cody
Scarp is characterized by intense karstification of the
Ocala Limestone and marks the transition from confined
to unconfined conditions in the Floridan aquifer (Scott,
1991). Several of Florida’s rivers and streams including
the Santa Fe River disappear into underlying conduit
systems as they cross this transition zone resurfacing at
the western margin of the Cody Scarp.

When the Santa Fe River reaches the Cody Scarp, it
is diverted underground at O’leno sink and resurfaces 5
km down-gradient at the River Rise. Hisert {(1994) con-
ducted tracing experiments in O’leno State Park demon-
strating that the water travels between the sink and re-
surgence with a velocity of over five km/day. Hisert also
recorded the ground-water tracer at eight intermediate
sinkholes that are now known to be karst windows that
intersect the underground flow path of the river. Further-
more, he found that over 40 percent of the resurgence
is ground water that has augmented the river flow.

After its resurgence, the Santa Fe River flows onto
the lowland limestone plains of the Central Highlands
and Gulf Coastal Lowlands, The Hawthorn Formation has
been eroded leaving the Floridan aquifer unconfined.
Most precipitation falling on the limestone plains infil-
trates ditectly into the aquifer (Hunn and Slack, 1983).
In this region, the Santa Fe River is both a gaining and
loosing stream. Several major springs augment the river
flow as well as countless seeps that can be found along
the riverbed. Mixed in between the springs and seeps,
however, are several siphons that divert part of the
flow underground for unknown distances (Ellins et al.,
1991; Kincaid, 1994). Unpublished tracing experiments
conducted by local residents have demonstrated that one
“spring” marked on the USGS High Springs SW topo-
graphic quadrangle is actually a resurgence for river
water that was diverted underground from an upstream
siphon.

Several phreatic cave systems have developed in the
Santa Fe River basin. All of the known springs discharge
through conduits forming “spring” caves. Conduits form-
ing “river” caves have developed beneath the river stem-
ming from siphons.

The Devil’'s Ear Cave System

The Devil’s Ear cave system has developed in the
High Springs Gap sub-province of the Central Highlands
and is the largest and most extensive cave system in the
Santa Fe River basin. The cave system is an anastomosing
network of underwater conduits in the Ocala Limestone,
The main conduit in the cave system trends east for over
1,500 m upstream from the entrance at Devil’s Ear spring,
The depth of the conduits is relatively consistent at 33
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Figure 3. Location of the Devil’s Ear cave system and course of the Santa Fe River from the Northern Highlands across the Cody Scarp onto
the limestone plains of the Central Highlands and Gulf Coastal Lowlands physiographic provinces in north-central Florida. Adapted from

White (1970).

m below the water surface in the river except where they
rise to meet the Santa Fe River at the principal springs.
Conduit diameters range from 2 to 20 m. Figure 4 shows
a diver swimming through one of the larger sections of
the main conduit.

Figure 5 is a map of the Devil’s Ear cave system
showing its position relative to the overlying Santa Fe
River and the direction of ground-water flow through the
conduits, Three springs {July, Devil’s Eye, and Devil’s
Ear) discharge most of the water from the cave to the
river. The combined discharge from these springs aver-
ages 8.5 m%/sec (Wilson and Skiles, 1988). Most of the
ground-water discharge from the Devil’s Ear cave system
infiltrates through the limestone plains on the north side
of the Santa Fe River (Kincaid et al., 1992). Some of
the discharge at Devil’s Ear spring originates on the
south side of the river and is delivered through the Little
Devil’s cave system labeled on Figure 5 (Kincaid et al.,
1892).

Compared to other saturated caves in Florida, the
Devil’s Ear cave system is only slightly larger than average.
Every known spring along the western part of the Santa
Fe River discharges from cave systems that have been
mapped by cave divers. The Devil’s Ear cave system
has particular hydrogeologic importance because of its
proximity and relationship to the Santa Fe River. As
shown on Figure 5, several conduits extend from the
recharge area on the north side of the river to a larger
conduit that parallels and, in places, directly underlies
the river. Three regions of the cave system marked by
sample location numbers 9, 17, and 21 on Figure 5 are
closest to the Santa Fe River. In these regions, dis-
solved joints in the limestone that are passable by divers
proceed up to a depth of less than 3 m below the river
providing probable avenues for river water intrusion to
the aquifer.

