HYDROGEOLOGY OF THE WESTERN SANTA FE RIVER BASIN

FIELD TRIP GUIDEBQOK No. 32
PUBLISHED BY THE

SOUTHEASTERN GEOLOGICAL SOCIETY
~ P.O. Box 1634
Tallahassee, F1., 32302

Officers:

Thomas M. Scott, President
Katherine Ellins, Vice President
Ken Campbell, Secretary/Treasurer

Richard Deuerling, Membership Secretary

NOVEMBER 23, 1941

BT EREEBAEBEAEAEAERLREAEAEEREERANLENLALSE

:\”}"’
foy




CONTENTS
Prelace L ittt e i e e e e e e e IO T I SN ii
Field Trip SLOPS & ittt vt tetn i e ettt et i ii
ACKknoOWledgement S .t i h it e e e e e e iv

The Geology of the Santa Fe River Basin, Central-

northern Peninsular Florida, by Tom Scott........ 1

Cave Development in the Western Santa Fe River Basin,
by Katherine Ellins and Tedd Kincaid............ 13

Determination of the Underground Flow Path of the Santa
Fe River, Using SFg, by Richard Hisert and
Katherine ElliriS s « v oo ten s oinaetotsotssnneens 24

Using 222gn and SFg to Determine Groundwater Gains and
Stream Flow Losses in the Santa Fe River, by
Katherine Ellins and OLherS. .. .uuivenmennneeen- 41



\

i

HYDROGEOLOGY OF THE WESTERN SANTA FE RIVER BASIN

PREFACE

Few locations in the United States are characterized by
groundwater/surface discharge relationships more intricate
than found in the complex karst of the Santa Fe River Basin
in central-northern peninsular Florida. The objectives of the
field trip and its companion guidebook are to (1) describe
the karst hydrogeology of the Santa Fe river Basin, and (2)
familiarize geologists with research efforts currently
underway to advance the knowledge about subterranean flow
patterns and groundwater/surface discharge interactions in
the western Santa Fe River Basin. The investigations
described in this report involve the application of natural
radon-222 (222Rn) and the man-made sulfur hexafluoride (SFg)
as hydrologic tracers. Funding for this research was

provided by the National Science Foundation.

FIELD TRIP STOPS

Stop 1. O'Lenc Sink in O'Leno State Park. Results of an SFg

injection experiment that traced the underground flow of the




Santa Fe River between the Sink and the River Rise.

(Discussion leader: Richard Hisert, U.F. Graduate Student)

Stop 2. New Sink hole in O'Leno State park.Discussion of
sinkhole formation (Discussion leader: Dr. Daniel Spangler,

Department cf Geclogy, U.F.).

Stop 3., Santa Fe River Rise. The use of 222Rn and SFg
together to determine groundwater influx and measure gas
exchange (Discussion leaders: Dr. Kathy Ellins, Assistant
Professor, and Nell Johnson, U.F. Graduate Student,
Department of Geology, U.F.). Discussion of lateral mixing
and longitudinal dispersion in the Santa Fe River (Discussion

leaders: Dr. Kathy Ellins and Richard Hisert).

Stop 4. Boat landing on Route 27. Discussion of
hydrogeology of the Santa Fe River Basin (Discussion leader:
Dr., Anthony Randazzo, Chairman of the Geology Department,

U.F.)

Stop 5. Ginnie Springs. The application of 222Rn and SFg in

estimating groundwater inputs and stream flow losses in the
Santa Fe River petween Rum Island and Ginnie Springs.
(Discussion leaders: Dr. Kathy Ellins and Todd Kincaid[
U.F.Graduate Student). Cave formation in the Florida karst

with emphasis on the Devil's Ear Cave (Kincaid and Wes

Skiles, Karst Environmental Services, High Springs, FL.).
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The Geology of the Santa Fe River Basin,

Central-northern Peninsular Florida

by

Thomas M. Scott, P.G.
Florida Geological Survey

Tallahassee, Florida

Introduction

The headwaters of the Santa Fe River form in the lakes and
swamps of northeastern Alachua County and southeastern Bradford
County in the Northern Highlands near the southwestern end of Trail
Ridge (Figure 1). The river follows a generally westward, sinuous
pathway as it flows toward its ultimate confluence with the
Suwannee River at the intersection of Coclumbia, Gilchrist and
Suwannee Counties. It flows across the Northern Highlands forming
the boundary of Alachua County with Bradford, Union and Columbia
Counties. The river leaves the highlands and flows across the
northern end of the Western Valley in the High Springs Gap to the
Gulf Coastal Lowlands where it merges with the Suwannee River.

The Santa Fe River is simply an ordinary northern Florida
river as it flows across the Northern Highlands. However, when the
river reaches the karstified transition zone between the highlands
and the Western Valley, the entire flow of the Santa Fe disappears

into the subsurface via a karst conduit in the river bed within the
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confines of O'lLeno State Park. The river follows this subsurface

course for several miles before reappearing and resuming surface
flow toward the Suwannee River.

The disappearance and re-emergence of the Santa Fe River, the
geclogic framework responsible for this occurrence and the
resultant hydrogeologic conditions form the focus of this years
SEGS field trip. This article discusses the regional geologic

framework surrounding these interesting geologic phenomena.

Regional Geoclogic Framework
Basement Rocks and Mesozoic Sediments

The basement rocks underlying this portion of northern Florida
include Paleozoic sedimentary rocks of the Suwannee Basin which
comprise part of the Peninsular Arch (Figure 2). These Paleozoic
sediments are thought to be Ordovician to Devonian sandstones,
siltstones and shales and lie at approximately 3500 feet below NGVD
(Puri and Vernon, 1964). Subjacent to the Paleozoic sediments are
unnamed Precambrian to Cambrian igneous and metamorphic rocks
(Figure 2).

The basement rocks of Florida have been identified as being a
remnant of the African Plate that remained adhered to the North
American Plate after the plates separated during the early
Mesozoic. This identification is supported by palecntologic data
(Cramer, 1973; Pojeta et al., 1976), geochronologic data (Opdyke et
al., 1987; Dallmyer, 1987) and paleomagnetic data (Opdyke et al.,
1987) (see Arthur, 1988, for further discussion of the basement

rocks). The top of the basement rocks is the pre-Middle Jurassic
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post-rift unconformity of Arthur (1988).

