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DEDICATION AND EDITOR'S PREFACE

A special symposium on the geology and hydrology of Lee County, Florida was held in Fort
Myers on November 18 and 19, 1999. This symposium was held as part of the 9th Southwest
Florida Water Resources Conference. The conference was held in honor of Durward H.
Boggess, who made significant contributions to the understanding of the geclogy and hydrology
of Lee County.

Durward H. Boggess was a hydrologist with the U.S. Geological Survey in Fort Myers from
1966 to 1979. During this time period, Lee County was one of the most rapidly growing regions
in the United States. Little was known about the geology and the aguifer system beneath the
county, as evidenced by the small number of publications on this region by the Florida Geological
Survey. Durward H. Boggess developed a geologic and hydrologic database that allowed the
development of future water supplies to occur with a sound scientific basis.

Most of the papers published in this volume were presented at the conference and a few
athers were added to make the volume as complete as possible in terms of recent knowledge
on the geology and hydrology of Lee County. The volume is organized with a discussion of the
contributions of Durward Boggess, followed by a series of papers on the geclogy of the county.
Based on the geologic framework, a series of papers follows on the hydrogeoclogy of the county.
Finally, some papers on the surface-water hydrology and water quality of the county complete
the volume.

Lee County occurs in the geographic middle of the southem part of the Florida Platform.
The geology of this region is rather unique, because there is a succession of carbonate
sediments followad by a complex mix of carbonate and siliciclastic sediments (beginning in the
Oligocene). The gecgraphic location of the county and the mixing of the sediments caused the
aquifer system beneath the county to be quite complex with numerous different aguifars preseant.
Owver 12 aquifers or major water-bearnng zones occur beneath any given area of the county. It
is eritical to understand the geology and hydrology of this area, because many of the aquifers
are or will be used for water supply. Also, the deep aquifer system is used for the disposal of g-
uid wastes, such as oil field brines, concentrates from desalination plants, and treated domestic
wastewater.

It is extremely important that recent information on the geology and hydrology of this as well
as other regions of Florida be made available to enwvironmental managers and the general pub-
lic in a timely manner,

Thomas M. Missimer, PG #144 Thomas M. Scott, PG #98
Faort Myers Tallahassee
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CONTRIBUTIONS OF DURWARD H. BOGGESS
TO THE HYDROLOGY AND GEOLOGY
OF LEE COUNTY, FLORIDA

Thomas M. Missimer
CDMMissimer International, Inc., 8140 College Parkway, Suite 202, Forl Myers, Florida 33919

ABSTRACT

Sparse investigation of the hydrology and geology of Lee County, Florida was conducted
before Durward Boggess established the U.S. Geological Survey office in Fort Myers during
1966. Past work included a general description of the geoclogy along the banks of the
Caloosahatchee River (Heilprin, Dall, DuBar) and some palecntological studies of barmow pit
spoils piles and some surface-water studies in a few streams. Durward Boggess quickly grasped
the water-supply problems of Lee County and recognized the need for both surface-water and
groundwater data.

The completion of the Okeechobee Waterway (construction of 5-79) occumed only a short
time before Mr. Boggess moved to Lee County. In 1966, the Caloosahatchee River was believed
to be the most reliable source of water supply for the City of Fert Myers and the unincorporated
areas of Lee County. Intakes were designed and constructed about 1 mile upstream of the W.
P. Franklin Dam (S-79) on the river. These intakes fed the artificial recharge system for the City
of Fort Myers Wellfield via a pipeline and the new Lee County Water Treatment Plant. Mr.
Boggess was concemned about the proximity of the intake structures to the lock through S-79.
Each time a boat passed through the lock in dry periods, a slug of saltwater moved upstream.
So, his first work in Lee County was on how to control the upstream movement of saline water
in the Caloosahatchee River.

Among the many contributions made by Durward Boggess to the study and management of
water resources in Lee County were: 1) the establishment of permanent gaging stations on the
Caloosahaichee River and other larger streams in Lee County, 2) the establishment of the crest-
stage gages in Lee County to assess flooding and drainage problems, 3) the creation of an
extensive data base on the geology and hydrology of Lee County, 4) the initial mapping of the
shallow and intermediate aquifer systems, 5) the definition and naming of the principal aquiters
used in Lee County, including the Lower Hawthom Aquifer, the Upper Hawthomn Aguifer (now
termed the Mid-Hawthom Aquifer), the Sandstone Aquifer, and the water-table aquifer, &) the
recognition that brackish, saline-water in the Lower Hawthom Aguiter was a resource to be con-
served and would be a water supply for the future, 7) helped establish how saline water inter-
acted with the shallow aquifer system of Sanibel Island and helped established development
practices that would be fundamental to the writing of the City of Sanibel Comprehensive Land
Use Plan, B) recognized that cut and fill landfills, which were the state-of-the-art landhll type at
that time, were causing groundwater contamination, 9) suggested that the shallow groundwater
system in southern and eastern Lee County would be the source for future public water supplies
in Lee County, 10) recognized that the Mid-Hawthorn Aquifer was being over-pumped in Cape
Coral and Fort Myers, 11) recognized that improper well construction practices were causing
contamination of the freshwater resources of the county with saline water, which led to the adop-
tion of new well construction codes and the establishment of a well plugging program, 12) rec-
ognized that over-drainage of the Lehigh Acres area of Lee County was adversely affecting the
water resources and wetlands, and 13) convinced the Lee County government that the planning
process should include the management of the groundwater resources.

Without the scientific expertise and insight of Durward Boggess, Lee County would have had
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severe water supply problems many years ago. Durward Boggess believed that it was very
important for the public to understand how the hydrologic system functioned and he spent much
time with the media and interested citizens 10 help educate them. He was one dedicated indi-
vidual, who cared about Southwest Flonda, that made a difference in molding the future man-
agement of water resources.

INTRODUCTION

Prior to the 1960's, geological and hydrological work on Lee County, Florida was very limit-

ed (Figure 1). Initial geological and paleontological investigation on this region began in the late
1880's. The first description of geological work in southwestern Florida was that of Heilprin
-(1887), who wrote *Prior to our visit, the only portion of the state that had been examined geo-
logically, or on which a geological report had been prepared, was the region lying north of a line
running almost due northeast from the Manatee River, just south of Tampa Bay, to the east coast.
Below all this was conjectural, although the existence of certain limestones of undetermined age
was hinted at, or even located, by a number of causal observers (Tuomey, Conrad) who chanced
to navigate some of the ouler waters. Such a limestone was reported by Tuomey to be found in
Charlotte Harbor, but the exact locality of its occurrence is not noted.” Heilprin (1887) described
the geology and paleontology of the banks of the Caloosahatchee River from Fort Myers east to
past Labelle in Hendry County. Rather extensive works on the paleontology of the exposed
Pliocene and Pleistocene sediments along the Caloosahatchee River, Shell and Alligator creeks
(Charlotte County) were made by William H. Dall of the Wagner Free Institute of Philadelphia.
Dall (1890-1903) described many of the most common mollusk species of the Neogene
sediments. Additional paleontological investigations were conducted in parts of Lee County by
Wendall C. Mansfield (an original field assistant of Dall), Druid Wilson, Helen 1. Tucker, and Axel
Olsson. Some of the data collected are published in Tucker and Wilson (1932-33) and Olsson
and Harbison (1853), but no stratigraphic descriptions were made. Petroleumn exploration began
in Southwest Florida in the 1930's with a number of "shallow” dry holes being drilled in Charlotte,
Lee, and Collier counties. Few data were preserved from this early deep exploration work.
Detailed investigations of the exposed Neogene paleontology and geology of the
Caloosahatchee River from Lee County and Hendry County were published by DuBar (1958)
with another study conducted in Charotte County (DuBar, 1962). A surface geoclogical map of
the area was published by Parker and Cooke (1944), based on minimal data collected from
exposures and barrow pits.

Some reconnaissance work on the hydrogeology of the Southwest Florida region was
undertaken in the 1940's as a part of extensive studies directed by Gerald Parker of the U. S.
Geological Survey. Some preliminary data on rainfall along with some logs of wells in Hendry
County immediately to the east of Lee County were published in Parker et al. (1955). A study of
surface water flows and surface-water quality in a few streams in Lee County was published by
Kenner and Brown (1956). The U. 5. Geological District office in Tallahassee was concemed
about the lack of hydrogeologic data and aquifer definitions in the early 1960's and Nevin Hoy
was assigned to make an assessment of the hydrology and geclogy of Lee County. A draft
report by Hoy was submitted to the Florida Geological Survey but not published, because of
insufficient data.

The U. 5. Geological Survey decided to open a field office in Fort Myers under the direction
of the Subdistrict office in Miami during 1965. A senior hydrologist with the U.S.G.S. in Maryland,
Durward H. Boggess, was assigned to open the office. His assignment was to assess the water
resource problems of Lee County, to develop a hydrogeologic data base, and to develop fund-
ing sources for conducting hydrologic investigations.
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LEE COUNTY

Sanibel
Island

Bonita Springs

Figure 1. Map of Lea County showing locations mentioned in text.

In 1966, Lee County was a rural region, with a predominantly agricultural economy and a devel-
oping tourist industry. Population growth was beginning to accelerate and a number of water
supply problems were becoming evident. Water supplies for the new residents of the county
along with the expanding agricultural uses were beginning to become problematical. Durward
Boggess arrived in Lee County in 1966 at a critical time in its development history. He made an
immediate and long-term impact on the management of the water resources of Lee County. The
problems he outlined in "Water-Supply Problems in Southwest Florida® (Boggess, 1968) set the
beginning of his work on the geclogy and hydrology of Lee County. During the 13 years of serv-
ice with the U. S. Geological Survey in Lee County, Durward Boggess made numerous contri-
butions to the geologic and hydrologic knowledge of Southwest Florida. This paper outlines only
a few of these contnbutions.
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The Caloosahatchee River as a Water Supply Source

Construction of the Okeechobee Waterway was completed only about a year before
Durward Boggess came to Lee County. In 1966, the City of Fort Myers was having serious prob-
lems with its wellfield, which was the only potable public water-supply source for the city.
Therefore, the city decided to pump surface water from the Caloosahatchee River at the
upstream side of the primary salinity control structure (S-79) to the wellfield in order 1o recharge
the system via a series of canals. An assessment of the City of Fort Myers wellfield and the
Caloosahatchee River recharge system lead to the first Boggess report on the hydrogeclogy of
Southwest Florida (Boggess, 1968). Use of the Caloosahatchee River as a water supply source
had some serious problems, because of the lock in the river, which allowed boat traffic to use the
waterway. Each time a boat passed through the lock, a slug of saline-water was allowed to
migrate upstream. This.problem was recognized early by Durward Boggess and he assisted the
City of Fort Myers in studying the problem by conducting controlled flushing experiments with the
U. S. Army Corps of Engineers, who were responsible for operation of the waterway (Boggess,
1970a). A cooperative program was initiated between the U, S. Geological Survey and the City
of Fort Myers to establish the first locally funded hydrological studies in Southwest Florida.
Boggess continued to study the saline-water intrusion problem in the river for many years
(Boggess, 1970b; 1972) until the discharge of water from Lake Okeechobee and a bubble cur-
tain were used to control the upstream movement of the saline water,

Unfortunately, the City of Fort Myers and later, Lee County Utilities, did not heed the advice
of Durward Boggess who suggested that the water supply intakes in the Caloosahatchee River
should be moved upstream several miles in order to avoid the salinity problem. The City of Fort
Myers is currently in the process of developing a new water supply source with the intention of
discontinuing use of the Caloosahatchee River.

The Mobil Oil Drilling Program

During the later part of 1966, a geclogist from Mobil Oil Corporation, called the U.S.G.S
office in Fort Myers to request some information on the shallow geology of the Southwest Florida
area. A meating was initiated between a team of Mobil geologists and Durward Boggess to dis-
cuss a proposed confidential test drilling program that Mobil Oil intended to initiate in Southwest
Florida. Maobil was actively involved in a petroleum exploration program in Southwest Florida at
that time. There was some suggestion that the structure of the top of the middle Miocene and
the top of the Eocene sediments in the region could give significant clues with regard to where
to drill in the 12,000 foot zone of the late Cretaceous Sunniland Formation, which was the oil pro-
duction horizon in the area. Durward Boggess and Mobil Oil struck a deal that proved 1o be the
key factor in the development of an extensive hydrogeologic data base in Southwest Flonda.
Mobil decided to drill several hundred test holes to depths ranging from 200 to 1500 feet through-
out Southwest Florida. Drill cuttings would be collected from each well, geclogist logs would be
made, and gecphysical logs (electric and gamma ray) would be run on each test well. The deal
was that if Durward Boggess agreed to help obtain permission to drill the test wells in road right-
of-ways and assisted in the data collection, he would be given copies of all raw data and geo-
physical logs as long as he agreed not to make the information public for two years (shallow mid-
dle Miocene wells) or five years (upper Eocene wells). Despite baing a one man office with sig-
nificant responsibilities and some intemal problems with U.S.G.5. policy, the agreement was
made. For over a year, geological data were collected and even water quality information was
obtained. This information formed the hydrogeological data base that allowed Durward Boggess
to define and name the primary freshwater aquifers in Lee County and to suggest where future
water supplies could be obtained (Sproul, Boggess, and Woodard, 1972; Boggess, Missimer,
and O'Donnell, 1977).
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The Cape Coral Canal System Salinity Barrier Issue

In the late 1960's and early 1970's, a new urban area in western Lee County, Cape Coral,
was being developed. Gulf American Land Corporation was in the process of digging hundreds
of lineal miles of canals at depths near or below sea level to both obtain fill matenal to increase
the altitude of the land for flood control and septic tank function and 1o allow boat access.

In the northwestern part of the development area (north of S.R. 78), the state and local regula-
tory bodies were concerned about the potential for saltwater intrusion into the interior of the area
(Figure 1). Durward Boggess was requested to assess the situation and assist both the regula-
tory agencies and the developer to decide where to control the potential landward movement of
tidal surface-water (saltwater intrugion) through the canal system. After extensive discussion,
Durward Boggess recommended that Bumt Store Road be designated as the salinity control line.
A series of four control structures were constructed along this north-south oriented road. This
was the first concerted effort in Lee County to control the intrusion of tidal saline-water into inte-
nor areas. The precedent set by this decision set the trend for future development throughout
Southwest Florida.