Water clarity in the conduits is typically clear but
becomes turbid during higher stages of the river or after
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Figure 4. A cave-diver in the main passage of the Devil’s Ear cave system, View is northeast in the upstream direction. Photo by Wes Skiles

of Karst Productions, High Springs, Florida.

flood events. During periods of turbid water discharge
at the three springs, cave divers report that clear water
enters the main passage from the northern conduits and
mixes with turbid water from the southern conduits
producing the turbid water discharge visible at the sur-
face. Reverse flow, a common situation at many springs
in Florida where spring discharge is reversed and river
water flows into a cave system through the spring open-
ing, has never been reported at the Devil’s Ear cave sys-
tem. The absence of reverse flow during high river stages
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reflects the unconfined condition of the Floridan aquifer
and reveals that the aquifer is receiving direct recharge
from the river.

The River-Aquifer System

For the purpose of this discussion, the river-aquifer
system is divided into three parts: the Santa Fe River,
the conduits in the aquifer, and the saturated Ocala Lime-
stone in between. The 30-m thick section of saturated

Figure 5. Map of the Devil’s Ear cave system underlying the 1.5 km reach of the Santa Fe River upstream of July spring in north-central
Florida, showing the course of the Santa Fe River relative to the conduits, direction of ground-water flow in the conduits, and the location

of the three principal discharge points,
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Ocaia Limestone above the cave system is a leaky con-
fining layer separating the extremely permeable conduits
trom the overlying river. The confining layer allows a
hydraulic gradient to develop between the river and the
cave, and contains water in storage that is displaced when
either a downward or upward hydraulic gradient devel-
ops. The rate at which water moves through this layer
is dependent on the magnitude and duration of the hy-
draulic gradient and the vertical hydraulic conductivity.

METHODOLOGY
Radon-222

Radon-222 (*22Rn) provided an ideal natural tracer for
this investigation because concentrations in ground water
are typically an order of magnitude or more greater than
in surface water. 22?Rn is the radioactive decay product
of Radium-226 (**°Ra: half-life = 1.6 x 10° years) which
is ubiquitous in the phosphatic sediments composing
all or part of the Alachua Formation, present in outlying
hills, and the Hawthorn Formation, present in the North-
emn Highlands (Kaufmann and Bliss, 1978). 222Rn is
a volatile gas with a half-life of 3.8 days and is highly
soluble in water. 22Rn concentrations are measured in
alpha-scintillation ccunters and reported in Becquerels
per liter (Bg/L) which equate to the number of alpha
particle disintegrations per second per liter.

222Rn is released to ground water by the radioactive
decay of #?Ra on or near the grain boundaries of aquifer
material (Asikainen, 1981; Krishnaswami et al., 1982)
and, to a lesser extent, the dissolution of aquifer material
that supplies soluble ®Ra which subsequently decays to
22Rn (Ellins et al., 1990). A strong gradient exists be-
tween atmospheric and ground-water 2%Rn concentra-
tions. Gessel (1983) reports 2Rn concentrations in con-
tinental air that range between 8.3 x 103 (New Jersey)
and 2.83 x 1072 (Colorado). Reported concentrations of
22Rn in ground-water range between 2.0 x 10? and 6.6
x 10* (Davis and DeWiest, 1966). Because of its high
volatility, 2?Rn gas quickly dissipates when exposed to
the atmosphere creating a significant disequilibria be-
tween concentrations in ground water and surface water
(Rogers, 1958). Specific concentration gradients between
ground water and surface water are dependent on 2?Ra
content in local rocks.

Rogers (1958) demonstrated that elevated 222Rn con-
centrations measured in streams and rivers are indicative
of ground-water inputs. Furthermore, Ellins and others
(1990, 1991) showed that by accounting for gas exchange
across the air-water boundary, the measurement of 2?Rn
in a stream or river can be used to quantify ground-water
influx with a two-component mixing model. The same
principles were applied in this investigation but in re-
verse. When sampling the Floridan aquifer from inside
the Devil’s Ear cave system, low 222Rn concentrations

indicated river water intrusion. The difference between
the >*’Rn concentration in a sample and that of a pure
aquifer standard was used as the basis for quantifying
river water intrusion.

Mixing Model

The quantity of intruded river water in the samples
taken from the Devil’s Ear cave system was determined
using the following equation:

Rs = Rriv¥X + Rag*(1 - X}

where:
Rs = the ?*’Rn concentration in the sample,
Rriv = the background ***Rn concentration in the river,
X = the decimal fraction of river water in the sample,
Rag = the background 2*?Rn concentration in the
aquifer.