The Jurassic through Upper Cretaceous sediments 1lying
supréjacent to the basement rocks are composed of siliciclastics
and carbonates including the Cotton Valley, Atkinson, Pine Key and
Lawson Formations and sequences of unnamed sediments (Figure 2).
Puri and Vernon (1964) indicate that these sediments may be as much
as 1500 feet thick in central-northern Florida. The top of the
Mesozoic sediments occurs at approximately -2000 feet NGVD in this

area (Miller, 1986).

Cenozoic Lithostratigraphy and Hydrostratigraphy

Approximately 2000 feet of Cenozoic sediments underlie the
central-northern portion of peninsular Florida. The vast majority
of these sediments are carbonates of the Paleocene and Eocene
Series which comprise the Floridan aquifer system and the sub-
Floridan confining unit (Figure 2). Within this area, the Floridan
agquifer system ranges from nearly 1300 feet to 1500 feet thick
(Miller, 1986; Scott et al., 1991). Elevations of the top of the
aquifer system in the field trip area ranges from approximately =25
feet NGVD in northeastern Alachua County to between 50 and 75 feet
NGVD in northwestern Alachua County. The Floridan is overlain by
as much as 200 feet of post Eocene sediments in this area.

The Paleocene Cedar Keys Formation forms the sub-Floridan
confining unit a-4 the basal Floridan aquifer systen. It 1is
composed primarily of dolostone and gypsum/anhydrite. The lower

portion of the Cedar Keys Formation, the sub-Floridan confining

unit, is finer grained and interbedded with anhydrite (Miller,
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1986). The upper portion is more coarsely crystalline and forms
part of the Floridan aquifer system. The tep of the formation
océurs at -1200 to =1400 feet NGVD (Miller, 1986) and is
approximately 400 feet thick (Chen, 1965).

The Lower Eocene Oldsmar Formation lies unconformably(?)
suprajacent to the Cedar Keys Formation. The Oldsmar consists
predominantly of limestone interbedded with vugular dolostone.
Dolomitization is usually more extensive in the lower portion of
the section. Gypsum and anhydrite are found locally within the
Oldsmar Formation (Miller, 1986}, Milier (1986) indicates the
Oldsmar top occurs between =800 and -1000 feet NGVD in this area
and ranges from 300 to 400 feet thick.

The Middle Eocene Aven Park Formation, as currently utilized,
is a combination of the original Avon Park Limestone and the Lake
City Limestone of Applin and Applin (1944) (Miller, 198s6). It
lies unconformably(?) suprajacent to the Oldsmar Formation. The
Avon Park is primarily a fossiliferous limestone interbedded with
vuggy dolostone with a few, localized occurrences of evaporites.
Miller (1986) places the top of the unit between =100 and =400 feet
NGVD in this area and recognizes a thickness ranging from 600 to
800 feet.

The Uppef Eocene Ocala Limestone (formerly Group: see Scott,
1991) unconformably overlies the Avon Park Formation throughout
this region. The Ocala is a very fossiliferous limestone
occasionally containing highly recrystallized beds. It is exposed
to shallowly buried along the western one~-third to one-half of the

Santa Fe River with the top occurring between sea level (NGVD) and




100 feet NGVD. The top of the Ocala is approximately -100 feet
NGVD in northeastern Alachua County (Miller, 1986). Miller (1986)
indiéates that the thickness of the unit varies from 200 to 300
feet in the region.

The Lower Oligocene Suwannee Limestone has a very limited
distribution in the field trip area. Subsurface occurrences have
been noted in a few wells in Alachua County (FGS wellfile data:;
Miller, 1986). Vernon and Puri (1964) indicate the limits of the
Suwannee Limestone in southern Columbia County occur at or very
near the Santa Fe River. The Suwannee Limestone probably extended
much further east than it does now. It appears that this unit has
been removed by erosion and dissclution from much of central-
northern Florida leaving isolated outliers. The Suwannee consists
of variably vuggy and muddy limestone and may contain highly
recrystallized beds. Dolostone occurs in the Suwannee Limestone at
the type section northwest of the field trip area.

In much of the Santa Fe River basin, the Hawthorn Group lies
suprajacent to the carbonates of the Floridan aquifer system and
forms the intermediate confining unit and intermediate aquifer
system (Figure 2). The Hawthorn Group in this area consists of
mixed and interbedded siliciclastics and carbonates (Scott, 1988a).
Along the eastern edge of the basin, the Hawthorn Group contains
more sand, phosphate and carbonate than near the western limits of
the group where the section contains more zlay. This is postulated
to be due to the depositicnal effects of the Atlantic coastal
regime as compared to the effects of the Gulf coastal regime. The

lithologies common in the Gulf coastal facies are exposed in the



Devil's Mill Hopper near Gainesville (Scott, 1986). Sediments more
characteristic of the Atlantic coastal facies crop out in Brooks
Sink north of the Santa Fe River in Bradford County where the
Coosawhatchie and Marks Head Formations of the Hawthorn Group are

exposed (Scott, 1988b). The basal Hawthorn Group Penney Farms

Formation has not been recognized in exposure in this area.
Undifferentiated siliciclastic sediments overlie the Hawthorn
Group or the carbonates of the Floridan aquifer system if the
Hawthorn is absent. These sediments often are reworked from the
Hawthorn Group and Cypresshead Formation during the Pliocene and
Pleistocene. These sediments range to more than 40 feet thick but
occur less than 20 feet thick over much of the basin. The
surficial aquifer system occurs within the undifferentiated

siliciclastic sediments (Figure 2).

Karst Development

Rarst features are common throughout the Santa Fe River basin.
An examination of the topographic maps covering the area reveals
interesting trends.

Immediately east of the head waters of the Santa Fe River,
numerous karst lakes and deeper dry depressions are recognized.
Here the karst features have breached the Hawthorn Group and the
Cypresshead Formation. Due to the poorly consolidated nature of
the Cypresshead sedi) :nts, broad funnel shaped depressions have
formed.