Contamination of the Fresh Groundwater Resources with Artesian Saline-Water

When Durward Boggess amived in Southwest Florda, all of the water wells in the region
were constructed by the cable-tool method using as littke casing as possible. Many of the wells
tapped deep aquifers, under artesian pressure, that yielded saline water. These deep wells were
used for imgation of crops and for frost protection to some degree. Boggess recognized that
these wells were problematical allowing the entry of saline water into the freshwater aquifers of
Southwest Florida. An eadier study by Klein, Schroeder, and Lichtler (1962) in Hendry County
had documented this problem, and Boggess (1968) first discussed the significance of the prob-
lem in Lee County.

- The issue of improper well construction and the adverse effects on groundwater quality was
studied by Boggess for his entire career in Southwest Florida. He demonstrated that if a deep
well was properly plugged, the contamination caused by the discharge of saline-water into the
water-table aquiler was rapidly attenuated by dilution with rainfall (Boggess, 1973). Saline-water
intrusion into confined freshwater aquifers, such as the Sandstone Aquifer in eastemn Lee County
or the Mid-Hawthomn Aquifer in western Lee County proved to be a nearly permanent situation
with very slow flushing and dilution (Sproul, Boggess, and Woodard, 1972; Boggess, Missimer,
and O'Donnell, 1977). Boggess recognized that the deep aquifer intrusion of saline-water into
the shallower fresh-water aquifers was not the only problem related to well construction (Figure
2). In Cape Coral, thousands of irrigation and single-family home supply wells were tapping the
Mid-Hawthom Aquifer. The potentiometric surface of the aquifer was drawn down far below sea
level. Most of the small-diameter irrigation wells that were constructed into the Mid-Hawthom
Agquifer had steel casings driven by the cable-toel drilling methoed and contained no cement groul.
Within a few years after construction, corrosion holes formed in the casing at near sea level
(cathodic corrosion). The saline-water occurring within the water-table aquifer adjacent to tidal
canals began to drain into the Mid-Hawthorn Aquifer via gravity feed. This problem virtually
destroyed a large part of the Mid-Hawthorn Aquifer in Cape Coral (Boggess, Missimer and
O'Donnell, 1977).

The research performed by Durward Boggess on the effects of improper well construction
on the fresh groundwater resources lead to the development of new well construction permitting
ordinances imposed by the Lee County government, the South Florida Water Management
District, and years later by the City of Cape Coral. Boggess helped initiate a well plugging pro-
gram to eliminate thousands of wells causing groundwater contamination.
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Figure 2. Diagram showing how saline-water contaminates freshwater aquifers by Iimproper well
construction or improper management. Well A has corrosion holes in the upper part of the cas-
ing and is not cased to the top of the aguifer containing pressurized saline water, Saline water
migrates into both the confined and unconfined fresh-water aquifers. Well B also Is not cased to
the top of the pressurized saline-water aquifer and the wellhead value is either open or broken
off. Saline-water enters all freshwater aguifers via the well or at land surface. Well C is a proper-
ly constructed well with the proper depth of casing and cement grout in the annulus. No saline
water contamination occurs in this well.

Aquifers of Lea County Defined and Named

Little was known about the aquifer system beneath Lee County in 1966. On the Florida East
Coast, the aquifer system was rather simple with the unconfined aquifer in the southeast area
being termed the Biscayne Aquifer and the deep aquifer system being the Flondan Agquifer
(Parker et al., 1955). Boggess recognized that the aquifer system in Lee County was much more
complex than the Florida East Coast with a larger number of aquifers occurring with different
pressures and water qualities. Boggess began to use formal names for the aquifers in order to
communicate with the public in 1970. He was aware that the Floridan Aquifer beneath Lee
County contained numerous individual flow zones, The uppermost two zones that were used for
irrigation and contained slightly saline water, he named in ascending order, the Suwannee
Aquifer and the Lower Hawthom Aquifer (Figure 3). Two confined aquifers contained freshwa-
ter over large areas of the county. In western Lee County he named the confined freshwater
aquifer the Upper Hawthorn Aquifer (now termed the Mid-Hawthom Agquifer) and in eastern and
southern Lee County he named the confined freshwater aquifer the Sandstone Aquifer. Boggess
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also recognized that another confined freshwater aquifer occurred in the southem parn of Lee
County in the Bonita Springs area, which was later termed the Lower Tamiami Aquifer (Figure
3).

There was considerable scientific importance in defining and naming these aquifers. Water
level and quality information could be organized into a consistent scheme using the definitions.
In subsequent years, the aguifer data were used to locate large public supply wellhields and to
develop regional water supply plans.

The definition and naming of the aquifers in Lee County also served an even more impor-
tant function. It allowed the public and press to understand the groundwater system to a greater
degree, which lead to better planning and political decisions on protection and management of
the groundwater resources.

Contamination Caused by Cut and Fill Municipal Landfills

In the 1960's and 1970's, the "state of the ant® sanitary landfill design in Florida was the cut
and fill type. In this type of landfill, a series of trenches were dug from land surface into the sur-
ficial aquifer to depths ranging from 8 1o 20 feet below surface. A typical "cell® averaged about
15 feet in depth and was up to about 1000 feet in length. Water was removed from the trench
during construction and filling via dewatering. Mo liners or other methods were used 1o separate
the municipal waste buried in the cell from the surrounding groundwater. Upon completion of fill-
ing with waste, the trench was covered and another trench was constructed beside it.

The City of Fort Myers operated a cut and fill landfill east of town along Buckingham Road
(Figure 1). The city established a groundwater quality monitoring program around the landfill to
assess any impacts to the groundwater system and at the same time requested the U. S.
Geological Survey to assist in the location of a new landfill site. In 1974, Durward Boggess
informed the City of Fort Myers that the landfill was having an adverse impact on the shallow
groundwater system adjacent to the landfill and on some surface-water bodies that drained into
the headwaters of the Six-Mile Cypress. A report was deliverad 1o the city in 1975 to document
the findings (Boggess, 1975). Ultimately, the city consolidated its efforts to locate a new landiill
site with the Lee County Government and a site was chosen south of State Road 82 (Gulf Coast
Landfill). It should be noted that Durward Boggess advised the Lee County Government that the
site chosen was not ideal for a landfill location, but the county had no other options at the time
because of iming and public protests.

The study of the City of Fort Myers landfill as well as cthers in South Florida lead to major rule
revisions by the Florida Department of Environmental Regulation (now Florida Depariment of
Environmental Protection). Cut and fill landfills were outlawed and all landfills ultimately were
required to be lined with impervious material to prevent groundwater contamination. Durward
Boggess was one of the first hydrologists to point out the problem to the local and state govemn-
ment officials.

Saline-Water Intrusion into the Shallow Freshwater System of Sanibel Island, Florida

For many years Sanibel Island was a sparsely populated barrier island lying southwest of
Fort Myers. It was connected to the mainland by a ferryboat that took residents and day-trippers
to and from the island. In 1965, a bridge was completed to the island and activity greatly
increased. A building boom began on the island in the early 1970's with a number of deep canals
and artificial lakes being constructed. The shallow aguifer system on Sanibel Island contained
a fragile freshwater lense that was critical to the maintenance of an intemal freshwater marsh
and the island vegetation. The construction activity was causing the intrusion of saltwater into
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the shallow aquifer system and was destroying the freshwater lense.

Durward Boggess was asked to study the problem and conducted an investigation of the
shallow water resources over a period of several years in the early 1970's (Boggess, 1974). The
information obtained from this investigation was used to develop new construction standards for
Sanibel Island and ultimately the information was used to help develop the comprehensive land
use plan for the island (after the incorporation of the City of Sanibel).

Wetland Destruction in Lehigh Acres Caused by Over-Drainage

The development of a vast tract of land in eastern Lee County was very active in the late
1960's and early 1970's. Lehigh Acres was being carved out of pristine pine flatwoods and fresh-
water wetland areas. The area was flat and poorly drained, so a network of deep drainage
canals was being constructed to drain the area to the north via the Orange River, Bedman Creek,
and other streams to the Caloosahatchee River. Owver a short period of time, a major wetland
feature in the area, Halfway Pond, dried up and was lost. There was considerable public out-
rage over the destruction of this 400-acre pond and a number of state, federal, and local agen-
cies took interest in the issue.

Durward Boggess was requested to make a rapid investigation of the area to provide a
hydrogeclogic assessment of the effects of drainage on the groundwater system (Boggess and
Missimer, 1975). The report on the area was used by federal agencies to stop the over-drainage
of the wetlands and the water management district required that water level control structures be
placed in the drainage canals to retain groundwater.

Saline Water as a Future Water Supply for Lee County

Beginning in the late 1960's, Durward Boggess took a strong interest in the artesian, saline
water resources of Lee County. First, he recognized that the deep, free-flowing wells were a
source of contamination to the freshwater aguifers. However, as he studied the aquifers, he real-
ized that these waters were also resources that could be treated using new water treatment tech-
nology. This realization was confirned, when he was requested by the Island Water Association
of Sanibel Island to help assist in the development of a public water supply system on the island.
In the past, only shallow wells and cisterns were used for water supply on the island, but with
rapid development, the shallow aguifer was not capable of yielding the necessary quantity of
water required. The Island Water Association decided to use deep wells tapping the Lower
Hawthom Agquifer System to feed a new desalination system that used the electrodialysis
process to desalt the water. Boggess provided considerable hydrogeologic data and expertise
to develop the first saline-water wellfield in the Lee County (Boggess, 1974b; 1574b; Boggess
and O'Donnell, 1982).

Over a period of several years, Boggess accumulated a large data base on the saline water
resources of Lee County. In 1974, he published a critical document that provided the key hydro-
geologic and water quality information to allow the successful development of those rescurces
(Boggess, 1974). In the mid-1870's, Cape Coral and Pine Island developed wellfields to use the
saline water resources, using the initial data base and forethought of Durward Boggess.

The Water-Table and Sandstone Aquifers of Eastern and Southeastern
Lee County as Future Water Supplies
In his investigations of Lee County, Durward Boggess realized in the early 1970's that the
county could be divided into the water poor westem and northern area and the water rich east-
em and southern area. From the geologic data base obtained from the Mabil Oil test dnlling pro-
gram and from extensive inventorying of existing wells, Boggess believed that the shallow and
immediate aquifers in eastern and southern Lee County would be the only viable freshwater
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resources that could be developed in the future. During the later part of his career, he concen-
trated on compiling the hydrogeoclogic investigation in this area (Boggess, Missimer and
C'Donnell, 1982; Boggess and Watkins, 1986). The information gathered by Boggess in east-
em and scuthemn Lee County was instrumental in the successful development of the Lehigh
Acres Utilities Wellfield (Sandstone Aquifer), the Florida Cities Green Meadows Wellfield (water-
table and Sandstone aquifers), the Lee County South Wellfield (water-table and Sandstone
aquifers), the Gulf Utilittes north and south wellfields (water-table aquifer), and the Bonita
Springs Utilities west and east wellfields (Lower Tamiami Aquifer).

The Well Schedule and Well Log Data Base

Owver his 13 years with the U. 5. Geological Survey in Lee County, Durward Boggess was
meticulous about the compilation of a well and geoclogic data base. He used topographic maps
of the entire county to locate every well on which he could obtain data. The well was given a
number and the data were recorded in a series of well schedules. When a geologic log existed,
it was given a comresponding number and was recorded in a file. The same was true for water
quality analyses. It was a time-consuming and tedicus job to establish and maintain this record-
keeping system, but it was critical in developing an accurate and detailed assessment of the
groundwater resource. Data were collected on over 4000 wells in Lee County during the
Boggess years. This is the most extensive hydrogeologic data base established for any county
in the state of Florida and the credit for it goes 1o Durward Boggess.

Durward H. Boggess, The Man

Durward Boggess left a reputation as a man of impeccable integrity, who could always be
relied upon to give fair and unbiased technical council. He never tumed down any information
request and talked 1o anyone who contacted the U. S. Geological Survey office. He established
an excellent rapport with the press and helped educate numerous, young reporters. He talked
with and provided information to elected officials, but he was never political, in the sense of pur-
suing some personal agenda. He was particularly skilled at finding solutions to the acquisition
of technical data in the field, such as how to keep old, wom-out recording devices working, or
how to collect flood stage data at minimal cost (crest-stage gages), or how to collect water sam-
ples at depths without expensive devices. He was also skilled at teaching water resources data
collection methods to young geologists and to old engineers without ruffling sensitive egos.
Durward Boggess never had said anything derogatory about any person, even when he was cril-
icized. In his quiet, gentle way, he was able to obtain the funding he needed to perform scien-
tific investigations of the highest quality without resorting to crisis creation via the media.

CONCLUSIONS

The contributions of Durward Boggess to the knowledge on the hydrology and geology of
Lee County is a case study on how one man with integrity and spirit can make a profound con-
tribution to science. The methods Mr. Boggess employed to glean the most information possi-
ble with minimal budgets is a case study for all practicing hydrologists and hydrogeoclogists.
Without the development of the data base and the forethought given by Durward Boggess, the
water resources of Lee County would have been severely damaged two decades ago. These
contributions are still being used today as the population growth of Lee County causes further
development of the water resources. Every citizen of Southwest Florida owes a debt of gratitude
to Durward Boggess for his diligence and perseverance in working on the hydrology and geolo-
gy of Lee County, Flonda.
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THE SURFICIAL GEOLOGY OF LEE COUNTY
AND THE CALOOSAHATCHEE BASIN

Thomas M. Scott
Florida Geological Survey, 503 W. Tennesses S1., Talahasses, FL 32304-7700
And
Thomas M. Missimer
COMMissimer Intemational, Inc., 8140 College Parkway, Suite 202, Forl Myers, FL 33519

ABSTRACT

Knowledge of the surficial geology is a processor to developing an understanding of the
regional hydrogeology. Surficial geclogic mapping in Florida is problematic because of the low
relief and sand cover. The mapping effort in Lea County relied heavily on data from well cuttings
and cores due to the sparse occurrence of pits, quarries and natural cutcrops. The authors have
spent many years visiting pits and quarries and working subsurface samples to develop an
understanding of the regional geologic framework. The accumulated database was utilized to
determine sand overburden thickness and the underlying stratigraphic units for creating the Lee
County geclogical map.

The geologic units mapped were the Tertiary Tamiami Formation (Tt), Tertiary-Quatemnary
shell units (Tgsu - includes Caloosahatchee, Bermont, and Fort Thompson Formations of previ-
ous usage) and Quaternary (Holocene) coastal and estuarine sediments (Qh). Less than 20 feat
of undifferentiated sands occurred within the map area.

INTRODUCTION

Geological maps provide an important tool for developing an understanding of geclogical
history and natural resources. Knowledge of the regional surficial and near-surface geclogy is a
necessary prerequisite to beginning to understand hydrogeoclogy. The type and distribution of
surficial and near-surface sediments has a direct bearing on the occurrence of surface water and
the recharge of groundwater.