Solving the equation for the percentage of river water
in a given sample produces:

%X =(M) *100
Rriv — Rag

Background #*?Rn concentrations in the aquifer were
measured by sampling three wells near the field. Wells
1 and 2 are located 1 and 1.5 km southwest of Devil’s
Ear spring respectively. Well 3 is located approximately
3 km northwest of Devil’s Ear spring. The discharge
from Blue spring, shown on Figure 2, and Ginnie spring,
located approximately 500 m west of Devil's Ear spring,
is consistently clear and both springs are subject to re-
versals during periods of high stage in the Santa Fe River.
These hydrologic conditions are very different from
those associated with the Devil’s Ear cave system leading
to the conclusion that they have little or no hydrologic
connection with the river and discharge water indicative
of the local Floridan aquifer. 22Rn measurements col-
lected from these locations are provided in Table 1. Rag
was determined to be 13.0 Bg/L in February 1992 and
14.2 Bg/L 1n June 1993 by averaging the values obtained
from the three wells and two springs.

Measuring Rriv in the field area revealed values rang-
ing between 4.2 and 9.0 Bg/L. These values were not
considered accurate estimations of the background
222Rn concentration in the river because of large ground-
water inputs from several springs. Instead, Rriv was
determined by averaging several measurements collected
by Ellins and others (1991) and Hisert (1994) that were
taken just upstream of the field area where there is less
ground-water input. Their work showed that ?*?Rn input
to the river remains relatively constant over time in re-
gions with limited ground-water influx. Averaging these
reported 2?Rn concentrations produced a value for Rriv
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Table 1. 22Rn concentrations and 840 values and the calculated percentage of river water for each sample collected from listed sample
locarions in the Devil's Ear cave system, north central Florida. Sample location numbers refer to those shown on Figure 5.

1992 1993
Main Conduit Distance From River River
Location Distance From Main Conduit Z2IRn Water 22Rn Water 3180
Number Entrance (m) (Bg/L) (%) (Bg/L) (%) (ppm)
1 0 0 56 62 7.7 49 -3.56
2 20 0 53 64 n/a
3 80 0 57 61 8.0 47
4 170 0 n/a 9.1 39 -3.52
5 170 120 n/a 6.7 57 -3.64
6 240 0 6.8 52 n/a
7 340 0 6.4 55 58 64 -3.62
8 340 60 3.0 84 n/a
9 170 150 12.3 6 n/a
10 430 0 59 60 8.4 44 -3.66
11 430 -60 6.7 53 n/a
12 520 0 5.7 61 6.4 59 -3.62
13 520 60 53 65 57 64 -3.48
14 670 1] 6.0 59 6.3 60 -3.64
15 670 90 5.6 62 n/a -3.65
16 670 240 n/a 54 66 -3.52
17 670 300 n/a nfa
18 880 0 10.5 21 6.9 56 -3.59
19 940 0 53 65 5.7 64 -3.62
20 940 150 5.0 67 37 79 -3.58
21 940 370 2.5 88 n/a
22 1010 0 12.1 8 12,4 14 -3.66
23 1130 0 nfa 12,2 16
24 1220 0 n/a 13.6 4
25 12.8 2 10.9 25 -3.66
26 13.2 -1 14.2 0
Rl spg nfa nfa -3.70
well-1 13.2 14.2 -3.97
well-2 13.2 143
well-3 12.8 14.0
Blue spg. 13.0 142
Ginnie spg. 13.0 14.1
Background aquifer conc. 13.0 14.2
Background river conc. 1.0 1.0

‘=" sign indicates north of the main conduit
n/a indicates ne calculation because no sample was taken

of 1.0 Bg/L. The model only assumes fixed end-member
concentrations for the mixing waters. Note that a greater
value for Rriv would result in an increased value for
DX,

Delta Oxygen-18 (8'%0) Confirmation

Variations in 8'30 provided a qualitative check on
the *Rn mixing results. Oxygen isotope ratios are ex-
pressed in parts per mil (%o). Variations in 830 in natural
waters result from isotopic fractionation driven by eva-
poration and condensation. Preferential evaporation of
180 causes a relative ¥Q enrichment in surface waters
producing more positive values of 830, Ground water
does not evaporate so ground-water samples are charac-
terized by more negative 6'®0 (Ellins, 1992). Thus,
fractionation permits the discrimination between ground

368

water and surface water based on the §'%0 signatures.
Water samples, collected in the 1993 sampling period,
were analyzed for 8'%0 to qualitatively check the results
obtained from the ?Rn mixing model. Greater §'30 values
were expected to correspond to sampling locations with
small **’Rn concentrations and thus confirm regions of
river water intrusion to the cave system. §'%0 was not
directly measured in the river, however, lakes and ponds
near the study area yielded a consistent 8120 of —1.5%,
whereas ground-water values approached —4.0 %o (Hisert,
1994).