In northeastern Alachua and southeastern Bradford Counties,

the karst depressions tend to occur as small diameter, shallow
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depressions. The clayey nature of the Hawthorn Group sediments
which lie very near the surface and the very shallow water table
are responsible for the small size of the karst features. Many of
these depressions form small wetland areas. Few large sinks occur
in this zone. Brooks Sink; located a few miles north of the Santa
Fe River, is an exception to the general size and nature of
sinkholes in this part of the Northern Highlands.

In northwestern Alachua, southwestern Bradford and
southeastern Columbia Counties, larger karst features appear in the
Northern Highlands. Approaching the western limits of the Northern
Highlands, karst features become much more common and deeper. Here
the sediments of the Hawthorn Group are frequently perforated by
karst conduits, forming steep-sided sinkholes. By the process of
karstification and subsequent erosion, the sediments of the
Northern Highlands are being removed, expanding the lowland areas.
It appears that in the transitional zone between the highlands,
which are covered by Hawthorn Group sediments, and the lowlands,
where the Hawthorn is generally absent, karst conduits develoeop
extensively in the carbonates of the Floridan aquifer system. It
is into one of these conduits that the Santa Fe River flows in
‘0'Leno State Park.

In the Western Valley and Gulf Coastal Lowlands areas of
northwestern Alachua County and into Columbia and Gilchrist
Counties, abundant, shallow, closed depressions cover the land
surface. The Hawthorn Group sediments, for the most part, have
been removed and the undifferentiated siliciclastic sediments 1lie

directly on the carbonates of the Floridan aquifer system. Cover
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subsidence sinkholes dominate the landscape. The Santa Fe River,
which has emerged from another karst conduit, flows along a pathway
that includes numerous springs.

The geclogic setting of the Santa Fe River basin and the
surrounding area allow many opportunities to investigate karst
processes and the hydrogeology of karst areas. This field trip and
guidebook are designed to familiarize the geologist with some
aspects of the investigations currently underway in this area.
Enjoy the trip.
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CAVE DEVELOPMENT IN THE WESTERN SANTA FE RIVER BASIN

by
Katherine Ellins and Todd Kincaid
Department of Geology
University of Florida

Gainesville, Florida

Substantial groundwater movement occurs along cavernous
zones within the Floridan Aquifer. As part of a National
Science Foundation sponsored research project in the western
Santa Fe River Basin, we traced the underground flow route of
the Santa Fe River between O'Leno Sink and the River Rise and
examined groundwater/surface flow relationships within the
Devil's Ear Cave System. This section of the field trip
guidebook provides a general description of the formation of
these two cavernous systems.

The development of cavernous zones within the Tertiary
limestones of the Floridan Aquifer begins with dissclution by
carbonic acid-rich soil water and circulating groundwater
along zones of weakness such as cracks, joints or bedding
plane partitions. Carbonic acid (H;CO3) forms when CO2 gas is
dissolved in water. CO2 is derived from the atmosphere and
soil hor zons, where it is produced by respiration of plant
root systems and microorganisms. Organic acids produced

during the partial decomposition of organic matter by

microbes also play a key role in limestone dissolution.




The overall chemical reaction describing the dissolution
of limestone by carbonic and organic acids, which can also be

represented as carbonic acid, is shown below.

+

BT + HCO3T 4+ caco3 ——— N ca't 4+ 2mcog
—_———

And can also be expressed as:

€O2(gas) + H20 + CaCo3 ———=ca'* + 2mHCO3™

As CaCO3 becomes dissolved in the groundwater system,
the water becomes enriched in bicarbonate (HCO3 ") and the pH
increases. If equilibrium is achieved in the system, further
dissolution of CaCO3 is halted. In aquifers where cave
sSystems are actively forming, flow velocities are
sufficiently rapid to circulate groundwater that is
undersaturated with respect to ca®™t and HCO3 .

The dissolution process provides a pathway along which
water can flow. As dissolution proceeds, the cavity enlarges
increasing permeability, which permits more vigorous
circulation of groundwater. 1In an aquifer, many channels may
develop providing alternate flow routes for groundwater. & .
particular avenue of flow, however, may be preferentially
selected due to some controlling mechanism which is related
to to the particular hydrogeologic setting. Water that
follows existing joint patterns tends to create deep narrow

canyons while dissolution along bedding planes gives rise to




broad shallow passages. As long as a coﬂduit or assemblage
of conduits remains filled with water, dissolution will
continue and a cave system will ultimately form. Limestone
dissolution is an exceedingly slow process that takes place
on the order of hundreds of thousands to millions of years.

Any opening created by dissolution that is large enough
to accommodate & human is loosely defined as a cave. Caves
vary in length, passage morphology and laycut. In plan view,
a cave represents an assemblage of accessible passages whose
geometry reflects the complex interaction between the
structural and statigraphic relationships that govern the
flow path of subsurface water with the solution chemistry and
fluid mechénics of the hydrogeclogic setting. Efforts to
explain the origin of caves have produced a variety of
complex models, a discussion of which is beyond the scope of
this report. Interested readers are referred to White (1988)
for an excellent revieﬁ.

A simple model describing cave formation is depicted in

Figure 1.
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Figure 1. Schematic showing a simple model of cave formatien
by dissolution. From White, 1988.
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Figure 2. (A) Sketch maps of single cenduit caves. (B) Sketch
maps of maze-type caves. From White, 1988.
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Caves can generally be classified into two broad
classes: (A) Single conduit caves and (B) Maze caves (refer
to Figure 2). Each class may be further subdivided on the
basis of the configquratiocn of the passage elements.

(A) Single conduit caves.

1. Linear passages are primarily developed in
regions where a single major joint or fracture
trace maintains control of the flow path.

2. Angulate passages often develop in flat-bedded
limestones where the hydraulic gradient is
oriented diagonally to the regional joint set.

3. Sinuous passages resembling the channel
configuration of a meandering surface stream
are usually associated with flat-bedded
limestones.

{(B) Maze caves.

1. Network mazes occur in highly Jjointed regions
where all joints dissolve at a uniform rate.

2. Anastomic maze passages generally follow
highly permeable bedding plane partings.

3. Spongework mazes form in young porous and
poorly Jjointed limestones resulting from
random solution of massive bedrock without

either structural or hydraulic control.