Vemon and Puri (1964) produced the last geclogical map by the Florida Geological Survey
(FGS). Brooks (1982) published an independent version of the State geological map. Both
maps required updating and revision. In the late 1980s, the FGS began an effort to create an
updated and revised State geclogical map. In 1991, the mapping program focus changed
toward the development of county geclogical maps for a statewide radon hazard analysis inves-
tigation. The maps created for this investigation formed the basis for the new State geclogical
map.

Florida is the only state in the United States that lies entirely within a coastal plain province.
With the highest elevation in the State of just 345 feet, relief is generally limited and few outcrops
exist. The low relief of the southwestern Florida landscape yields litle information to geoclogists
from natural exposures making geological mapping problematic. As a result, the mapping effort
in Lee County and the Caloosahatchee Basin utilized information gathered from well cuttings and
cores (including a number of cores drilled by the FGS), quarries and pits, and limited natural out-
crops. In developing a concept of the regional geologic framework, the authors have spent many
years examining exposed sections and spoil piles in pits and quarries in addition to analyzing
subsurface samples. The accumulated database was utilized in formulating the Lee County geo-
logic map (Figure 1).

Much of the Florida landscape is covered by a sand blanket of varying thickness. Mapping
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the general surficial occurrence of the sands provides only limited information. As such, the con-
vention was adopted of removing up to 20 feet of undifferentiated sands and mapping the under-
lying formations. In areas where the sand cover exceeded 20 leet in thickness, the occurrence
of sand was mapped. Within Lee County, no areas of more than 20 feet of undifferentiated sand
were identified. However, due to the nature of the database, sands thicker than 20 feet may
occur locally within the county.

GEOLOGY

The geologic units mapped in Lee County were the Tertiary Tamiami Formation (Tt), Tertiary-
Quaternary shell units (Qsu - includes Caloosahatchee, Bermont and Fort Thompson formations
of previous usage) and Quatemnary (Holocene) coastal and estuarine sediments (Qh).

The oldest formation shown on the Lee County geological map is the Pliocene Tamiami
Formation (Tt). The Tamiami Formation is a poorly defined lithostratigraphic unit containing a
wide range of mixed carbonate-siliciclastic lithologies and associated faunas (Missimer, 1992).
The Peace River Formation, Hawthom Group, underdies the Tamiami Formation throughout the
county. The Tamiami Formation consists a mixture of variably sandy limestone, sands, and clays
containing varying percentages of phosphate grains. Fossils, including mollusks, echinoids and
corals, are commonly abundant in the Tamiami Formation. Fossil preservation varies from well
preserved to molds and casts of the original fossils.

Overlying the Tamiami Formation throughout much of Lee County are sediments mapped as
undifferentiated Tertiary/CQuaternary (Plio-Pleistocene) shell-bearing units (Qsu). The
Caloosahatchee, Bermont and Fort Thompson formations of previous references are included
within the Qsu designation due to the primarily biostratigraphic nature of the units throughout
their areal extent (see Scott, 1992). Within portions of the map area, the Caloosahatchee and
Fort Thompson are lithologically separable. However, throughout much of the rest of southem
Florida, the units are lithologically indistinct. This unit consists of sand with subordinate lime-
stone and clay. Fossils, including mollusks and corals, are common, often abundant and preser-
vation is often excellent.

A quartz sand blanket (less than 20 feet thick) overlies Tt and Qsu throughout the county.
The sand is generally a fine to medium well sorted sand with no fossils. Along the coast, below
an altitude of approximately 5 feet msl, are sediments mapped as Holocene age sediments.
These sediments consist of quartz sand with a variable organic component and occasional peat
to muck deposits. The Holocene sediments include the beach ridge and dune sands.

REFERENCES

Brooks, H.K., 1982, Geologic Map of Florida: Center for Environmental and Matural Resources,
University of Flonda.

Missimer, T.M., 1992, Stratigraphic relationships of sediment facies within the Tamiami
Formation of southwestern Florida: Proposed intraformational correlations; in Scott, T.M.,
and Allmon, W.D., editors, The Plio-Pleistccene stratigraphy and Paleontology of southem
Florida; Florida Geological Survey Special Publication 36, p.63-92.

Scott, T. M., 1992, Coastal Plains stratigraphy: The dichotomy of biostratigraphy and lithos-
tratigraphy - A philosophical approach to an old problem: in Scott, T.M., and Allmon, W. D.,
The Plic-Pleistocene stratigraphy and paleontolegy of southem Florida: Florida Geological
Survey Special Publication 36, p. 21-26.

18




‘epuold ‘funog 997 jo dey ojBojoen | amnbyy

S e’ e o e

F = ALNADD WHTIOD
A
&~

L

|
LY

=

FLORIDA GEOLOGICAL SURVEY

ALNAGS ANOHERE

L
LD g i e B o e P PR
sl

W0

\ ALNNOD 331
w 40 d%N D005
§, D
J.., / IWIs
YO H, Ml o
spueis) ).
v

19

AREADD MLLDTEYHD

—— LA




SPECIAL PUBLICATION NO. 49

T. Missimer and T. Scott, 1993, Geologic map of Lee County, Florida: Florida Geological Survey
Open File Map Series no. 61.

Vermnen, R.O., and Puri, H.S., 1964 Geologic map of Florida, Florida Bureau of Geology Map
Series 18,

20



FLORIDA GEOLOGICAL SURVEY

LATE NEOGENE GEOLOGY OF NORTHWESTERN
LEE COUNTY, FLORIDA

Thomas M. Missimer
CDM/Missimer Inlerational, Inc., 8140 College Parkway, Suite 202, Fort Myers, Florida 33918

ABSTRACT

During the past 24 years, the Necgene geology of northwestern Lee County has been stud-
ied in numerous dewatered, shell pits. The thickness of the stratigraphic section studied is about
30 feet and contains three formations; the Tamiami, the Caloosahatchee, and the Fort
Thompson. The Tamiami Formation is a predominantly siliciclastic unit, equivalent to the Sand
Facies of Missimer (1992) with one occurrence of the Pinecrest Member (predominantly arago-
nitic mollusk shell) at Acline (Charlotte County). The Caloosahatchee Formation is a mixed car-
bonate and siliciclastic unit that is divided into three separate units by two intraformational uncon-
formities. The Fort Thompson Formation is a shell and quartz sand unit that contains two or
three stratigraphic units. From the base to the top of the formation, the relative percentage of
quartz sand increases from about 20 to 100% by volume.

The lithostratigraphy of the shallow Neogene sediments adjacent to Charlotte Harbor shows
that numerous transgressive and regressive sea level events produced a series of depositional
environment changes over the last 4 million years. The region was blanketed with a sheet of
quartz sand similar to the West Florida Shelf of today during the Pliocene as the Tamiami
Formation was deposited. During deposition of the Caloosahatchee Formation, the region was
subtropical with predominantly carbonate deposition and a coastal influx of quanz sand. Tropical
and subtropical mollusks and corals were abundant in the region producing an environment sim-
ilar to the present area between Cape Sable and Florida Bay. Deposition of the Fort Thompson
Formation brought a substantial change to the environment with an evolution to barrier island
and shallow nearshore deposition patterns similar to those observed today.

INTRODUCTION

Geological work in the northwestern area of Lee County and southem area of Charlotte
County began during the 1880's with a few early descriptive works. In his classic work on the
geology of the lower Florida West Coast, Heilprin (1887) wrote "Prior to our visit, the only portion
of the state that had been examined geologically, or on which a geclogical report had been pre-
pared, was the region lying north of a line running almost due northeast from the Manatee River,
just south of Tampa Bay, to the east coast. Below this all was conjectural, although the exis-
tence of certain limestones of undetermined age was hinted at, or even located, by a number or
causal observers (Tuomey, Conrad) who chanced to navigate some of the outer waters. Such
a limestone was reported by Tuomey to be found in Charlotte Harbor, but the exact locality of its
occurrence is not noted." Ancother scientist from the Wagner Free Institute of Philadelphia,
William H. Dall, was the first geologist to visit some of the late Neogene exposures in the
Charlotte Harbor area, immediately north of Lee County. Dall (1890-1203) described many of
the fessils found in the Pliocene and Pleistocene sediments of the region. During the 1930's,
several geologists examined exposures of the Caloosahatchee and Fort Thompson formations
at locations near Shell Creek, Alligator Creek, and in spoil piles adjacent to excavations.
Wendall C. Mansfield, Druid Wilson, Helen |. Tucker, and Axel A. Olsson visited several sites and
collected fossil mollusks. The paleontology of the fossil mollusks was deseribed in a few publi-
cations (Tucker and Wilson, 1932a; Olsson and Harbison, 1953). In 1958, a shell pit located
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near Acline (Figure 1) was drained to make bed collections of the fossils and to describe the
geology. Druid Wilson of the U.5. Geological Survey and Stanley Olsen of the Florida Geological
Survey made these collections, but no work other than a fauna list (Tucker and Wilson, 1832b;
also in DuBar, 1962) was ever published. A detailed investigation of the Neogene geology of the
Charlotte Harbor area was published by DuBar (1962). DuBar described the geology at 13 sites
located adjacent to Charlotte Harbor and the geology adjacent to Shell Creek.

The geologic descriptions presented in this paper are considered to be preliminary and were
compiled at numerous locations in Lee and Charlotte counties over a period of 24 years by the
author and a number of associates. The author was first introduced to the geoclogy of the
Charlotte Harbor area by F. Stemes McMeill, who was one of W. C. Mansfield's field assistants
in the 1930's. McMeill accompanied Durward Boggess and the author to several locations in the
area between 1972 and 1975.

NEOGENE STRATIGRAPHY

Introduction

A number of shell and sand pits have been excavated adjacent to the southeastern margin
of Charlotte Harbor in Charlotte and Lee counties and in the Cape Coral area of Lee County over
the past 40 years. Many of these excavations were dewatered to facilitate sediment
removal, which allowed detailed descriptions of the sediments to be made. Three Neogene
stratigraphic unils were penetrated in most of the excavations, which include the Tamiami,
Caloosahatchee, and the Fort Thompson formations. Neogene time includes the Miocene to the
end of the Pleistocene or 23.8 to 0.01 Ma or a million years before present (Berggren et al.
1995). A general stratigraphic column is shown in Figure 2 using the stratigraphic terminclogy
of Missimer (1992) for the Tamiami Formation and the terminoclogy of DuBar (1962) for the
Caloosahatchee and Fort Thompson formations. Although geologic information was collected at
each of the locations (sections measured and described) shown in Figure 1, detailed descrip-
tions of the geology are presented for only the Burnt Store Road North Pit (4), the Nelson Road
Pit (5), and the Chiquita Sand Pit ().

Tamiami Formation

The Tamiami Formation is a Pliocene unit that contains a wide variety of members or facies
dependant upon the specific location studied. Missimer (1992) presented a stratigraphic corre-
lation of the varicus lithologic units found within the Tamiami Formation in Southwest Florida
(Figure 3). In the northern part of the study area, the exposures of the Tamiami Formaticn in
Alligator Creek are a sandy, calcareous clay with some phosphate and a few calcitic fossil frag-
ments (DuBar, 1958). The calcareous clay facies correlates to the tan clay and sand facies,
which cccurs near the base of the formation (Figure 3). At all other locations, with the exception
of the Acline Fit, the section of the Tamiami Formation penetrated was either a sand and partially
indurated sandstone (Burnt Store Road North Pit), an unlithified quartz sand with solely calcitic
fessils interbedded with some limestone (Nelson Road Pit), or a partially indurated sand and bar-
nacle hash (Chiguita Sand Pit). All of these predominantly quartz sand units correlate lithos-
tratigraphically with the sand facies of Missimer (1992) shown in Figure 3,

The only exposure of the classical Pinecrest Member containing a wide diversity of mollus-
can species with preserved aragonitic shell is at the Acline Pit site. The Pinecrest Member of
the Tamiami Formation is the youngest member of the formation and does not occur as a con-
tinuous stratigraphic unit in the area of Charlotte Harbor.
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Figure 1. Map of Charlotte Harbor area showing the locations of pits studied in Lee and
Charlotte counties.

Caloosahatchee Formation

DuBar (1962) recognized five stratigraphic subdivisions of the Caloosahatchee Formation in
the Charlotte Harbor area (Figure 4). Although these subdivisions of the formation do occur, they
are rarely if ever all present at a single location cr in the same stratigraphic position Stratigraphic
sactions are commonly described in terms of sequence stratigraphy, in which a sequence is
defined as an unconformity-bounded stratal unit (Van Wagoner et al. 1990). A sequence is sub-
divided into parasequences, which are the building blocks of the sequence. A parasequence is
defined as “relatively conformable successions of genetically related beds or bedseis bounded
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Figure 2. General stratigraphic column showing the lale Neogene units studied in the Charlotte
Harbor area.

by marine-flooding surfaces or their correlative surfaces™ (Van Wagoner et al. 1990). Based on
modemn concepts of sequence straligraphy, the Caloosahatchee Formation can probably be bro-
ken down into three different sequences or perhaps parasequences when viewed on a regional
basis. There are at least two distinctive breaks in the Caloosahatchee stratigraphic section,
marked by the occurrence of either a laminated crust and disconformity or the occurrence of a
freshwater limestone. These breaks correspond to either marine-flooding surfaces or to temres-
trial discontinuities as in the case of freshwater limestones. In the general stratigraphic column
show in Figure 4, the unconformities dividing the section occur at the top of Units Cand E. It is
not possible to correlate regionally individual lithologic units within the formation, because of
spatial variability caused by depositional environment changes. However, the correlation of the
unconformities in stratigraphic order does allow correlation of time lines, which was the method
used by Perkins (1977) for correlating these stratigraphic units along the Florida East Coast.
The Calcosahaichee Formation at the Bumt Store Road Morth Pit contained four different
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Figure 4. General stratigraphic column showing the stratigraphic units studied by DuBar (1962)
in the Charlotte Harbor area with unit descriptions (DuBar, 1962).

lithic units (Figure 5). At this location there are only two stratigraphic breaks in the section
instead of the three found in the DuBar general section. A basal sequence or parasequence con-
tains two lithic units with an unlithified shell and sandy mud at the base and an indurated lime-
stone containing abundant shell at the top. The occurrence of freshwater fossils at the base of
the section could indicate the occurrence of another stratigraphic break, but the remaining sec-
tion does not occur. The uppermost unit consists of a basal, unlithified shell unit overain by an
indurated limestone containing abundant aragonitic mollusk shells. The top of the limestone
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Figure 5. Neogene stratigraphy of the Burnt Store Road North Pit in Lee County.

contains a laminated crust at some locations in the pit. Without some absolute time control, it is
not possible to correlate this section with the general DuBar typical section.