Sampling the Devil’s Ear Cave System
The Devil’s Ear cave system was sampled twice: in

February 1992 and in June 1993. In both cases, a team
of two cave divers made 10 dives into the system over
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a one-week period and collected 25 water samples.
Additional dives were conducted throughout the two-year
period to observe water clarity fluctuations associated
with precipitation events. Water clarity was estimated by
judging the approximate maximum horizontal distance
from which objects could be visually recognized at various
points in the cave system. The two sampling periods cor-
responding to high and low stages of the Santa Fe River
respectively and were chosen to investigate the effect of
river stage on river water intrusion.

222Rn sampling was conducted following the funda-
mental methodology described by Key (1981) and the
modifications described by Ellins and others (1990).
Water samples for 22Rn measurements were collected
in evacuated 250 ml plastic bottles. The bottles were
filled with approximately 150 ml of aquifer water leaving
100 ml of head space to collect the >*?Rn gas that would
be volatilized from the water sample. After surfacing,
the samples were transported to a laboratory where the
gasses in the head space were extracted from the sample
bottles into Lucas-type counting cells. After sufficient
time to allow the 22?Rn to equilibrate with it’s daughter
products, the cells were placed into alpha-scintillation
counters where light photons emitted by alpha particle
disintegrations were counted and recorded as Becquerels
per second per liter of sample. Key (1981) reports that
the error associated with this method does not exceed
14 percent.

3180 samples were collected in 50 ml glass vials,
precleaned with nitric acid and filled with distilled water
prior to the dive. The vials were flushed with air from
the scuba cylinders at the underwater sampling locations
then rinsed and refilled with aquifer water.

A more detailed accounting of the methodology used
to collect samples for **’Rn and 8'%0 as well as a
description of the error involved with the data collection
is provided in Kincaid (1994).

RESULTS: RIVER WATER INTRUSION TO
THE DEVIL'S EAR CAVE SYSTEM

Table 1 presents the ?22Rn and 3'®0 data collected
from the Devil’s Ear cave system during both sampling
periods. 2?Rn concentrations, converted to the corres-
ponding percent river water in the sample, have been
contoured on top of the cave map and are presented on
Figure 6. The contour maps from both sampling periods
delineate distinct zones of river water intrusion to the
Devil’s Ear cave system. The maps clearly show that in-
truded river water enters the cave system from the con-
duits nearer to the river and that the conduits emanating
from the recharge areas north and south of the river
consistently provide the sources of background aquifer
water.

Low 222Rn concentrations ranging between 2.5 and
5.8 Bg/LL measured in sections A, B, C and D clearly

demonstrate that the conduits in these sections provide
direct pathways for river water to intrude into the Flori-
dan aquifer. As shown on Figure 6, these conduits trend
south of the main cave toward and, in the case of those
in sections A and B, beneath the Santa Fe River. During
both sampling periods, turbid water was observed enter-
ing the main conduit from these three regions. It also
emanated from fractures in the limestone on the south
side of the main conduit. More turbid water was ob-
served during the 1992 sampling period. During both
sampling periods, the water clarity in the main conduit
improved upstream of the section A junction and clear
water was always observed in sections E, F, and G.
Overall, water clarity decreased in the system immedi-
ately following major precipitation events particularly
those localized over the Northern Highlands physiogra-
phic province.

High 2*?Rn concentrations ranging between 11.7 and
14.2 Bg/L indicate that the three most prominent sources
of background aquifer water in the cave system are found
in sections E, F, and G. Water clarity consistently im-
proved and the >*?Rn conceniration dramatically increased
upstream of section A shown con Figure 6. These con-
ditions indicate that section A is the upstream extent of
river water intrusion to the main conduit of the cave
system.