The development of single conduit caves is governed by
the dominance of allogenic recharge. Allogenic recharge
refers to runoff that flows off of an impervious catchment

onto permeable bedrock, such as a soluble karst surface,

where it may become concentrated at a discrete point and sink
into the underlving aguifer. This type of recharge is
usually undersaturated with respect to the carbonate minerals
and thus is important in the aggressive excavation of
primarily single-conduit cave systems. In the tropical karst
of the Caribbean, extensive cave systems that once served as
subsurface stream flow routes are abundant. Good examples
are the Quashies and Cave River systems of Jamaica, and the
Ric Camuy system of Puerto Rico.

In central-northern Florida a similarly develcoped
corridor~ceonduit system is believed to serve as the
underground flow route for the Santa Fe River between O'Leno
Sink and the Santa Fe River Rise. The Santa Fe River
transports a large volume of allogenic recharge from the
clastic Northern Highlands to the Transition Zone, located
between the Highlands and the Gulf Coastal Lowlands. In the
transition zone, which has been created by ercsicnal
processes along the Cody Escarpment, all surface drainage
flowing off the highlands, including the Santa Fe River,
sinks underground. Work carried out this summer (described
later in this guidebook) has confirmed ﬁhat several sinkholes
in O'Lenc State Park are connected te the sinking point of

the Santa Fe River by continuous conduits.
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Unlike single conduit caves, the formation of maze caves
is determined by the dominance of internal or authigenic
(autogenic) flow. Precipitation that falls on a karst
surface is funnelled into the underlying aquifer via
sinkholes creating multiple discrete concentrated inputs. At
some down-gradient location within the agquifer, the flow from é
these sinkholes will converge. At such a point, a network of
cave passages of varying dimensions may develop. Many of
Florida's springs discharge from conduits that are accessible
to cave divers and are associated with a convergence of
diffuse flow indicated by circular depressions in the
potentiometric surface of the aquifer. Examples include Blue
Springs located in Volusia County, Silver Springs, Rock
Springs, and Wekiva Springs (Beck, 1985).

The best example of a maze cave in the karst of Florida
is the Devil's Ear Cave System, shown in Figure 3, which
occurs beneath the Santa Fe River part way between the towns
of High Springs and Fort White. The Devil'Ear Cave system is
an anastomic maze that has formed within the Ocala Limestone.
Most of the conduits are established at a depth of about 33
meters below the stream bed. Numerous side tunnels of
varying dimensicns intersect the main tunnel, which is large
enough to negotiate with a truck. Flow is added or diverted
from the cave system by these peripheral passages which cave
divers refer to as upstream and syphon tunnels, respectively.

Ripplemarks that have formed in the sediment on the bottom of
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the cave indicate the primary current direction much as they
do in the bed of a stream.

Intense mixing corrosion that takes place at the
convergence of diffuse flow from multiple drainage areas 1is
responsible for the development of the labyrinthine Devil's
Ear Cave system. Intrusion of acidic tannin-stained Santa Fe
River water along fractures and syphons also promotes
accelerated excavation of the system. Back floocding, which
refers to a reversal in the direction of flow that is

associated with flood stage conditions in a river, is rarely

s

observed in the Devil's Ear System. For the first time in

over twelve years, two near reversals of flow were reported
by cave divers during the flood stage conditions of the Santa
Fe River last Spring.

In addition to the chemical corrosion that occurs in the
Devil's Ear Cave System, there is evidence of mechanical
erosion within the cave. Turbulent flow 1s responsible for
moving sand and other abrasive material across easily eroded
limestone surfaces. Sedimentary features such as
ripplemarks, flutes and scallops, and concretions provide
evidence of high velocity turbulent flow.

Caves form under water table conditions in karstic
terranes. Until recently, flooded cave systems have been
largely inaccessible. Thus, most of the concepts developed
regarding cave formation have been based on the exploration

of dry cave systems. Over the past 20-30 years, however,

technological advances in scuba diving have facilitated safe




diving excursions into flooded cave systems, which are common
in Florida. From a hydrologic standpoint, it is useful to
study a flooded cave system such as Devil's Ear in order to
gain a better understanding of the behavior of karst aquifers
and to advance our knowledge about the formation of caves.

To that end, one of us (Kincaid) is undertaking an ambitious

sclentific study of the Devil's Ear Cave System.
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DETERMINATION OF THE UNDERGROUND FLOW PATH OF THE SANTA FE

RIVER, USING SFg
by

Richard Hisert and Katherine Ellins
Department of Geology
University of Florida
Gainesville, Florida

INTRODUCTION

The Santa Fe River originates in Lakes Santa Fe and
Altho in the Northern Highlands physiocgraphic province and
flows generally westwards to its confluence with Florida's
second largest river, the Suwannee River. At O'Lenc State
Park the Santa Fe River crosses the Cody Escarpment, which
delineates the boundary between the Noxrthern Highlands and
the Gulf Coastal Lowlands. Erosional processes along the

Cody Escarpment have given rise to a broad transition zone

where the Santa Fe River encounters soluble limestones of the

Ocala Group of Late Eccene age. The Santa Fe River is

diverted underground at O'Leno Sink located within the

boundaries of O'Leno State Park. The river resurfaces about

5 km to the south at the Santa Fe River Rise.
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In June 1991 a rapidly collapsing sinkhole developed in
the park about 2.5 kilometers from O'Leno Sink. The new
feature was quickly named "New Sink". As the overburden
slumped into the newly forming sinkhcle, the resurgence of
cloudy, sediment-laden flow was observed at the Santa Fe
River Rise, indicating that "New Sink" intersected the
subterranean flow path ¢f the Santa Fe River. At the request
of O'Lenc State Park managers, we conducted a tracer
experiment to (1) delineate the subterranean flow path of the
Santa Fe River between the O'Leno Sink and the Santa Fe River
Rise, and (2) explore the possible connection of "New Sink"
to surrounding sinks.