To the southeast of Charlotte Harbor, the occurrence of the Caloosahatchee Formation is
limited to only a few locations, because the formation has been removed by erosion or was not
deposited. The southernmost known occurrence of the formation on the Florida West Coast is
at the Nelson Road Pit, but only in the northeast comner of the pit (Figures 6 and 7). Despite the
relatively thin section of the formation at about 8 feet, nine different lithologies were found in
three sequences or parasequences. The basal unit is bounded with a disconformity at the base
and a freshwater limestone at the top. The lowest lithologic unit is an unlithified quartz sand and
shell. An indurated sandy limestone with shell lies conformably above the lowest unit and the
sequence is capped by a freshwater limestone. The middle sequence contains three different
lithologic units beginning at the base with a partially indurated limestone containing well-pre-
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Figure 6. Necgene stratigraphy of the Nelson Road Pit located in Lee County.

served aragonitic mollusk shells. This lithic unit is underlain by a coralline boundstone, contain-
ing about ten ditferent species of corals. The sequence is capped by a highly altered limestone
containing predominantly sparite and no preserved aragonitic fossils. The top of the limestone
contains some solution depressions partially infilled with indurated laminated muds. The upper-
most sequence also contains three different lithologies. The base is an unlithified quartz sand
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Figure 7. Detailed stratigraphy of the Caloosahatchee Formation at the Melson Road Pit in Lee
County.

and shell. It is topped by a hard, indurated limestone containing preserved aragonitic shell. The
sequence is capped with a freshwater limestone with some preserved laminations at the surface.
The MNelson Road Pit is the only known location in the region that contains all three sequences
described by DuBar (compare Figure 7 1o 4).

Mo Caloosahatchee Formation sediments were found in the Chiguita Sand Pit located east
of the Nelson Road Pit. Specifically defined Caloosahatchee Formation sediments have not
been identified at any other location to the south in Lee or Collier counties.
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Fort Thompson Formation

The Fort Thompson Formation was originally described as a predominantly carbonate unit
based on oulcrops located along the Caloosahatchee River and the carbonate shell deposits
found in a number of pits in South Florida (Dall, 1890-1903; DuBar, 1958). After DuBar (1962)
studied the stratigraphy of the Fort Thompson Formation in the Charlotte Harbor area and north-
western Lee County, the definition of the Fort Thompson Formation was forced to include pre-
dominantly siliciclastic and mixed carbonate and siliciclastic sediments. DuBar (1962) recog-
nized two separate quartz sand units within the formation in the Charlotte Harbor area, but did
not formally separate them.

Based on the stratigraphic sections described in the pits along Charlotte Harbor, there are
two or three different stratigraphic units within the Fort Thompson Formation in this region.
These units may represent individual sequences related to two separate sea level events or may
be a single sequence containing a discontinuity. The uppermost unit, above a laminated crust
representing an unconformity is problematical and may represent a very late sea-level deposit
or may be an erosional deposit related to soil development.

At the Burnt Store Road North Pit, the Fort Thompson Formation is clearly divided into three
different stratigraphic units (Figure 5). At the base of the formation, there is a shell bed averag-
ing about 12 inches in thickness. This unit is predominantly aragonitic shell with a minor amount
of quartz sand. The overlying unit consists of a shell and sand bed about 5 feet thick capped
by a laminated sandstone. The uppermost unit is a quarnz sand containing little on no carbon-
ate and is sometimes laminated.

The Fort Thompson Formation section at the Nelson Road Pit is quite similar to the Burnt
Store Road North Pit (Figure 6). The section consists of three stratigraphic units. The lowest
unit is a shell and sand bed containing aragonitic shell, quartz sand, and some mud. The mid-
dle unit is a sand and shell bed capped by a laminated sandstone. Quartz sand is the predom-
inant component of the middle unit with up to 70% by volume. About 60 cm of quartz sand over-
lies the laminated crust. The uppermost quartz sand unit contains little or no carbonate.

There is again a clear similarity between the Fort Thompson Formation stratigraphy at the
Chiquita Sand Pit and the pits described (Figure B). There are three stratigraphic units with the
lowest unit being a shell and quartz sand with a minor quantity of mud. The middle unit is pre-
dominantly quartz sand with 10 to 20% shell and ne mud and is capped by a laminated sand-
stone crust. About 2.5 feet of sand occurs as the uppermost unit, which contains a typical soil

profila.

Age of the Neogene Stratigraphic Units

The most recent data available on the age of the Neogene formations discussed in this
paper was collected from Florida Geological Survey core W-16242, located at South Seas
Plantation on Captiva |sland east of pit sites (Missimer, 1997). Based on this work, the estimat-
ed age ranges using the time scale of Berggren et al. (1995) for the formations discussed are:
Tamiami Formation, 4.29 to 2.15 Ma; Caloosahatchee Formation, 2.14 or 1.77 to 0.6 Ma: and
Fort Thompson Formation, 0.6 to 0.12 Ma. The Pinecrest Member of the Tamiami Formation has
an age range of 3.22 to 2.15 Ma in this core. These estimated age ranges for the formations are
likely to be similar for the sections discussed based on the close proximity of the Captive Island
core 1o the pit locations.

DISCUSSION

Study of the Neogene geology of the Charlotte Harbor area indicates that there is consid-
erable spatial vanability in the lithologic units constituting the Tamiami, Calcosahatchee and Fort
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Thompson formations. Conventional lithostratigraphic correlation is not possible, but mapping
of regional disconformities does allow correlation of time-equivalent units because of the
relatively flat relief of the South Florida Platform (Perkins 1977).

At nearly every location studied, the Tamiami Formation is predominantly a siliciclastic unit
consisting of quartz sand with calcitic shell or slightly cemented quartz sand. The described
lithologic unit is equivalent to the Sand Facies of Missimer (1992). The only location containing
any section of the Pinecrest Member is the Acline Pit, which is further evidence that the Pinecrest
Member is not a regionally mappable stratigraphic unit.

There are two disconformities within the Caloosahatchee Formation that divide it into three
sequences or parasequences. Itis likely that each of the three units found represent a single
sea-level event based on the generally shoaling-upward nature of the sediments (note the depth
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Figure B. Neogene stratigraphy of the Chigquita Sand Pit in Lee County.

b2 |




SPECIAL PUBLICATION NO. 49

of water in which the sediments were deposited becomes progressively shallower). Based on
recent age-dating work by Missimer (1997), the uppermost sequence is likely a Pleistocene sea-
level event while the lower two sequences are Pliocene events. Similar
ages for these sediments was determined by Jones et al. (1991) in Sarasota County.

Three different lithologic units were found within the Fort Thompson Formation. These units
show remarkable uniformity in composition. The units become progressively more siliciclastic
from bottom to top of the formation.

CONCLUSIONS

Over the last 4 million years, the geclogical character of the Charlotte Harbor region has
changed considerably. Whan the Tamiami Formation was being deposited, the area was pre-
dominantly a sandy, shallow marine environment, similar to the current conditions on the West
Florida shelf with deeper water (Meeder 1987). Based on the work of Meeder (1987), the cli-
mate of the region was subtropical, but perhaps cooler than present. During the later period of
Tamiami Fermation deposition, massive shell beds of the Pinecrest Member were deposited in
isolated areas, such as Acline. Deposition of these shell beds is believed to be the result of
storms and processes occurring in shallow coastal waters (Allmon 1993).

During deposition of the Caloosahatchee Formation, there were three sea level events that
showed a rise and then a succeeding recession. Based on the occurrence of tropical and sub-
tropical mollusks and corals in the sediments, and oxygen isotope data collected on core W-
16242 located on Captiva Island (Missimer 1997), the region was perhaps warmer than during
deposition of the Tamiami Formation and showed a greater diversity of depositional environ-
ments ranging from shallow shelf or ramp to open bay, to lagoonal or embayment. The deposi-
tional environments are similar to those currently existing from Cape Sable south to Florida Bay
and to the west on the shelf. Not as much quartz sand was entering the marine environment
during this time, which may indicate that sea level was slightly higher than today.

Sediments of the Fort Thompson Formation show characteristics similar to those currently
being deposited as barrier islands, such as Sanibel Island. The general climatic conditions ware
similar to today based on the mollusk assemblage. Large quantities of quartz sand were being
deposited with the mollugks. The environment probably looked similar to today with the shell and
sand deposits occurring along the coast and on the shallow shelf with the muddier sediments
being deposited in shallow embayments, such as the upper part of Charlotte Harbor and the inte-
rior of the Caloosahatchee River embayment.

RESEARCH NEEDS

Although numerous geologic, paleontologic, and seismic reflection studies have been made
of the region in and around Charlotte Harbor, no significant synthesis of the work has been
accomplished. It would be extremely useful to correlate the seismic reflection data collected by
Evans et al. (1989) and Evans and Hine (1991) with the lithostratigraphy in this paper and the
paleontological studies of the past to produce a depositional model of the region through time.
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4. Mary Washingion Colisgs, Fradencisburg, Vi 2240

ABSTRACT

In southemn peninsular Florida, a late-early to early-late Pliocene carbonate ramp (Ochopee
Limestone Member of the Tamiami Formation) is sandwiched between underlying marine silici-
clastics of the late Miocene to eardy Pliocene Peace River Formation and an overlying late
Pliocene unnamed sand. At least three depositional sequences (D51, DS2, and DS3), of which
two contain condensed sections, are recognized in the Peace River Formation; an additional
depositional sequence (DS4) is proposed to include the Ochopee Limestone.

Established chronologies and new biostratigraphic results indicate that the Tortonian and
Zanclean ages bracket the Peace River Formation. Depositional sequence 1 (DS1) prograded
across the present-day peninsular portion of the Florida Platform during the Tortonian age and
laps out near the southermn margin of the peninsula. During the latest Tortonian and Messinian
ages, progradation of DS2 overstepped the southemn lap out of DS1 and extended at least as far
as the Florida Keys. Deposition of DS2 ended, at the latest, near the Miocene-Pliocene bound-
ary. Siliciclastic supply was reduced during early Pliocene deposition of DS3, which is absent in
southernmost peninsular Florida. This reduction in supply of siliciclastics was followed by aggra-
dational accumulation of heterozoan temperate carbonate sediments on a widespread carbon-
ate ramp that includes the Ochopee Limestone. The Ochopee Limestone was depaosited dunng
eustatic cycle TB3.6 and ended in the late Pliocene with basinward lap out near the southem
margin of the Florida peninsula. The Ochopee Limestone ramp was buried with a late Pliocene
resumption of southward influx of siliciclastics (unnamed sand and Long Key Formation) that
extended south beyond the middle and upper Florida Keys.

INTRODUCTION

Until the early 1990's, stratigraphic investigations of Miocene-Pliocene siliciclastics and car-
bonates beneath southem Florida focused on lithostratigraphy (Peck et al., 1979; Wedderburn
et al., 1982: Peacock, 1983; Missimer, 1984; Knapp et al., 1986; Scott, 1988; Smith and Adams,
1988: Missimer, 1992). Recently, sequence stratigraphy has confributed to conceptualizing a
more accurate spatial and temporal framework of the Miccene-Pliocene stratigraphic framework
of southern Flarida (Evans and Hine, 1991; Warzeski et al., 1996; Missimer, 1887; Cunningham
et al., 1998 Guertin et al., 1999; Missimer, 1999; Guertin et al, 2000). This developing
sequence-stratigraphic framework for southern Florida is the result of integrating lithostratigra-
phy, micropaleontology, magnetostratigraphy, strontium-isotope chemostratigraphy, and seismic
stratigraphy along with delineating unconformities that bound depositional sequences (Missimer,
1997: Weedman et al., 1997; Cunningham et al., 1998; Edwards et al., 1998; Guertin, 1998;
Missimer, 1999: Weedman et al., 1999). The purpose of this study is to integrate new lithologic
and paleontologic data with established subsurface data to more accu-rately describe the region-
al lithostratigraphic and sequence-stratigraphic framework of the Mioccene-Pliocene siliciclastics
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and carbonates of southemn Florida. Correlating these data will improve understanding of the
regional stratigraphic framework and constrain time boundaries for depositional sequences.

METHODS

A total of B9 coreholes and cuttings from 18 test wells were used to map lithostratigraphic
boundarnies and to develop facies associations and sequence stratigraphy (Fig. 1). The cuttings
were described using a binocular microscope. Descriptions of the cores are from Causaras
(1985), Causaras (1987), Fish (1988), Fish and Stewart (1981), McNeill et al. (1996), Missimer
(1997), Weedman et al. (1997), Cunningham et al., (1998), Edwards et al., (1998), Guertin
(1998), Weadman et al. (1999), Reese and Cunningham (2000, in press), and from the data
archives of the Florida Geclogical Survey and U.S. Geological Survey.

Co-authors David Bukry and Tokiyuki Sato identified coccolith taxonomy, and John Barron
determined diatom taxonomy. Bukry and Barron conducted identifications by standard U.S.
Geological Survey methods. Sato identified coccoliths for each sample by counting 200 nanno-
fossil specimens for quantitative analysis. The terms abundant (greater than 32 percent of spec-
imens in total assemblage), common (32 to & percent of specimens in total assemblage), rare
(less than 8 percent of specimens in total assem-blage) and present (found but not counted)
were used to describe quantitatively coccolith populations defined by Sato. Coccolith taxomony
has been assigned to the biostratigraphic zones of Okada and Bukry (1980) as calibrated to the
coccolith datums of ODF Leg 171B from the Blake Nose east of northern Florida (Shipboard
Scientific Party, 1998) with normalized modifications from Bukry (1991).

Co-author Laura Guertin identified benthic foraminifera at the genus level using data from
Bock et al. (1971), Poag (1981), and Jones (1994). Palecenvironmental interpretations are
based on grouping of individual benthic foraminiferal associations and species into the broad
depth categories of inner and outer shelf, defined as mean sea level to an approximate water
depth of about 305 feet and from about 305 to 610 feet, respectively (Murray, 1991). Ages are
reported in accordance with the integrated magnetobiochronologic Cenozoic time scale of
Berggren et al. (1995).

CARBONATE RAMP AND BOUNDING SILICICLASTICS
TEMPORAL AND SPATIAL BOUNDARIES

Lithologic units of primary interest in this study, from oldest to youngest, are the Peace River
Formation of the Hawthom Group, Ochopee Limestone Member of the Tamiami Formation, and
an unnamed sand member (Fig. 2). Facies associations pre-sented for the Peace River
Formation, Ochopee Limestone, and unnamed sand are based on examination of cores and on
existing descriptions within the study areas outlined in Figure 1.