Figure 7 plots 222Rn concentrations and the corre-
sponding river water percentages in samples collected
along the main conduit of the cave system. Variations
in the **?Rn concentration shown on Figure 7 reflect
junctions where waters of different sources enter the main
conduit. The percentage of background aquifer water in
the main conduit decreases as the water moves toward
Devil’s Ear and DeviF's Eye springs. The mixing model
demonstrates that 62 percent of the discharge at Devil’s
Ear spring was recently intruded river water during the
February 1992 sampling period. The magnitude of river
water intrusion dropped to 49 percent of the spring
discharge during the June 1993 sampling period.

As shown on Figure 8, the variations in 820 in the
cave system during the June 1993 sampling period
qualitatively support the *’Rn data. More positive 320
values, between —3.55 and -3.45, were recorded in sections
B and C of the cave system which were identified by
the 22’Rn mixing model as regions of high river water
intrusion. More negative 8'%0 values ranging from -3.65
to —3.75 were recorded in section E that corresponds to
one of the principal sources of background aquifer water
identified by the 222Rn mixing model. The mixing model
was not applied to the 830 values because the %0
signature of the river was not determined.

During both sampling periods, the discharge of the
Santa Fe River was measured at several points along the
1.5 km transect between Rum Island and July springs
shown on Figure 2. Figure 9 compares the discharge
transects with the percentage of river water measured in
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Figure 6. The extent of river water intrusion to the Devil's Ear cave system during (A) the February 1992 sampling period and (B) the June
1993 sampling period, north central Florida. The degree of shading is proportional to the percentage of intruded river water. Notice that
sections A, B, and C show the regions with the greatest amount of intruded river water while sections E, F, and G show the regions of purest

aquifer water,

the spring discharge from Devil’s Ear spring. The overall
river discharge increased between the two sampling periods
from 23 m*s during the February 1992 experiment to
26.2 m%s during the June 1993 experiment reflecting
different river stage conditions. Both transects demon-
strate a downstream increase in river discharge due to
ground water influx. However, the measurements col-
lected during the 1993 sampling period reflect a substan-
tial loss in stream flow immediately downstream of Rum
Island. Unfortunately, the same number of measure-
ments were not collected during the 1992 sampling period
and the stream flow loss measured in 1993 was not docu-
mented with that broader sampling interval. Notice that
the percentage of recently intruded river water discharg-
ing from the Floridan aquifer at Devil’s Ear spring de-
creased during the period of higher stage in the Santa
Fe River.

DISCUSSION: GROUND-WATER CIRCULATION
BETWEEN THE DEVIL’S EAR CAVE SYSTEM
AND THE SANTA FE RIVER

The fact that the cave system experienced more river
intrusion during a period of lower recorded river stage
indicates that ground-water/surface-water exchange is
not a simple direct function of the stage of the Santa Fe
River. Rainfall and ground-water level data collected
from the field area and the Northern Highlands (Su-
wannee River and St. Johns River Water Management
districts) during this investigation provide the clues ne-
cessary to explain this complication. Ground-water
levels were measured in a Department of Transportation
(DOT) well located approximately 2 km west of the
field area. Those data are shown graphically on Figure
10. There was significantly more rainfall in the highlands
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Figure 7. Graphs show the variation in the 2?Rn concentration and the corresponding percent of intruded river water along the main conduit
in the Devil’s Ear cave system during the (A) February 1992 and (B) June 1993 sampling periods, north-central Florida. Peaks in the solid
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Figure 8. Variations in 5'%0 measured in the Devil’s Ear cave
system during the June 1993 sampling period, north-central Florida.
The graph supperts the radon data showing that sections B and C are
regions of greater intruded river water while section E is a region of
pure aquifer water. Sample location numbers reference those pro-
vided on Figure 5. Section labels refer to those shown on Figure 6.
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than in the lowlands during the February 1992 sampling
period when the greatest amount of intruded river water
was measured in the cave system. On the contrary, there
was more rainfall in the lowlands than in the highlands
during the June 1993 sampling period when the least
amount of intruded river water was recorded. The water
level in the Floridan aquifer was higher during the June
1993 sampling period when there was more rainfall over
the lowlands and less river water intrusion to the cave
system.

The hydraulic data and the results of this investiga-
tion reveal that the ground-water/river-water exchange
process is dictated by the net head difference between
the aquifer and the river. Figure 11 is a conceptual model
of the mechanisms controlling ground-water circulation
between the Devil’s Ear cave system and the Santa Fe
River.