To meet the objectives, the man-made, gasecus tracer,
sulfur hexafluoride (SFg), was injected into O'Leno Sink.
Seven sinks located between O'Leno Sink and the River Rise
were monitored in.order to determine which were hydraulically
connected to the subsurface flow of the Santa Fe River and to
delineate the subterranean flow path of the river. 1In
addition, the travel time of the tracer between lcocatlons was

measured and its residence time in each sinkhcle established.
FIELD AREA

O'Leno State Park is located on the borders of Columbia
and Alachua Counties in central-north peninsular Florida.
The park lies within the Gulf Coastal Lowlands physiographic

province of Florida. To the north and west of the park lie
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the Northern Highlands which range in elevation from 30 to
about 60 meters. Near the northwest corner of the park, the
Santa Fe River drains into O'Leno Sink and then flows
underground until it resurfaces at the southern end of the
park at the Santa Fe River Rise.

Numerous karst features can be recognized in O'Leno
State Park including solution sinkholes, collapse sinkholes,
sinkhole ponds, karst windows, springs, and water-filled
fractures. In a few of the sinkhole peonds, a discrete point
of resurgence is clearly visible and the flow can be traced
downstream to a sinking point. 1In others, the water appears
stagnant. Thus, in many cases in O'Leno State Park it is
difficult to discern which sinkholes intersect subsurface

drainage conduits by visual inspection alone.

METHODS

Prior to the SFg tracer study, reconnaissance of O'Leno

State Park was carried out in order to identify potential
monitoring sites between O'Leno Sink and the River Rise.
Examination of existing air photos and topographic maps
revealed information about possible connections between the
sinks. Visual observations of water movement in the sinks
helped identify those that definitely intersected subsurface

drainage conduits. Sinkhole ponds that were inaccessible or

that contained high alligator populations were excluded from

consideration. Eight sinks were selected for monitoring




during the tracer experiment: Ogden Pond, Ravine Sink,
Pareners Branch Sink, "Small Sink"™, "New Sink", Jim's Sink,
Two Hole Sink and Sweetwater Lake. In addition, samples were
collected from the River Rise.

A bathymetric survey of O'Leno Sink was conducted in
order to determine the optimum depth for the injection of SFg
(Figure 1) . The survey revealed that O'Leno Sink attailns a
maximum depth of about 34 meters along its eastern wall.

Two days prior to the injection of the tracer, the
discharge of the Santa Fe River was measured above O'Lenc
Sink to provide an estimate df the amount of water flowing to
the River Rise via the subsurface route and to determine the
optimum injection rate for the tracer. A discharge
measurement of 42m3/s was obtained for the Santa Fe River

about 50 meters above O'Leno Sink on July 15, 1991.

Injection of SFg

Tygon tubing was suspended above the deepest part of
O'Leno Sink by a network of ropes so that it would not become
entangled in floating debris. This tubing was connected to a
peristaltic pump and a 200 liter barrel, which had been
filled with river water and rested on the eastern bank of the
sink. The water in the barrel was saturated with SFg by
vigorously bubbling the gas into the barrel. Once saturation

was achieved, SFg continued to be introduced at a much lower

rate in order to retain positive pressure in the barrel and

ensure that the water remained saturated with SFG_ A two
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channel peristaltic pump was used to deliver SFg saturated

water from the barrel at a rate of 800 ml per minute into
O'Lenc sink at depths of 30 and 15 meters over a two hour
time pericd. Estimates of total passage time of the
potential tracer cloud indicated that a two hour slug
injectibn was long enough to provide an adequate sampling
window in the sinkholes downstream of the injection site. At
the end ¢f two hours, the SFg saturated water remaining in
the barrel was dumped into the sink to see if it could be

detected as a spike.

Sample Collection

Eight sinks (Ogden Pond, Ravine Sink, Pareners Branch
Sink, "Small Sink"™, "New Sink", Jim's Sink, Two Hole and
Sweetwater Lake) and the River Rise were sampled over a four
to 30 hour period. Grab samples were coliected from a canoe
near the point of resurgence in each sink at a depth of about
0.5 meters in B.O.D. bottles or 50 ml glass syringes.
Samples were stored in coolers filled with river water in
order to maintain a constant temperature and thus prevent
SFs from coming out of solution.

The duration of the sampling period and the sampling
intervals for each location was determined by taking into
consideration the estimated travel time of the tracer through
the system. Arrival time estimates of the tracer at each
sink, shown in Table 1, were cbtained by using the discharge

of the Santa Fe River above O'Lenc Sink and the straight line
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distances between sampling locations in equation 1 (Rathbun,

1979).

oL = 5.88 * @ 0-34 x x1.33 (equation 1) .

I

where:

I

TL travel time to leading edge of tracer
Q = discharge, m3/s

X = distance downstream of injection, m

Using equation 2 (Rathbun, 1979}, a peak travel time for
the tracer cloud produced by a two hour slug injection was
determined for each sampling location. These estimates are

set forth in Table 2.

T =7.85 x g =~ 0.35 x x 1.09 (equation 2) :
where!
T = tracer peak travel time ?
Q = discharge, p3/s :
X = distance downstream of injection, m

Using equation 3 (Rathbun, 1979), estimates of passage
time of the tracer cloud produced by a two hour slug

injection was determined for each sampling location. 8ince

the residence time of the tracer within each sink was not

taken into consideration, these estimates, which are set

|




forth in Table 3, represent only rough approximations of the
passage time of the tracer cloud. They were used, however,
to determine an optimum sampling period at each location.

P =1.41 * 70.72 (equation 3).

where:

g
[

passage time for tracer "cloud"

|
0

travel time estimated from previous calculations,

peak travel times

Analysis
Analyses were done on a Shimadzu gas chromatograph with

an electron capture detector (ECD) following procedures

developed by Wanninkhof (1986). Concentrations of SFg in the

parts per trillion range can be detected with a precision of

3%.
RESULTS

SFg was detected in all of the sinks monitored. In all
but one of these locations, Two Hole, the leading edge of the

tracer was detected within a half-hour of arrival. SFg was

not detected at the River Rise during the 30 hour sampling
period, The concentration response curves for each sink
sampled are shown in Figures 2 and 3. In addition, observed

arrival times for the leading edge of the tracer at each sink
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as well as peak travel times and the total tracer passage
time for those sinks that were monitored for a sufficiently
long interval are set forth in Tables 1, 2 and 3. When the
observed values are compared with estimated values it is
apparent the estimated travel times are much too rapid.

Table 4 provides the travel velocities calculated based on

initial SFg detection and minimum travel distances.