: Peace River Formation
Lithostratigraphy

Three depositional sequences (DS1, DS2, and DS3) are newly defined on a regional scale
within the Peace River Formation (Fig. 2). Although interpreted to be depositional sequences,
D53 actually may be a parasequence. Much of the lithofacies analysis completed by Reese and
Cunningham (2000, in press) for southeastem Florida was limited mostly to DS2 and DS3.
Depositional sequence 1 (DS1) was characterized primarily by Weedman et al. (1997) and
Edwards et al. (1998). Five lithofacies have been identified by Reese and Cunningham (2000, in
press) for the upper part of the Peace River Formation in an area shown in Figure 1: (1) diatoma-
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Figure 1. Location map of test wells used in this study. Data frem this study, Florida Gealogical Survey
lithologic data base, Causaras (1985, Causaras (1987), Fish (1988, Fish and Stewart (1991), McNelll et al.
(1996), Missimer [1997), Weedman et al. {1997), Edwards et al. (1998), Guertin (1998), Weedman et al. (1999],
and Reese and Cunningham (2000, in press). The dashed polygon shows the area used to develop facies
associations for the upper part of the Peace River Formation (Table 1), and the stippled box indicates the
area used for development of the facies associations of the Ochopee Limestone Member of the Tamilaml

Formation and an unnamed sand (Tables & and 7). Locations of cross-sections A-A' (Fig. 5) and B-B (Fig. §)
are shown.
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Figure 3, Structure contour map of the top of the mudstone contained in condensed section 2 [C52) within
depositional sequence 2 (D52) of the Peace River Formation in southern Florida. The dashed line shows
the mapped limit of C52, Structure contours show altiude in feet below sea level of top of the mudstone.
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Figure 4, Structure contour map of the top of the mudstoene contained in condensed section 3 (C53) within
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ceous mudstone, (2) terrigenous mudstone, (3) clay-rich quartz sand, (4) quartz sand, and (3)
pelecypod-rich quartz sand or sandstone (Table 1).

The diatomaceous mudstone and termigenous mudstone typically occur as a couplet with the
diatomaceous mudstone underlying the terrigenous mudstone. Two mudstone couplets were
identified as CS2 and CS3 (Fig. 2). Structure contour maps of the two condensed sections show
that the lower condensed section (C52) extends over about 6,000 square miles of southeastern
Florida (Fig. 3); the upper condensed section (CS3) is considerably more limited in areal extent
{Fig. 4). The lower condensed section (CS2) thins and pinches out in a palec-landward or wesl-
emn direction (Figs. 5 and 6). The paleo-seaward lap out of C52 is near the southern margin and
probably near the southeastern margin of the Florida peninsula (Figs. 3 and 6). The updip lap out
of CS3 is in a paleo-seaward direction from the updip lap out of CS2, suggesting eastward offlap-
ping progradation of Peace River siliciclaslics (Fig. 6).

Above the lower mudstone in much of the study area, the Peace River Formation is com-
posed, from bottom to top, of clay-rich quartz sand, quartz sand, and pelecypod-rich quartz sand
and sandstone (Table 1). Some of the clay-bearing facies of the Peace River Formation may
grade laterally into mainly quartz sand facies in the western part of the study area.

Sequence Stratigraphy

In developing a regional sequence stratigraphy, it is commeon practice to initially identify the
more easily recognized condensed sections of unconformity-bound depositional sequences
{(Posamentier and James, 1993). In prior studies of the Peace River Formation and equivalent
sediments in southern Florida, only bounding unconformities have been proposed (Missimer,
1997: Guertin, 1998; Guertin et al., 1999; Missimer, 1999),

In the proposed southern Florida sequence stratigraphy for this study, downdip portions of
some sequence boundaries are equivalent to the parasequence concept of shoaling-upward
cycles bounded by flooding surfaces (Van Wagoner et al., 1988) instead of unconformities. The
framework herein provides guidance for further investigation into recognition of unconformities
and a more precise definition of sequence boundaries. Additionally, two newly identified con-
densed sections of the Peace River Formation are placed into the eslablished framework of
unconformities. A condensed section is a relatively thin marine stratigraphic unit composed of
pelagic to hemipelagic sediments that accumulated at very low sedimentation rates {Loutit et al.,
1988). Condensed sections are important for biostratigraphic dating, defining and correlating
depositional sequences, and reconstructing depositional environments (Loutit &t al., 1988; Posa-
mentier and James, 1993). In much of the sludy area, the distinct lithology of the condensed sec-
tions facilitates their recognition in the context of the proposed developing sequence stratigraphy.

The diatomaceous mudstone that forms the two condensed sections of the Peace River For-
mation (Figs. 5 and &) contains a greater concentration of planklic fossils than overlying terrige-
nous mudstone, suggesting the upper surface of the diatomaceous mudstone defines the
surface of maximum flooding within each couplet. The maximum flooding surface represents a
time of maximum flooding within a depositional sequence, and marks the change from a trans-
gressive systems tract to a highstand systems tract (Van Wagener et al., 1988, Posamentier and
James, 1993).

Depositional sequence 1 (DS1) is a wedge-shaped deposit of guartz sand, sandstone, and
minor carbonate that thins toward the southern and eastern edges of the Florida peninsula. This
depositional sequence laps out north of the W-17273 corehole in Miami-Dade County toward the
southern edge of the Florda peninsula (Fig. B). Downlap of internal strala onto the top of the
Arcadia Formation is suggested by correlations shown in Figure 5. The southem lap out thinning
toward the east and probable downlap to the east suggest progradation of a siliciclastic shell
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Table 1. Lithofacies characteristics of the upper part of the Peace River Farmation

for the area outlined in Figure 1

[Visual estimation was made for porasity. raulic conductivity was estimated : r
and Stewart (1991, table )] sity. Hydraulic conduclivily was estimated by comparison of corehole from Fish

Characteristic

Lithologic description

Diatomaceous Mudsiane Facies

Depostional textures
Caolor
Grain size

Carbonatla grains
ACcossory grains
Pornosity

Hydraulic eonductivity

Ciabomacesus mudsions
Mainly yellowish-gray 5¥ 7/2 and light-olve-gray 8Y 532

Mainly leriganous clay and line sand-size distoms: minor sil-size quanz: local very fine sand-size puartz
ard phosphabe graing, and lish scabys L T

Lol bonihes sraminifens

Comman gquarlz grains and local phosphate graing
Minar microparosity

Vary bow (less than 0.1 leal per day)

Terrigenous Mudstone Facies

Deposiional 1axiures
Color

Grain size

Carbonate grains

Terriganaus mudstana and claysions

Maindy light-olive-gray 5 52, yaliowish- 5Y¥ 712, and olivie
Y 41, 5Y 32 . - i i

Mainly lemipanaus cliy; minar silt-slze quarte; local very fine sand- 1o granue-size quarte grains ard va
fine sand- 15 peblie-size phosphate grarns g L
Liscal benthic foraminifers and palecypod fragmants

Apcansody grans Commaon quariz grains; local diatoms, phosphate graing, mica, fish scabes, shark's teath
Porosity Minor microporosily
Hydrauic concductivity  Very low (less than or equal 10 0.1 loo! pér diny)

G Clay-Rich Quartz Sand Facies I
Degpasitional lextures  Teeriganous clay-rich sand )

Codiar
Grain size

Carbonate grains
ACCRASOMY Qraing
Parosity

Mairdy yellowish-griy 5Y 12 and 5Y 81, and bghi-gray-olive 8Y &1

Mainly very finé quartz grains; minor sill-gize quanz grains and te 8 rusd; local micit, fing sand-
Size b small pobble-size quariz graing and very fine sand-size o pebbla-size phosphate grains

Local thin-sheliad pelecypods. tyabars, Tivrifela and banthic toramindens
Common phosphale graing (irade to 40 porcent]; mnor haavy minemls: race mica
Mainly inlargrain; lecal moldic; mnges from 5 80 20 parcent

0t b (10,1 Ba 100 feed ; L]
0.1 fodt per day) 1o moderate (10 16 100 feet por day) par day): ranges irom wry kow (less than

Quartz Sand Facies

‘Cuanz sand with less than 10 parcent skeletal grain

Mainiy yellowish-gray 5Y &1 and yellowish-gray 5Y 7/2; iocally metium-dank-giay M4 1o very light gray NE,
-yemw-gram ¥ T2, pala-olive 10% 82, vary pale crange 10YR B2, and

Hydrawbc conductivity  Mainly very low (less than 0,1 fool par

Depositional lextures

Codar light= olivg. 5Y 572, grayish
pah-ymlnwﬁbn:rnﬂ 1@#&&&

Grain size

Carbanata grains
ACCRSSOrY grains

Porosity
Hydraube conductivity

Mainly vary fine 10 medium quartz sand; mnges from silt to granule size; carbonate grains range from sill 1o
pebbia size; termigenous clay

Pelecypods local Pecter and Chione), benthic loraminifers, echinolds, and undifferentialed skeletal grains
Trace bo 3 parcent phosphate and heavy mineral graing; local minor terngenous clay; kacal frace mica;
trace 1o 1 parcent plagiociase; race micnocing h : 4
Intergrain; ranges nom 5 bo 20 pencen

Mainky low (0.1 1o 10 feat per day) bo modarabe (10 to 100 Teat per day); ranges Troem vary low (less than 0,1
foot per day) 1o modemte (10 fo 100 heet per day) e kit y

Pelecypod-Rich Quarlz Sand or Sandstone Facies

D'E'Fﬂ'ﬁil'ﬂ'l‘lm enhyres
Color

Grain size
Carbonale grains
AcCassory graing
Porosity

Hydraulic comductivity

" Guariz sand malrix wilh pelocypod rudsione iTamework, or quanz sand Supportng skelalal loatEone

ﬁmﬁwf&hﬁf?rj;#pﬁ;:;‘g.‘g&rlﬁﬂﬁm-gr&v N7 to while N3, kighl-olive-gray 5Y 572, lighl-
o 1 ol S o oy ard o e % /ot g e
s i a1l st s, ssods (e T
Eﬂciahmnwp:}amnrpw-ala and by mineral graing: local minor termgencus clay and lime mudsione;
mr;mw moidic; ranges from & 1o 25 percent; local abundant pelecypod molds contibube i high
milmﬂﬂl ﬁ;fﬁc%ﬁﬁ:ﬂgamﬁﬂ:j[m 1o VO deirt par clay); renges nem wisty low (less than 0.1
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Table 2. Oceurrence of stratigraphicall _iﬁimrtam diatom taxa and the silicoflagellate [, fmga.'.l's- in
wells W-9110, C-1142, C-1182 and W-17273

[C52, condensed section 2 of the Peace River Formalion; CS3, condensed seclion 3 of the Peace River Formation:
<, less than the value, Genus: DF, Distephanus frugatis; HO, Hemidiscus ovalis; KA, Koizumia adaror KT, K tal-
sunokuchiensis; RF, Rhaphoneis fatwla; TE, Thalassiosive eccantrica; TO, T. cestrupd; TP, T praccesirupi]

Su_n;pln
depth Stratl- Esti-
Well Mo, (foat Sample graphic  Subepoth mated age Gonus prasani
balow typa il [mmillion
saa hoval] years agaj
) F HO LA KT | RF | TE TIIEI_ mw
W-9110 208-218 Cutlings C3-3 Early =55 J{ M| X X
Fliccane |
23B-248 Cutlings C5-3 Early =55 X | X X X X
. PG . |
C-1142 1232 ot CS-2 Late Miocane 60-55 L X X X
C-1182 147.5 Core C5-2 Late Mioccane 6.0-5.5 x x X
W-1T273  410.0 Corg C5-2  Late Miocene 6.5-5.5 X x X ]
430.0 Cong CS-2  Late Miocene 65-55| X x ! o
4450 Core C5-2  Late Miocene 65%-55 x X ¥
45510 Cora CS-2 La?h: Miocené 8.5-55 u X | x

toward the east and south (Figs. 5 and B). A shelf-margin break is postulated to occur between
the W-17969 and W-17273 cores (Fig. 6).

The bottom of D31 is delimited by a regional unconformity that separates the Peace River
Formation from the Arcadia Formation. This unconformity in southern Florida represents a hia-
tus of about 1.6 to 11.5 million years based mostly on strontium-isotope chemostratigraphy
(Guerin et al., 2000). An unconformity, with local evidence of subaerial exposure (discussed
later) defines the top of DS1 in the western part of the study area (Fig. 5). In the east and south-
east, the base of a condensed section (CS2) delineates the top of DS1 (Figs. 5 and 6). A
sequence stratigraphy produced by Missimer (1999) at the W-17115 corehole in Collier County
(Fig. 5) was linked to the sequence stratigraphy developed here, suggesting that DS1 is equiva-
lent to a supersequence defined within the lower Peace River Formation (Fig. 7) by Missimer
(1999).

Depositional sequences 2 and 3 (D52 and DS3) contain coarsening upward siliciclastic
deposits defined by mudstone (C52 and CS3) at the base that grades upward into mostly very
fine to fine quartz sand and sandstone (Figs. 5 and 6). Depositional sequence 2 (DS2) has a pro-
file in Figure & that thins landward, thickens as fill along the marginal slope of DS1 and thins sea-
ward in cross-section B-B’ (Fig. 6). The profile in Figure 5 shows landward thinning of this unit in
a sheet like geometry. Most of the base of DS2 is delimited as the base of CS2 (Figs. 5 and 6).
Quartz sands in the W-17273 and GB2 coreholes (Fig. 6) form an early transgressive deposit at
the base of DS2 that is consistent with palynomorph data presented by Cunningham et al. (1998).
These sands and the diatomaceous mudstone of C52 form the transgressive systems tract of
DS2.

Depositional sequence 2 (DS2) is probably equivalent to Interval | of the Long Key For-
mation (Guertin et al., 1999) in the Florida Keys. This depositional sequence is bounded at the
top by an unconformily identified in southernmost Florida by Guertin et al. {(1999) at the top of
Interval | of the Long Key Formation (Fig. 6). This unconformity is probably regional in extent
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and may merge to form an amalgamated unconformity with the top of D51 (Fig. 5). The limits of
€S2 in Figure 3 and the cross sections shown in Figures 5 and 6 suggest that southward trans-
port of quartz sand to the Florida Keys during deposition of D52 was mostly along the southeasi-
ern coasl of Florida.