The river receives water from both runoff in the high-
lands and spring discharge in the lowlands. Therefore,
head in the river is dependent on both the quantity of
aquifer discharge to the river and the quantity of surface
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Figure 9. Comparison of Santa Fe River discharge measured between Rum Island and July springs (Figure 2), north-central Florida during
the February 1992 and June 1993 sampling periods. Notice that there was more intruded river water measured in the discharge from Devil’s

Ear spring during the period of lower river stage.

runoff received by the river and its tributaries. By contrast,
head in the cave is primarily dependent on the quantity
of recharge. Thus, surface runoff, which is greater in
regions where the aquifer is confined, is the independent
variable that causes the head difference. The magnitude
and direction of the hydraulic gradient between the river
and the cave is, therefore, a direct function of the dis-
tribution of major regional precipitation events.

2500 T r 7.22
1 Lowlands rainfall (cm)
m  Highlands rainfall (cm) 7.20
20.00 + m  Ground water level (m)
718 ©
[=]
5
— 7.16 =
5 15.00 §
1]
= F7.14 2
1]
© 10,00 L —_
712 3
T 710
500 T
7.08
0.00 7.08

February 1952 June 1993

Figure 10. Comparison of water levels in the Floridan aquifer near
the Devil’s Ear cave system and rainfall measured in the Northern
Highlands and lowland provinces, north-central Florida. Notice that
there was more rainfall in the highlands than in the lowlands during
the February 1992 sampling period when more river water intrusion
was measured in the Devil’s Ear cave system. There was more
rainfall in the lowlands and the water table in the Floridan acuifer
was higher during the June 1993 sampling period when less river
water intrusion was measured in the Devil’s Ear cave system. Data
are from the Suwannee River and St. John’s River water manage-
ment districts.
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When precipitation is concentrated on the Northern
Highlands where the Santa Fe River is not in hydraulic
connection with the Floridan aquifer, the water accumu-
lates in the river as overland flow and the flood pulse
moves downstream onto the unconfined part of the
aquifer. The subsequent increase in river stage produces
a downward hydraulic gradient causing large amounts
of river water to invade the cave through the leaky con-
fining layer (Figure 11A). Observations of water clarity
reductions in the cave, by the author as well as other
cave divers, after large flood events originating in the
highlands of the upper Santa Fe River reveal that river
water infrusion to the aquifer can occur in as little as
one or two days.

Conversely, when precipitation is concentrated on the
lowland regions where the Floridan aquifer is uncon-
fined, recharge to the aquifer results from direct infil-
tration with no resulting flood wave in the river. The
hydraulic head in the cave rises above that of the river
where a rising river stage is caused only by increased
spring discharge. The resulting upward hydraulic gradient
results in flow from the cave to the river (Figure 11B).
The water in the cave will clear as the tannin surface
water from the Santa Fe River is flushed up and out
through the confining layer.

CONCLUSIONS

The findings of this study demonstrate the vulnerabil-
ity of the unconfined sections of the Floridan aquifer to
rapid contamination from surface streams. The 222Rn and
8130 data and water clarity observations presented in this
paper cleatly demonstrate the occurrence of rapid river
water intrusion to the unconfined Floridan aquifer. The
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Figure 11. Ground-water/river-water exchange between the Santa Fe River and the extremely permeable caves in the Floridan aquifer across
a 30-m thick section of Ocala Limestone which is a leaky confining layer. A) Rainfall in the hi ghlands creates a flood pulse in the river that
raises the stage of the river above the potentiometric surface of the aquifer creating a downward gradient. B) Rainfall in the lowlands infilirates
directly to the aquifer raising the potentiometric surface above the stage of the river creating an upward gradient.

two component mixing model used in this investigation
revealed that as much as 62 percent of the discharge at
Devil’s Ear spring can be river water that has recently
intruded into the Devil’s Ear cave system, Observations
of water clarity reductions in the cave system reveal that
pervasive river water invasion to the major karstic con-
duits underlying the Santa Fe River can occur immedi-
ately after flood events originating in the Northern High-
lands physiographic province.

Given the prevalence of karst conditions in Florida,
the hydrologic character of the part of the western Santa
Fe River basin investigated in this study can be considered
typical of other regions in Florida where rivers or streams
dissect the unconfined Floridan aquifer. The results of
this investigation demonstrate that there can be no clear
distinction between ground and surface waters in these
regions. Instead, water is actively exchanged between the
aquifer and rivers and streams at scales that cannot be
measured by standard hydraulic analyses. Environmen-
tal regulations that segregate ground water from surface
water in these regions will permit contaminants that enter
the river to be carried into the aquifer by the exchange
process and potentially degrade water quality.
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