Table 1. Estimated and observed arrival times (TL) for the
leading edge of the tracer.

TL (minutes)

Location Distance (km) Estimated Observed
Ogden 0.1 1 16

Ravine 0.7 10 183

Pareners 0.95 15 300

Small 1.0 16 366

New 1.1 18 370

Jim's 1.2 20 400

Two Hole 1.9 37 not available
Sweetwater 2.8 52 1167

River Rise 4,75 124 * %

** not detected




Table 2, Estimated and observed peak travel times for the

tracer cloud.

Minimum T (min)
Location Distance (km) estimated cbhserved
Ogden 0.1 2 110
Ravine 0.7 15 ®
Pareners 0.95 21 560
Small 1.0 22 590
New 1.1 24 *
Jim's 1.2 26 600
Two Hole 1.9 44 *
Sweetwater 2.8 67 *
River Rise 4.75 119 * X

* period of sampling was too short
** No SFg was detected




Figure 4 shows the approximate underground flow path of

the Santa Fe River based on the use of SFg as a tracer.

SUMMARY AND CONCLUSICNS

The use of SFg in tracing subsurface flow in this
karstic environment represents a tremendous success. At the
start of the experiment, there were concerns that substantial
losses of SFg would occur in the the sinkholes due to gas
exchange diminishing concentrations to such an extent that we
would be unable to detect the tracer. Because.the flow
through the system is so rapid (5.4 km/day), losses due to
gas exchange are low. Gas exchange does take place, however,
thus SFg should only be used as a quantitative tracer in this
particular environment if a correction is made for SFg loss

to the atmosphere for each surface body.
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Table 3, Estimated and observed passage time for the tracer

cloud.

Minimum Passage time (min)
Location Distance (km) estimated observed
Ogden 0. 126 134
Ravine 0. 150 *
Pareners 0.95 159 600
Small 1.0 160 434
New 1.1 163 480
Jim's 1.2 166 ¥*
Two Hole 1.9 187 *
Sweetwater 2.8 211 *
River Rise 4.75 258 * %

* period of sampling was too short
** No SFg was detected
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Table 4. SF6 travel rates between Q'Leno Sink and sinks

throughout the park.

Location Distance (m) Travel Velocity i
(m/min) (m/s)
Ogden 100 6.6 0.11
Ravine 700 3.5 0.06
Pareners 950 3.6 0.06
Small 1000 3.0 0.05
New 1100 3.1 0.05 "
Jim's 1200 3.2 0.05
Two Hole 1900 * *
Sweetwater 2800 3.2 0.05
River Rise 4750 * * * %

Average velocity = 3.74 m/hr = 5.4 km/day
* Unable to accurately determine. Arrival time for leading

edge of tracer occurred between 956—1320 minutes after the
start of the injection.

*%* No SF6 detected.




DISCUSSION

The entire passage of the tracer cloud was recorded at
only four of the eight sampling\i?cations {Cgden Pond,
Pareners Branch Sink, Small Sink, and New Sink). We did not
sample long enough at Ravine Sink nor the three sinks most
distant from the injection point (Jim's Sink, Two Hole, and
Sweetwater Lake). Underestimation of the total passage time
can be attributed to two factors: (1) straight line distances
between sampling locations were used in travel time
calculations although the Santa Fe River's subterranean flow
path is prcbably sinuous; (2) the residence time of the
tracer within each sink was not considered in the
calculations. Underestimation of the sampling period
required to monitor the passage of the tracer cloud may also
explain the failure to detect SFg at the River Rise. It is
also possible, howewver, that the primary point of resurgence
for the subsurface flow of the Santa Fe River 1is not at the
Rise but located farther downstream. Observations of boils
in the river 0.25 km below River Rise correspond to the
intersection of a sinuous feature, which can easily be traced
on color infrared air photos because of its darker
coloration. This darker color results from the absorption of
infrared radiation by moisture, suggesting that the feature
represents shallow subsurface flow or the paleo-flow path of

the Santa Fe River,.
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USING. 222Rn AND SFg TO DETERMINE GROUNDWATER GAINS AND STREAM

FLOW LOSSES IN THE SANTA FE RIVER, FLORIDA

by
K.K. Ellins, T.R. Kincaid, R.A. Hisert,
N.A. Johnson, and C.A. Davison
University of Florida

Gainesville, Florida

and R.H. Wanninkhof
National Oceanic and Atmospheric Administration

Miami, Florida

Introduction

This report presents the preliminary results of a
hydrogeological study of the Santa Fe River in which
measurements of natural radon-222 (222Rn) and the artificial
tracer, sulfur hexafluoride (SFg) were made in order to
obtain new information about subterranean flow patterns and
groundwater/surface discharge interactions. The data and
results described here are for two short reaches on the Santa
Fe River.

The primary objectives of the experiments were: (1) the
location and quantification of groundwater contributions; (2)

estimation of stream losses from the river; (3) identification




of points of resurgence for surface discharge diverted
underground; (4) gquantification of the return flow component;
and (5) determination of the gas transfer velocity and

development of reaeration coefficients,
STUDY AREA

The Santa Fe River originates in the Northern Highlands
physiographic province. The river is diverted underground at
O'Leno Sink as it crosses the transition zone between the
Northern Highlands and the Gulf Coastal Lowlands. The
subterranean flow of the Santa Fe River resurfaces at the Santa
Fe River Rise. The river traverses the Western Valley enroute
to its confluence with the Suwannee River. The Tertiary
limestones that comprise the Floridan aquifer are exposed in
the Western Valley region, permitting recharge to be funnelled
directly into the aquifer via numercus sinkholes. Several
large springs deliver groundwater to the river below the Rise.
Groundwater influx also occurs along seeps and "boils" in the
bottom of the river where large joint-controlled conduits/caves
in the limestone intersect the stream bed. Wilson and Skiles
(1988) report that most spring vents are developed in the lower
part of the Ccala Limestone. The mean daily discharge of the
Santa Fe River near Fort White, located above the confluence of
the Santa Fe and Suwannee Rivers, is approximately 40 m3/s
(Hunn and Slack, 1983). Figure 1 is a map showing the

hydrogeclogical units of the Santa Fe River Basin.