Depositional sequence 3 (DS3) is the youngest depositional sequence defined within the
Peace River Formation in the study area. The condensed section (CS3) of DS3 seems to be
restricted to an area in Martin and Palm Beach Counties and possibly an area mostly contained
in Lee County (Fig. 4). Depositional sequence 3 (DS3) contains C53 as the basal unit in most of
the area, and is partly overlain by the Tamiami Formation (Fig. 5). The PB-1703 corehole (Fig. 1)
containg an abrupt contact that may be an erosion/truncation surface and may define an
unconformity at the base of DS3 (Fig. 5). This potential unconformity may become conformable
down dip at the base of C53 (Fig. 5). An unconformity has not been identified at the top of D53
in Martin and Palm Beach Counties. An unconformity that bounds the upper Peace River
Formation of early Pliccene age in southwestern Florida (Missimer, 1997: 1999) is a depositional
sequence possibly equivalent to DS3 based on similar age (Fig. 7).

Micropaleontology

Taxonomic identification of diatoms, silicoflagellates and coccoliths from the Peace River
Formation are limited to the condensed sections contained in DS2 and DS3 (Figs. 5 and 6).
Micropaleontologic analyses focused on CS52 and C53 because these mudstone units contain
microfossils that are useful for constructing a chronostratigraphy. Examination of samples for
benthic foraminifera was conducted on both mudstones and quartz sands of the Peace River
Formation. Both the benthic foraminifera and diatom populations were helpful in defining deposi-
tional envircnments.

Diatoms and silicoflagellates

Biostratigraphic analysis of diatoms was conducted on samples from the W-3110, C-1142,
C-1182, and W-17273 cores (Table 2). Diatoms from one sample of C52 in the C-1142 corehole
suggest an age of 6.0 to 5.5 Ma (million years ago). Four diatomaceous mudstones samples of
CS2 in the W-17273 corehole and one sample from the C-1182 corehole contain very similar
diatom assemblages. A latest Miocene age older than 5.5 Ma is suggested for CS2 in bpth of
these cores based on the absence of Thalassiosira oestrupii, which first occurs al 5.5 Ma (Fig. 7).
Other diatoms present in the assemblage (Paralia sulcata, Stephancpyxis sp., Delphineis sp.,
Actinoptychus sp., Actinocyclus octonarius, Thalassionema nitzschioides, Thalassiosira, eccen-
trica, Thalassiosira leptopus, Koizumia adaroi, and early forms of Koizumia taisunokuchienis)
are consistent with an age younger than 6.5 Ma (Yanagisawa and Akiba, 1998; J.A. Barron, U.5.
Geological Survey, written commun., 2000).

The diatom analyses herein suggest that the age of CS2 can be constrained to 6.5 10 5.5
Ma. The presence of the silicoflagette Distephanus frugalis in the W-17273 corehole supports an
age younger than 6.5 Ma (Barron, 1976). Alternatively, prior work by Cunningham et al.
(1098) reported the age of the diatomaceous mudstones (C52) of the Peace River Forma-
tion in the W-17273 corehole to range from 7.44 to 6.83 Ma (Fig. 6). This time frame bracketls
the Tortonian-Messinian boundary based on the presence of two cosmopolitan silicoflagel-
late species Distephanus pseudofibufa and Bachmannocena triodon (Cunningharm et al., 1998).
The 7.44 to 6.83 Ma range in age is consistent with the broader age range for biostratigraphic
assignment of coccoliths from CS2 (Zone CN9, perhaps only Zone CN3b) as shown in Figure 7.

The assemblages from the C-1142, C-1182, and W-17273 cores are composed pre-
dominantly of shelf-dwelling taxa. The diatomacecus mudstones in the C-1142 and C-1182 cores
record a transgressive event, upwelling of nutrients, or possibly both across a siliciclastic shelf

47




SPECIAL PUBLICATION NO. 49

Plate 1. Photographs of coccoliths from well W-9104. Photographs 1 to 16 are from
a sample interval of 318 to 328 feet below sea level. Photographs 17 to 20 are from
a sample interval of 428 to 438 feet below sea level.

1a,b. Coccolithus pelagicus (Wallich) Schiller: (1a) cross-polarized light, and (1b) plane
light.

2a,b. Calcidiscus leptoporus (Murray and Blackman) Loeblich and Tappan: (2a) cross-
polarized light, and (2b) plane light.

3a,b. Calcidiscus macintyrei (Bukry and Bramlette) Loeblich and Tappan: (3a) cross-
polarized light, and (3b) plane light.

4a,b. Reticulofenesira pseudoumbilica (Gartner) Gartner: (4a) cross-polarized light, and
(4b) plane light.

9a,b. Reticulofenestra pseudoumbilica (Gartner) Gartner: (5a) cross-polarized light, and
(5b) plane light.

Ba,b. Sphenolithus abies Deflandre: (6a) cross-polarized light, and (6b) plane light.

7a,b. Ceralolithus armatus Muller: (7a) cross-polarized light, and (7b) plane light.

Ba,b. Ceratolithus armatus Muller: (8a) cross-polarized light, and (8b) plane light.

9a,b. Ceratolithus armatus Muller: (9a) cross-polarized light, and (9b) plane light.

10a,b.Amaurolithus primus (Bukry and Percival) Gartner and bukry: (10a) cross-polar-
ized light, and (10b) plane light.

11. Discoaster brouweri Tan. Plane light.

12. Discoasler brouwen Tan. Plane light.

13. Discoasfer pentaradiatus Tan. Plane light.

14. Discoaster pentaradiatus Tan. Plane light.

15.  Discoaster surculus Martini and Bramlette. Plane light.

16. Discoaster surculus Martini and Bramlette. Plane light.

17. Discoaster quingueramus Gartner. Plane light.

18. Discoaster quinqueramus Gartner. Plane light.

19. Discoaster berggrenii Bukry. Plane light.

20. Discoaster berggrenii Bukry. Plane light.
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Table 3. Occurrence of coccolith taxa in cuttings from wells W-9104 and W-9114

[Stratigraphic posilion: G52, condensed section 2 of the Peace River Formation: C53, condensed saction 3 of the
Peace River Formation; D34, depositional sequence 4; BPR, base of Peace River Formation. Genus: C, Cevalolithus
rugosus; CP, Coccolithus pelagicus, D, Dictyococcites sp. (small); DB, Discoaster bellus; DBE, Discoaster berggreniv
DBR, Discoasler brovwer, DP, Discoaster pentaradiatus; DQ. Discoaster quingueramus; DS, Discoasler suvoulus:
DSP, Discoaster sp; DV, Discoaster variabiis; HN, Helicosphaera neogranmuala; RP. Reticiofenestra pseudoumbilica;
RS, Relicuiofenastra sp. (small); SA, Sphenolithus abies. Other abbrewviations: A, abundant (greater than 32 percent of
specimens in tolal assemblage); C, common (32 to 8 percent of specimens in iotal assemblage); R, rare (less than B
percent of specimens in total assemblage; P, present (found but not counted); 5, sparse o poorly présarvad; 7, mol
datarmined]

Samphe Hanr-
Wall Mo, il Strati- fonsil Mpnno

(Feed bedovay  graphic  mbwn- famsil Genue present

sea bevel])  pesitien  dance zane

¢ |cr| o | o6 [ose oer] o [0a [ 05 [osP] ov [HN [RP [ RS [SA

CMz 1R €82  Bamen = ' | |
WMt 205.218  DS4 7 CHNiZaA IR rlele]| |

ME-336  C53  Apundeed CHIDL c| A N e|e leler|al|®

126335 C5Z  Abwndend ] P P | p rJ [ C A R
W0 208-218 c33 T CHE-1Z | 5 N

Z238-148 CE53 ¥ CHile-11| S 2 |

308318 Ca3 Buairin -

HE-338 CE Barmen

408418 BPR 7 [e Y1 _ | = s | & " ' ' |
W-aiid 388 BR3 C5a Barmer -
353 - W5y [#5] Rirne [ ] P P 1] P -] ] P
W-1T213 418 €52 Bamen '
4 €82  Bamen B | g
480 C5F  Bamon __ N
a0 €52 Bamon : |'_- 5 ETA |L z

*The following genera also are present (found bul not counsed) in well W-9104 at a depth interval of 315 to 325 feel:
Acanthoica sp., Amauralithus primus, Calcidiscus leploporus, Calcidiscus macintyrei, Ceratolithus aculus, and
Ceratobihus armmalus,

as indicated by the dominance of the shelf-dwelling taxa. The diatomaceous mudstones of the
W-17273 corehole (Fig. 6) also contain an abundance of shelf-dwelling taxa, but the stratigraphic
position of the taxa (Fig. 6) suggests deposition in a shelf-slope or toe-of-slope environment.
Environmental conditions such as currents, wave sweeping, or both could explain the transport of
shelf-dwelling taxa into this off-shell environment.

Two samples of well cuttings from upper and lower paris of C53 were collected for analysis
from well W-8110 (Fig. 5 and Table 2). The upper sample (Table 2, 208-218 feet below sea level)
is from the terrigenous mudstone facies (Table 1), and the lower sample (Table 2, 238-248 faet
below sea level) is from the diatomaceous mudstone facies (Table 1). A maximum flooding sur-
face separates the two samples (Fig. 5).

The sample from the upper part of CS3 in well W-9110 contains Paralia sulcata,
Actinocyelus oclonarius, Aclinoplychus senarius, Stephanopyxis sp., Kolzumia tata-
sunockuchienis, Thalassionema nitzschioides, Thalassiosira eccentrica, Thalassiosira leptopus,
Thalassiosira oestrupii, and Rhaphoneis fatula. An occurrence of T, pestrupii suggests an age
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Table 4. Benthic foraminiferal genera and their distribution with depth in wells W-9104, W-9114,
C-1169, PB-1703 and C-1142

[Seven samples are not included in this table due 1o barren results. Stratigraphic position: D52, depositional sequence
River Formation; D33, deposibonal sequence 3 of the P ; o
Genus: A, Archadas: BO, Boliving, BU, Buimnela; C, Cancris; CA, Cassiduling; G, Cibicides; CR, Cribroal- phidium; E,

2 of the Peaca

Eponidas; F, Fursankama:, H, Henzawaia; N, Noniom: MO, Nomianela, R, Rossling]

oe Fiver Formation, US, unnamed sand,

Sample
Well No. depth Sample Strati-
ifeet below typa graphic Genus présent
saa level) position
aleo[eu]c[cafci[cR[E[F[H|N |NO
TW-9104  315-325 Cutings  DS3 | | | X X
W-8114 253-263 Cuttings D53 | X
C-1168 163.0 Core Ds2 X | x|x
179.0 Core DS2 1 X | X X | X X | X
P-1703 55.9 Corne us x [ x| X X | X
181.0 Core DSz ; ; ; R E
C-1142 1315 Core DS2 | x | X X | X
134.0 Cong Ds2 X X | X | X )| X
130.0 Core Ds2 | .'=.'__ | X| X
1440 Core 0DE2 X | X | X X| X | X J{_
149.0 Core DSz x | x| x] AR R EEEE
154.0 Core DSz x| x ) [ X | X | x [ x[x]|x|

Table 5. Ecological data for benthic foraminiferal genera identified
im the W=17614, PB-1703 and C-1142 coreholes

[Depth and environment information according to Murray (1881). Envi-
ronment information for Criboelphidium according to Bock et al. (1871).
=, grealar than the vakee|

Environmant

Approximate
Genus depth
{feat)
Archaias 0l - 6
Bulinnella
L ARCFIS ] - 452
Cssiplen'fraa
Cihicidex 0 = =&, 562
Crifwnelphidiiam
Eponides
Fursenkoina 0- 3937
Hanzawala
Nanion 0 - 59
Noniorella 33.-3.2E81
Reaxerdinar 0-328
51

Inner shelf

Lagoon, shelf, upper bathyal
Shelf

Shell

Lagoon, sheli-bathyal
Flomida; away from reef
Sheli-alyyszal

Lagoon, shelf, upper bathyal
[nner shelt

Shell

Shell’

Lagoon, inner shelf
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younger than 5.5 Ma (Fig. 7). A rare presence of R. fatula suggests an early Pliocene age based
on comparison with occurrences in California (Dumont and Barron, 1995). An abundant pres-
ence of P sulcata possibly indicates that this is an outer shelf assemblage (Sancetta, 1981).

The lower sample from CS3 in well W-9110 contains an assemblage similar to the sample
from the upper portion but yields few Paralia suicata. In addition to the taxa identified in the upper
sample, the lower sample includes the occurrence of Hemidiscus ovalis. The presence of
Thalassiosira oestrupii (Fig. 7) and H. ovalis indicates an early Pliocene age (Dumont and
Barron, 1995). Planktic diatoms are more common in the sample from the lower part (diatoma-
ceous mudstone facies) of CS3 relative to the upper part of the sequence (terrigenous mudstone
facies). Relatively more planktic diatoms in the sample from the lower portion of C33 is consis-
tent with greater interpreted water depth during deposition of the diatomaceous mudstone rela-
tive to the terrigenous mudstone above the maximum flooding surface. This surface is defined by
the boundary between the diatomaceous mudstone and terrigenous mudstone (Fig. 3).

Coecoliths

Samples were collected for analysis of coccoliths from wells C-1142, C-1182 W-9104,
W-9110, W-9114, and W-17273. These samples were laken from a terrigenous mudstone near
the base of the Peace River Formation and the two condensed sections (CS52 and CS3) of the
Peace River Formation (Figs. 5 and 6). A single sample from the terrigenous mudstone near the
hase of the Peace River in well W-8110 (Fig. 5) contains abundant coccoliths that include
Discoaster bellus, Discoaster brouwer, Discoaster prepentaradiatus, and a queslionable
Discoaster bollii, The assemblage of coccoliths probably belongs to Zone CN8 (Fig. 7), suggest-
ing a Tortonian age (Perch-Nielsen, 19835).