i AR " -

(€861 “2eTS pue uuny)
UTSed IsaTy a3 BIUBS SYl 3O s3TUn oTboTO9boIpPAY T 8InbTg

T T T T
SEILINONN B 3 » 2 0
ettt
S3UN £ £ 21 D
JejIADD  UDR| L0534 D
P Duyues [
HpRBD (D)3} 505 D
IIVAHAS ANV
& OL LS3HV3N LINA GILYHNLVS
, NOI1YNY1dX3
I~ _ 4 o Ov.02
) ~iy
_ x )
w
os K
L 3
M7
! §. UN !ﬁ.ﬂ
1 a7
N
=]
e _ u!ﬁwm
LA |
o
-
3
- __ — 00408
]
t
A L A 1
,00.29 GleZ0 0520 Aredd




e
"

Two short reaches along the Santa Fe River were the
focus of tracer experiments carried out this summer.
REACH 1: SANTA FE RIVER RISE TQ COLUMBIA SPRINGS (5 KM.)

The River Rise and Hornsby Springs are the major
documented contributors of groundwater to the Santa Fé River
along this stretch. Two large syphons (known locally as.
"sucks") where surface flow is diverted pnderground are .
clearly visible at 2.75 km and 4. 15 km It is believed that
the surface flow that is diverted underground at 4.15 km

resurfaces at Columbia Springs.

REACH 2: RUM ISLAND TO GINNIE SPRINGS (2.5 KM.)

Numerous springs, known collectively as the Poe Springs
Group, discharge groundwater to the Santa Fe River along this
reach. An extensive cave network, the Devil's Ear System,
underlies the Santa Fe River along a portion of this reach.
Cave diving excursions as far back as 1200 meters into the
Devil’s Ear System have provided first hand cbservations of
the complexity of the conduits that characterize the Floridan
aquifer. 222Rpn measurements have located groundwater inputs
and points of surface water intrusion within the Devil's Ear

Cave System.
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THE APPLICATION OF THE TRACERS

RADON -~ 222

222gp (half life= 3.8 days) is derived from radium-226
(half life= 1.6*103 years), which is common in aquifer
material. As 226Ra decays, 222Rn concentrations in
groundwater increase until equilibrium is reached between the
rates of decay for the parent and daughter isotopes.
Concentrations in groundwater are usually higher than
concentrations measured in stream flow, which are depressed
due to gas exchange with the atmosphere. In the Santa Fe
River basin the ratio of 222Rn concentrations in groundwater
to surface discharge ranges between 10 and 15 to one. Thus,
any immediate increase in the concentration of 222Rn observed

in a stream is indicative of groundwater influx.

SULFUR HEXAFLUCRIDE

SFg is a man-made, inert, non-biodegradable, non-toxic

gas that can be detected in extremely low concentrations
(femtomoles per liter). Both SFg and 222Rn have
approximately the same Schmidt numbers, therefore their gas
transfer velocities in a stream will be the same. For this
reason, SFg provided an independent means of obtaining the
gas transfer velocity for 222Rn, which is necessary in order

to accurately determine ground-water influxes.

Y
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As noted previously, the Santa Fe River not only gains
gfoundwater but alsc loses stream flow to the Floridan aquifer
via "sucks". 1In this study, SFg was also used to identify
locaticns where surface discharge that had been diverted
underground returned to the main stream channel. This is
possible as gas exchange ceases in underground flow because it is
sequestered from the atmosphere. Thus, SFg concentrations will
be elevated above stream concentrations, which will have declined 1
due to gas exchange, at a point in the stream where the

resurgence of underground flow occurs.

TRACER EXPERIMENTS

Two tracer experiments, involving 222Rn and SFg were
carried out during the summer of 1991 along twe short reaches
of the Santa Fe River below the Rise. Both experiments
required the continuous injection of SFg over a 6 to 12 hour
time period. This was accomplished by saturating about 240
liters of stream water collected in a barrel with pure SFg.
The SFg saturated water was injected at a rate of 15 L/hr and
60 L/hr at the Rise and Rum Island, respectively, with a 2
channel peristaltic pump over the width of the stream to
minimize cross—stream gradients at the injection point.

Small loses of SFg that occur in the spike sclution during
the time of release were compensated for by ceontinuously

bubkling SFg through the solution at a very slow rate.




Intensive sampling was carried out along each reach once
plateau'conCentrations had been achieved (4 to 6 hours).

To minimize problems of incomplete lateral mixing
integrated samples were were collected at 1/3 the stream
depth via direct suction by towing a collection tube attached

to an adjustable metal rod across the stream.

ANALYTICAL METHODS

222Rn measurements were made using Lucas-type cells with
alpha scintillation counters. A small portable extraction
system was used to strip the 222pn from water samples
collected in the field into the Lucas-type cells. The
minimum detectable 222Rn activity is 0.2 dpm/L for a 250 ml
sample. The margin of error associated with the technique is
7%. SFg analyses were done on a Shimadzu gas chromatograph
equipped with an electron capture detector (ECD) to a

precision of about 3%.

CALCULATIONS
Gas Exchange
Gas transfer during plateau concentrations for a

continuous injection can be determined accoxrding to:
K= h v/x In{[SFglup Qup/ ([SFeldown (Qup*+Qqgw))}

K= h v/x 1In{[Rnlyp Qup/ ([Rnldown (Qup+Qgw))!

47




where K is the gas transfer velocity; h is the mean depth; v
is the stream velocity; x is the interval under
investigation; Q is the discharge; [SFg] and [Rn] are the
concentrations of SFg, and 222pn; while subscripts up, down,
and gw refer to the upstream, down stream and groundwater

component.

Background 222Rpn and SFe Concentrations

The magnitude of groundwater influx and resurgent flow
at a point in the stream is proportional to the difference
between the cbserved and background 222Rn or SFg
concentrations, respectively. Background 222Rn and SFg
concentrations are estimated by employing a correction for

losses due to gas exchange between sampling locatiens.