Coceolith and diatom occurrences suggest assignment of CS2 to Subzone CNEb, but could
be as old as Zone CN9 and as young as Subzone CN10a (Fig. 7). Coccoliths contained in eight
samples from CS2 in the C-1182 corehole suggest assignment of C52 to Subzone CN8b (7.2-5.6
Ma) based on the presence of Discoaster berggrenii, Discoaster quingueramus, Discoaster
surculus, and Amaurolithus primus (Fig. 7). Reworking of coccoliths in samples from the C-1182
corehole was investigated, but is unlikely since no uniquely older or younger taxa were identified.
Two samples from CS2 in the C-1142 corehole contain D. surculus and thus are no older than
Zone CN9. The upper biostratigraphic range of the C-1142 corehole sample is indefinite and
assigned to Zone CNY or Subzone CN10a, but associated diatoms are late Miocene; therefore,
samples of CS2 from both the C-1182 and C-1142 cores suggest a late Miocena age no older
than Zone CN9 or probably Subzone CNSb (Figs. 5 and ). The occurrence of the coccoliths
D. quingueramus and D. berggrenii in one sample of C52 collected from well W-9104 and
another of CS2 from well W-0114 suggests that CS2 in these wells belongs to Zone CN3 (Fig. 5
and Table 3)

Combined diatom and coccolith data suggest assignment of CS3 to Subzone CN10b
through Zone CN11 or early Pliocene (Fig. 7). Coccoliths from C53 in well W-9104 are characler-
ized by the presence of Ceratolithus acutus, Ceralolithus armatus, and Amaurolithus pnmus
{(Plate 1 and Table 3). These taxa and especially the presence of C. acutus indicate assignment
of GS3 to Subzone CN10b (5.23-5.05 Ma) and an early Pliocene age (Fig. 7; Table 3). Two sam-
ples from CS3 in well W-9110 contain a trace lo sparse presence of coccoliths including
Discoaster surculus, Ceratolithus rugosus, and Reticulofenesira pseudoumbilica. These cocco-
liths are consistent with assigning C53 in well W-9110 to Subzones CN10c through Zone CN11
(5.05-3.83) and an early Pliocene age (Fig. 7).
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Table 6. Lithofacies characteristics of the Ochopee Limestone Member of the Tamiami Formation

for the area outlined in Figure 1

[Visual estimation was made for porosity. Hydraulic conductivity was estimated by comparison of corehole from Fish

and Stewart {1991, table &)

Characteristic

Depositional Texiures

Color

Girain size

Carbonate grains

ACCRSSOMY graing
Porosity

Hydraulic conductivity

Lithologic description
Pelecypod Lime Hudsione or Floatsfone Facies

Pelecypod lime rudsione or floatstone with quariz sand-rich Time packstone or
grainstone matrix

Mainly medium-light-gray NG to very light gray N8 and yellowish-gray

aY 8/1; locally yeiiowush-gra-_.r 5Y 712, black to medium-gray N5, white N9, and
very pale crange 10YR 872

Carbonate grains range from silt to cobble size; quartz sand mainly very fine to
fine, ranges from silt to very coarsa

Pelecypods (local oysters, Peclen, Chione, and Osirea), undifferentiated skeletal
fragments, bryozoans, gastropods (local Turrtella and Vermicularia), benthic for-
aminifers, echinoids, serpulids, barmacies, planktic foraminifers, ostracods,
ancrusting foraminifers, corals (hermatypic)

Common quartz sand and phosphate grains

Mainly intergrain and moldic; local intrafossil and boring; ranges from 5 to

25 parcent

Mainlﬁ moderate (10 to 100 feet per day); ranges from low (0.1 to 10 feel per day)
to high (100 to 1,000 feet per day)

Depositional texiures
Color

Grain size

Carbonate grains
ACCcessory grains

Porogily
Hydraulic conductivity

Pelecypod-Rich Quariz Sand or Sandstone Facles
Pelecypod-rich quartz sand and quariz-rich sandsfone
Mainly yallnmsh-g?ﬁ 3Y 8/1 and light-gray NT o very light gray NE; locall
m_edium-dark-g;ay to medium-light-gray NB, very pale orange 10YR 8/2, light-
olive-gray 5Y &1, yellowish-gray 5Y 7/2, and pale-yellowish-brown 10YR 6/2
Mainly very fine lo fine quartz sand; ranges from sill to coarse quariz sand; car-
bonate grains range from silt to cobble size

Pelecypods (local oysters), undifferentiated skelatal fragments, gastropods, echi-
noids, barnacles, serpulids, intraclasts, bryozoans, and encrusting fora minifers
Absent o 5 percent phosphate and heavy mineral grains; local minor terrige nous
Clay or lime mudstone matrix

Mainly intergrain with local moldic and intragrain; ranges from 10 to 20 per cent
Mainly low (0.1 to 10 feet per day) to moderate (10 to 100 feet per day); ranges
from lew (0.1 to 10 feet per day) to moderate (10 1o 100 feet per day)

Benthic foraminifera

Mine samples from CS2 were examined for benthic foraminifera. The benthic foraminifera of
€352 belong lo a marine shelf assemblage. Two samples from CS3 were examined. The assem-
blage present in CS3 is consistent with deposition on a marine shelf (Tables 4 and 5).

Ochopee Limestone Member of the Tamiami Formation

Lithostratigraphy and Depositional Environments
The Ochopee Limestone Member of the Tamiami Formation (Hunter, 1968; Meeder, 1987:

Missimer, 1992; Edwards et al., 1998; Weedman et al., 1999) includes a regionally extensive
limestone facies that can be mapped throughout much of the study area (Fig. 8). The Ochopee
Limestone has a sheet-like geometry that drapes over an unconformity at the top of the Peace
River Formation (Figs. 5 and 8). The Ochopee Limeslone represents a shift in sedimentation on
the Florida Platform from the retrogradation of DS3 within the Peace River Formation to aggrada-
tion of the Ochopee Limestone. The Ochopee Limestone laps out near the southem margin of
the Florida peninsula. The lapout is probably coincident with the edge of the siliciclastic shelf
containing D52 of the Peace River Formation (Fig. 6).
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Two lithofacies characterize the Ochopee Limestone in an area shown in Figure 1: (1) pele-
cypod lime rudstone or floatstone, and (2) pelecypod-rich quarz sand or sandstone (Table &).
The rudstone or floatstone facies is the most common lithofacies, whereas the sand or sand-
stone facies occurs only locally as thin to thick beds. The guartz sand is typically very fine to fine
grained, but locally may range from silt to very coarse sand. Skeletal carbonate grains of the
pelecypod lime rudstone or floatstone include fossils listed in Table 6.

The Ochopee Limestone was deposited in a carbonate ramp depositicnal system (Burchatte
and Wright, 1992) during a reduction in siliciclastic supply to much of southern Florida. Criteria to
support the environmental interpretation include: (1) a low basinward depositional gradient of
lass than 1 degree without a break in slope, as suggested by the upper and lower lithostrati-
graphic boundaries (Fig. 6); (2) widespread continuity of facies patterns; and (3) an almost com-
plete absence of internal exposure surfaces. In the study area, most of the Ochopee Limestone
was deposited in a mid-ramp depositional environment (Burchette and Wright, 1892). Evidence
for this depositional environment is indicated by the common occurrence of coarse-grained lime
rudstone that has a well washed, grain-dominated matrix (Lucia, 1995) and limemud-rich float-
stone (Table 6). The mixture of these grain-dominated and mud-dominated carbonates and the
lack of shallow-water faunal indicators suggest deposition below fair-weather wave base
(FWWRE) but above storm wave base (SWB). The zone between FWWE and SWE definas the
mid-ramp depositional environment of Burchette and Wright (1992). Planktic foraminifera-nch
sandstone--similar to lithofacies of the Stock Island Formation of Cunningham et al. (1998)--
between depths of 275 and 336 feet below sea level in the W-17157 corehole may represent a
distal portion of the Ochopee ramp that accumulated in relatively deep sea water (Fig. B).
Although the Ochopee Limestone contains quartz sand, the overwhelming abundance of carbon-
ate grains represents a period of reduced quariz sand, silt, and mud to the southern Florida Plat-
form.

The benthic carbonate grains of the Ochopee Limestone represent a helerozoan particle
association, which James (1997) defined as a group of carbonate particles produced by light-
independent, benthic organisms that may or may not contain red calcareous algae. Red algae
were not observed in the Ochopee Limestone within the study area. The predominately hetero-
zoan assemblage of carbonate particles and an absence of shallow-marine particles, such as
ooids and green algae, is consistent with deposition in a mid-ramp depositional environment with
temperate bottorn-water conditions. An almost complate absence of exposure surfaces within the
Ochopee Limestone is also consistent with mid-ramp deposition at water depths sufficient to min-
imize changes in water-bottom conditions during low-amplitude changes in relative sea level.

Sequence Stratigraphy

Depositional sequence 4 (DS4) is bounded at the base and top by regional su baerial uncon-
formities and is composed of the Ochopee Limestone (Figs. 5 and 6). The regional-scale
sequence boundary at the base of the Ochopee Limestone is evidenced by several established
unconformities reported between the top of the Peace River Formation and the base of the
Tamiami Formation in southwestern Florida (Edwards et al., 1998; Missimer, 1999). An uncon-
formity and sequence boundary reported by Missimer (1989) separating the Peace River
Formation and the Tamiami Formation in southwestern Florida is probably equivalent to the
unconformity separating Intervals | and Il of the Long Key Formation (Fig. 6) in the Florida Keys
(Guertin et al., 1999). This unconformity may also be present as a hiatus identified by Guertin
(1998) in the W-17273 corehole of Miami-Dade County (Fig. &). A subaerial exposure surface
oceurs in the W-17394 corehole (Fig. 1) between the top of an unnamed quartz sand that is
equivalent to the top of the Peace River Formation (this study) and the Ochopee Limestone in
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Table 7. Lithofacies characteristics of the unnamed sand for the area outlined in Figure 1
[Visual estimation was made for porosity, Hydraulic conductivity was estimated by comparison of -:nmhnlu from Fish

and Stewar (1991, tabla )]

Characteristic

Lithologic description

Cuariz Sand Facies

Depositional texturas
Color

Grain size
Carbonate grains
Apcassory grainsg

Hydraulic conductivity

Quanz sand with locally abundant fossils

Mainly yellowish-gray 5Y 81 and yellowish-gray 5Y 7/2; locally medium- gray
NS to very light gray N8, very pale orange 10¥R &2, light-olive-gray

Y 81, light-olive-gray 5% 572, grayish-yellow 5% /4, grayigh-orange

10YR 7/4, and dark-yellowish-orange 10 YR 86

Kainly wery fine to fine quartz sand; ranges from silt to very coarse quanz sand;
carbonate grains range from silt to pebble size

Pelecypods (local oysters), undifferentiated skeletal fragments, echingsds, ser
pulids, bryozoans, and benthic and planktic foraminifers

Trace 1o 3 percent phosphate and heavy mineral grains; local trace mica; local
mimor terrigencus clay

Mainky intergrain and local intragrain, ranges from 5 to 25 percent

Mainly low (0.1 to 10 feet per day); ranges from very bow (kess than 0.1 fo0! per
day) to moderate (10 1o 100 feet par day)

Lime Rudstone and Floatstone Facies

Depositional ledunes
Color

Grain size
Carbonala graing

Accessory graing
Porosity

Hydraulic conductivity

Pelacypod lime rudstone or floatstone with quartz sand-rich lima packstona and
grainstond matnx

Yallowish-gray 5Y 81, medivm-gray M5 to light-gray N7, very pale orange
10YR &2, pale-yellowish-brown 10YR &/2

Carbonate grains up 1o pebble size; quartz sand mainly very fine 1o fine and
ranges from silt 1o coarse size

Pelecypods, undifferentiated sheletal fragments, gastropods, oysters, ser pulids
bryozoans, carithiids, and echinokds

Trace o 3 parcent phosphate and heavy mineral grains

Mainly intergrain and moldic; local intragrain and shefter; ranges from 5 to 15
percent

Mainly low (0.1 to 10 feat per day); ranges: from very low (less than 0.1 fool per
day) to moderate (10 1o 100 feet per day)

Terrigenous Mudstone Facles

Depositional lexiungs
Color
Grain size

Carbonate graing

Sllrr terrigenous mudstone 1o quartz sand-rich termigenous mudstone; locally
grades into terigencus clay-rich lime mudstone

Light-olive-gray 5Y 5/2, light-olive-gray 5Y 61 and yellowish-gray 5Y 81;
locally pale-olive 10% &2, light-olive-gray 5% &1, dusky-yallow-green

EGY 5/2, and yellowigh-gray 5Y T/2

Mainly terfigencus clay; quartz graing range from siit to fine sand size; local
medium lo coarse quartz sand

Palecypods (local oysters), benthic and planktic foraminifers, undifferentiated
skeletal fragments, and fish Scales

Locally common quartz grains; trace to 1 percent phosphate grains; trace to 3
percent heavy mineral grains; local trace mica; trace plagioclase and micro

Accessory grains

clirs
Porogity Intergrain; less than or equal to 5 percent
Hydraulic conductivity Very low (less than 0.1 foot per day)

Collier County (Edwards et al., 1998). The unconformity recognized in southwestern Florida
(Missimer, 1999), in the W-17157 corehole (Guertin et al.. 1993), in the W-17273 corehole
(Guertin, 1998), and in the W-17384 corehole (Edwards et al., 1898) all occur near the Miocene-
Pliocene boundary, suggesting that these unconformities may form a correlative sequence
bound-ary of regional scale (Fig. 8).

The top of the Ochopee Limestone is interpreted to represent a depositional sequence
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boundary. Typically, the contact between the top of the Ochopee Limestone and the unnamed
sand is abrupt. Several coreholes (Fig. 1; C-1181, C-1182, and G-3673) contain an abrupt con-
tact with core-scale microtopography, small dissolution cavities filled with quantz sand of the
unnamed sand, and local blackened crust. Blackened surfaces are reported to characterize the
tops of late Necgene unconformities bounding depositional sequences in southwestermn Florida
(Evans and Hine, 1991). Analyses by x-ray diffraction indicate the blackened surfaces at the top
of the Ochopee Limestone do not contain a measurable amount of phosphorite. The absence of
phosphonte possibly suggests that the surface is not a submarine hardground and condensed
section (Loutit et al., 1988). The blackening could be due to fire above the surface during sub-
aenal exposure (Shinn and Lidz, 1988) or to darkened organic matter in soilstone crusts as noted
by Ward et al. (1970).

At the C-1178 corehole in Collier County (Fig. 1), the upper bounding surface of the
Ochopee Limestone contains strong evidence for subaerial exposure (Reese and Cunningham,
2000, in press). Reese and Cunningham (2000, in press) describe an exposure zone (30 feet
thick) bounding the top of the Ochopee Limestone that contains root molds lined with calcrete.
This unconformity is postulated to be equivalent to a lithofacies boundary in the Long Key
Formation at the W-17157 corehole in the Florida Keys. Along this boundary, there is an upward
shift from foraminifera-rich quartz sandstones--similar to lithofacies of the Stock Island Formation
of Cunningham et al. (1998)--to overlying quartz sandstone at a depth of 280 feet below sea level
(Guertin, 1998) as shown in Figure 6.