Rp = Rs (up) * e ~° P/ (zhv)} x
(Elsinger and Moore, 1983)
SFGb = SF6S (up) * e -{ D/ (zhv)} =x

where SFg /Rp 1s the background 222gp or SFg concentration
(after gas exchange); SFg /Rs (up) is the 222Rn or SFg
concentration at prior upstream sampling location; D is the
molecular diffusivity of the gas; 2z 1is the thickness of
stagnant f£ilm which is equal to D/K; v is the velocity of
stream water; x is the sampling interval; K is the gas

transfer velocity (derived from the SF¢ measurements).
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Groundwater Influx
222pn and SFg measurements provide data that can be used
with discharge measurements in the mass-balance below to

determine the magnitude of groundwater influx.

Rs (Qs) = ng(ng) + Rb(Qs“ng)

{(Ellins et. al, 1990)

where Ry is the 222Rn concentration in the stream
(measured); Rgy is the 222Rn concentration in groundwater
(measured); Ry, is background concentration of 222rn in the
stream (based on estimated loss of 222Rnp resulting from gas
exchange); Qs is the surface discharge (measure at selected
locations); and ng is the groundwater component of flow.

Rgw = 205 dpm/L (Reach 1) and 784 dpm/L (Reach 2)

R £ Coeffici
The gas transfer velocity (K), which can be related to the
rate of oxygen uptake and expressed as a reaeration coefficient,
is also a determining factor in assessing water quality in a
stream. In this work the reaeration coefficient, K2, is related

to K (meters per day) as follows:

K2 = K (SFg ) / h (Sc 02/ Sc SFg ) ~0.5




where K2 is expressed as day 'l, h is the average stream depth
in meters, and Sc represents the Schmidt number of the gas

~ denoted by the appropriate subscript at 23°C, which was the
temperature of the water in the Santa Fe River during the

experiments.
RESULTS

Sampling locaticons along Reach 1 (Santa Fe River Rise
to Columbia Springs) and Reach 2 (Rum Island to Ginnie
Springs) are shown in Figures 2 and 7, respectively. Figures
3 and 8 show the 222Rrn and SFg profiles for the two reaches.
The sharp peaks in the 222grp profiles are indicative of
groundwater influx. In Figure 3, the SFg profile shows a
general decline due to gas exchange. Increases in the SFg
concentration noted at 2.75 km and 4.5 km {Columbia Springs)
indicate the resurgence of flow that was diverted underground
at a point farther upstream. Both the SFg and and 222gpn
profiles for Reach 2 (Figure B8) are characterized by many
spikes, indicating both groundwater delivery and the
resurgence of stream flow. It is likely that the Devil's Ear
Cave System, which extends beneath the Santa Fe River along
the lower part of this reach, exerts a dominant influence
over interactions between groundwater and surface flow in
this part of the Santa Fe River.

During the experiments, detailed stream gauging of

each transect was carried out in tandem with the 222Rpn and
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SFg sample collection effort, using a Weathertronics flow
meter. Figures 4 and 9 are discharge hydrographs for the
respective reaches. 1In order to show the dynamics of
discharge along these two reaches, cumulative discharge
profiles (Figures 5 and 10) were generated by utilizing the
hydrometric data and by balancing the estimated inputs
against the estimated losses. The magnitude of groundwater
influx is proportional to the difference between the observed
and background 222Rn concentrations. Where surface discharge
that ‘was diverted underground resurfaces in the stream, the
magnitude of the return flow component is proportional to the

difference between SFg measured in the stream and the stream

and the estimated background concentration. Stream flow
losses were calculated by difference from the 222pn and SFg_
derived groundwater influx and return flow estimates, and the
measured discharge data.

A summary of stream paraﬁeters and flow components
estimated for each reach through the measurement of natural
222pn and deliberately introduced SFgyis shown in Figures 6

and 11.
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TABLE 1. Summary of stream parameters and flow components.

REACH 1 REACH 2
Gas transfer velocity 31.0 m/d 2.8 m/d
Reaeration coefficient 10.6 d ~1 1.2 4 %
Total groundwater influx 20 m3/s 38m3/s
Total stream flow losses 26 m3/s 44m3/s
Total return flow 27 m3/s 14 m3/s
Overland runoff 14 m3/s 3m3/s
NET GAIN 35 m3/s 12m3/s
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DISCUSSION

Groundwater/surface discharge relationships are extremely
complex in the Santa Fe River. The river gains groundwater, loses
surface discharge, and receives underground flow, which
represents surface discharge diverted underground via sinks in
the stream channel. We have used simultaneously obtained 222gn
and SFg neasurements to detect and quantify groundwater influx
and underground flow returning to two short segments of the
stream. Although the analytical procedures we employ allow us to
make measurements with a precision of about 7%, the accuracy of
our estimates of return flow and groundwater are constrained by
our ability to collect a truly integrated stream sample. We have
addressed this problem in controlled mixing experiments involving
both 222Rn and SFg but have not yet developed a satisfactory
integrated sampling strategy.

Direct assessments of stream flow losses were not cbtained
in this study. Instead, the stream flow losses were calculated
by difference from the 222gn and SFG_derived groundwater influx
and return flow estimates and measured discharge data.

Confidence in estimated stream flow losses can be improved in
future studies through the addition of a conservative tracer,
which will permit recognition of zones where surface discharge
is lost and allow direct measurement of the magnitude of the
loss.

The reaeration coefficient obtained for Reach 1 is in good

agreement with published K2 values for other streams and the




60 |

results of various predictive models. In contrast, the
reaeration coefficient for Reach 2 is much lower than models
predict. This discrepancy may be due to significant loss of
surface discharge to the Devil's Ear Cave System found beneath

this highly interactive reach of the Santa Fe River

CONCLUSIONS

Our estimates of groundwater influx, stream flow loss, and
the resurgent underground flow along two reaches of the Santa
Fe River obtained this summer must be treated as preliminary.
Nonetheless, the results clearly demonstrate that the
measurement of natural Z222Rn and deliberately introduced SFg
in a stream provided important new information about the
dynamics of groundwater and surface interaction in the Santa Fe
River Basin which can be used in conijunction with other types
of data to design resource management strategies and to guide
further research. 1In conclusion, the use of 222Rrn and
artificial SFg as hydrologic¢ tracers represents a powerful
geochemical technique for examining the interconnections
between groundwater and surface flow, worthy of continued

development and application in a variety of hydrologic

settings.
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