Micropaleontology

One sample of well cuttings was collected for analysis of coccoliths from well W-8104. This
sample was taken from a sandy mudstone at the base of the Tamiami Formation and possible
basal Ochopee Limestone at a depth interval of 205 to 215 feet below sea level (Fig. 5).
Coccoliths from the interval are assigned to the early Pliocene Subzone CN12aA (Fig. 7) identi-
fied by Bukry (1991). Coccoliths prasent in this interval include Discoasfer brouweri, D. surculus,
D. vanabilis, and Sphenolithus abies. Reticulofenestra pseudoumbilica is absent. This assem-
blage along with the absence of R. pseudoumbilica is characteristic of Subzone CN12aA (Bukry,
1991).

Unnamed Sand

Lithostratigraphy

An unnamed sand that overlies the Ochopee Limesione has been mapped in the study area
(Fig. 9). The stratigraphic relation to existing Pliocene-Pleistocene units, such as the Pinecrest
Member of the Tamiami Formation, has not been resolved. Future analysis of mollusks could
help to clarify relations, but Scott and Wingard (1995) have discussed the problems associated
with biostratigraphy and lithostratigraphy of the Plio-Pleistocene in southem Florida.

Three lithofacies have been identified within the unnamed sand for an area shown in Figure
1: (1) a quariz sand facies, (2) a pelecypod lime rudstone and floatstone facies, and (3) a ter-
rigenous mudstone facies (Table 7). The quarz sand facies is characteristic of most of the
unnamed sand. The terrigenous mudstone facies occurs mainly in the north-central part of the
study area outlined in Figure 1 where the facies typically occurs as one or two units within the
lower part of the unnamed sand. The pelecypod lime rud-stone is found only locally as discrete
beds within or near the top of the unnamed sand. Figure 6 shows that the unnamed sand is prob-
ably equivalent to much of Interval Il and all of Interval Il defined by Guertin et al. (1999) within
the Long Key Formation.

The unnamed sand ranges from 20 to 60 feet in thickness in most of the study area. The
unnamed sand is thickest (about 120 feet) in central and south-central Miami-Dade County. A
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structure contour map of the base of the unnamed sand (Fig. 9) shows that the unit pinches out
in the western portion of the Florida peninsula. In southemn Miami-Dade County, the unnamed
sand merges with siliciclastics of the Long Key Formation as defined by Cunningham et al.
(1998) in the Florda Keys. The structure contour map at the base of the unnamed sand and the
cross sections shown in Figures 5 and 6 indicate that quartz sands of the unnamed sand were
transported southward mostly along the southeastern coast of Florida 1o the Long Key Formation
in the Florida Keys.

Sequence Stratigraphy

The sequence stratigraphy of the unnamed sand is more poorly defined than that of the
Ochopee Limestone and Peace River Formation. The unconformity and sequence boundary at
the top of the Ochopee Formation defines the base of the unnamed sand. Possibly a subaerial
unconformity at the base of the Pleistocene defined by Perkins (1977) bounds the top of the
unnamed sand. The unnamed sand is comelated to the middle and upper parts of Intervals Il and
all of Interval Ill defined by Guertin et al. (1999) within the Long Key Formation (Fig. 6), sug-
gesting assignment to the early and late Pliocene. For the present study, however, assignment
of the Ochopee Limestone to Sub-zone CN12aA, at least in part, suggests that the unnamed
sand has a late Pliocene age (Fig. 7).

Micropaleontology

One sample from the terrigenous mudstone lithofacies of the unnamed sand from the PB-
1703 corehole in Palm Beach County was examined (Fig. 1 and Table 4). The assemblage pres-
ent is consistent with deposition on a marine shelf (Tables 4 and 5).

SUMMARY OF DEPOSITIONAL TIMING

Peace River Formation

Established chronologic data (Cunningham et al., 1998; Edwards et al., 1998; Guertin et al.,
1999; Missimer, 1999; Weedman et al., 1999) and the new biochronology of this study indicate
that the Tortonian and Zanclean ages bracket deposition of the Peace River Formation. These
chronologic data allow constraints to be placed on the ages of DS1, D52, and DS3. In south-
westermn Florida, Missimer (1999) divided the Peace River Formation inlo one supersequence
(lower Peace River Formation) and one depositional sequence (upper Peace River Formation).
Deposition of the lower Peace River Formation of Missimer (1998) occurred between the inter-
vals of 11 and 8.5 Ma (Tortonian age) and deposition of the upper Peace River Formation of
Missimer (1999) was between 5.2 and 4.3 Ma (Zanclean age).

Biostratigraphic results presented herein indicate that terrigenous mudstones from the base
of DS1 of the Peace River Formation in Palm Beach County probably can be assigned to Zone
CN8 (Tortonian age). The boundaries of Zone CN8 are 9.4 and 8.6 Ma (Fig. 7).
Micropaleontologic results show that deposition of CS2 of the Peace River Formation occurred
from late Tortonian and Messinian age. Micropaleontologic results also suggest that G52 is, at
maost, 7.2 Ma and likely no younger than 5.6 Ma; however, results from Cunningham et al. (1998)
suggest an age ranging between 7.44 and 6.83 Ma.

Missimer (1999) reports a hiatus in deposition of the Peace River Formation between 8.5
and about 5.2 Ma in southwestermn Florida--an interval in time that brackets deposition of CS2 in
southeastern Florida. Edwards et al. (1998) indicate that the unnamed formation in westemn
Collier County, which is equivalent to the Peace River Formation for the present study, ranges in
age from 9.5 to 5.7 Ma based on strontium-isotope chemostratigraphy, but biostratigraphic data
suggest it may be as young as Pliocene. Weedman et al. (1998) produced similar results for the
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FPeace River Formation and unnamed formation in eastermn Collier and northermn Monroe
Counties, which are equivalent to the Peace River Formation for the study herein. Weedman et
al. (1988) report a late Miocene age for the Peace River Formation based on dinocysts and
strontium-isotope chemostratigraphy, and an age for the unnamed formation ranging between
6.9 and 4.6 Ma (late Miocene to Pliocene) based on strontium-isotope chemostratigraphy.
Coccolith data from the condensed section of DS3 and the age of overlying mudstones in well
W-9104 con-strain the age of DS3 to range from 5.23 to 3.83 Ma.

Depositional sequence 1 (DS1) correlates to the lower Peace River Formation of Missimer
(1997, 19939) where the data from the present study are linked to data from Missimer at the W-
17115 corehole (Figs. 5 and 7). Data presented by Edwards et al. (1998) and Weedman et al.
(1998) are consistent with deposition of DS1 during the Tor-tonian and Messinian ages (11.2-
5.32 Ma). Results herein suggest that the age of DS1 is probably at most 11 Ma and no younger
than 7.2 Ma, the probable maximum age of CS2. Biostratigraphic data from CS2 and CS3 are
consistent with deposition of DS2 during the latest Tortonian and Messinian ages (Fig. 7).
Interval | of the Long Key Formation in the Florida Keys (Guertin et al., 1999) is probably equiv-
alent to D52 (Fig. 7). Guertin et al. (1999) assign Interval | to the Messinian age, suggesting that
Interval | may be equivalent to the upper portion of DS2 that occurs beneath the Florida penin-
sula (Fig. 7). Deposition of the upper Peace River Formation of Missimer (1999) in southwestem
Florida may be coincident with DS3 in southeastem Florida as suggested by an early Pliocene
age for the upper Peace River Formation (Fig. 7).

Ochopee Limestone Member of the Tamiami Formation

Results presented herein suggest that the Ochopee Limestone or DS3 was deposited dur-
ing a time spanning the early-late Pliocene boundary and during the eustatic cycle TB3.6 of Hag
et al. (1988) as shown in Figure 8. Coccolith data from the base of DS4 in well W-9104 are con-
sistent with assignment to Subzone CN12aA (3.83-3.62 Ma) as shown in Figures 5 and 6.
Cunningham et al. (2000, in press) used silicoflagellate and coccolith data to determine the age
of the lower boundary of the Tamiami Formation to be near the early-late Pliocene boundary in
the W-18074 and W-18075 coreholes in Glades County (Fig. 1). Cunningham et al. (2000, in
press) also show a regional-scale seismic sequence boundary at the contact between the Peace
River Formation and the Tamiami Formation. The Tamiami ages at well W-9104 and the two
coreholes (W-18074 and W-18075) in Glades County are consistent with determination by
Missimer (1993) that deposition of the Tamiami Formation began about 0.2 million years after the
Peace River Formation at 4.3 Ma or Tamiami deposition began at about 4.1 Ma. Edwards et al.
(1998) and Weedman et al. (1999) determined the Ochopee Limestone was most likely deposit-
ed during the early Pliocene, but the margin of error spans the late Miocene 1o late Pliocene age.
A distinctive molluscan assemblage in several coreholes indicates an age for the Ochopee
Limestone near the early-late Pliocene boundary (Edwards et al., 1988).

Age determinations of Edwards et al. (1998), Weedman et al. (1999), and Missimer (1999),
and correlations for the present study suggest that deposition of the Ochopee Limestone was
coincident with deposition of the lower portion of Interval Il of the Long Key Formation (Fig. 6).
Foraminiferal sandstone beds occurring at the base of Interval Il are composed of a lithofacies
characteristic of the Stock Island Formation (Cunningham et al., 1998), and may represent a dis-
tal portion of the Ochopee Limestone ramp (Fig. 6).

Unnamed Sand

The unnamed sand was probably deposited during the late Pliocene based on age deter-
minations for DS4 (Fig. 6). Correlations shown in Figure & suggest that the unnamed sand is
coincident with deposition of the middle and upper parts of Interval |l and all of Interval Il
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(Guertin et al., 1999) within the Long Key Formation.
CONCLUSIONS

In southern Florida, a late-early to early-late Pliocene carbonate ramp (Ochopee Limestone
Member of the Tamiami Formation) is sandwiched between underying marine siliciclastics of the
late Miocene-to-early Pliocene Peace River Formation and an overlying late Pliocene unnamed
sand. The Peace River Formation contains at least three depositional sequences (DS1, D32,
and DS3), and the Ochopee Limestone forms a fourth depositional sequence (DS4). The two
youngest depositional sequences of the Peace River Formation, DS2 and DS3, contain con-
densed sections composed of terrigenous mudstone typically overlying dialomaceous mud-
stone. A maximum flooding surface is interpreted to coincide with the contact between diatoma-
ceous mudstone and terrigenous mudstone. The maximum flooding surface bounds the trans-
gressive and highstand systems tracts of DS2 and DS3. The condensed sections have yielded
abundant microfossils, which contribute to their importance for biochronology, defining and cor-
relating the sequences, and reconstructing depositional environments.

Established chronologies and new micropalecntologic results indicate that the Tortonian and
Zanclean ages bracket deposition of the Peace River Formation and provide constraints on the
timing of the deposition of the three Peace River depositional sequences. Depositional sequence
(DS1) prograded across the present-day southem peninsular portion of the Florida Platform dur-
ing the Tortonian age and laps out near the southern margin of the peninsula. The age of D31
is probably at most 11 Ma and no younger than 7.2 Ma. During the latest Tortonian and
Massinian ages (probably between 7.2 and 5.6 Ma), progradation of DS2 overstepped the south-
em lap out of DS1 and extended at least as far as the Florida Keys. Deposition of DS2 silici-
clastics ended, at the latest, near the Miocene-Pliocene boundary.

Presence of DS3 in southeastern Flonida and possibly southwestemn Florida and absence in
southemmost Florida suggest a reduction in the southward supply of quartz sand during depo-
sition of the sequence (between 5.23 and 3.83 Ma). This reduction in supply of siliciclastics to
southermnmaost Florida was followed by aggradational accumulation of heterozoan temperate car-
bonate sediments of the Ochopee Limestone. Deposition of the Ochopee Limestone ended with
basinward lap out near the southern margin of the present-day Florida peninsula. The lap out is
probably coincident with the edge of the siliciclastic shelf containing DS2 of the Peace River
Formation. Deposition of the Ochopee Limestone probably occurred during a late-early to early-
late Pliocene trans-gressive to high-stand sea-level conditions during eustatic cycle TB3.6 of
Haq et al. (1988). Increased supply of siliciclastics to southern Flerida resumed in late Pliccene,
burying the Ochopee Limestone ramp. These siliciclastics extend as far south as the middie and
northem Florida Keys. The unnamed sand includes these siliciclastics, which probably are coin-
cident with middle to upper quartz sands of the Long Key Formation beneath the Florida Keys.
Southward transport of quartz sands of the unnamed sand was mostly along the eastem coast
of Flonda.
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LATE PALEOGENE AND NEOGENE CHRONOSTRATIGRAPHY
OF LEE COUNTY, FLORIDA

Thomas M. Missimer
COMMissimer Intermnational, Inc., 8140 Enllagq Parkway, Suite 202, Fort Myers, Flonida 33919

ABSTRACT

Ages of the geoclogic formations underlying Lee County, Florida have been in dispute for the
last century. A new, unified chronostratigraphy (age analysis) was developed for the upper
Paleogene and Neogene sediments of the Southwest Florida region. The age constraints were
determined from analysis of samples collected from continuous cores and from compilation of
existing age-data collected by a number of investigators. The ages of the sediments were deter-
mined by the combined use of calcareous nannofossils, planktonic foraminifera, diatoms, stron-
tium isotope stratigraphy, and magnetostratigraphy. Based on these integrated dating tech-
niques, the following age constraints using the Berggren et al. (1995) time scale were placed on
the formations underlying Lee County: the Suwannee Limestone ranges from 33.7 (7) to 28.5
Ma, the Arcadia Formation of the Hawthorn Group from about 26.5 to 12.4 Ma., the Peace River
Formation of the Hawthom Group from 11(7?) To 4.3 Ma, the Tamiami Formation from 4.3 to 2.1
Ma, and the Caloosahatchee Formation from 1.8 to 06 Ma. Based on these ages, the
Suwannee Limestone was deposited in the eary Oligocene, the Hawthom Group was deposit-
ed from the late Oligocene to the early Pliocene, the Tamiami Formation was deposited from the
early to the late Pliocene, and the Caloosahatchee Formation was deposited within the late
Pliocene and early Pleistocene.

INTRODUCTION

Ages of the upper Paleogene and Neogene sediments in Lee County have been subject to
debate for many years. Previous stratigraphic investigations have assigned ages to many of the
formations based on paleontological data correlated to areas outside of the Florida Platform
(Cooke, 1939; Mansfield, 1937, 1939; MacNeil, 1944; Parker and Cooke, 1944; Cooke, 1945,
Parker et al., 1955; Akers, 1972; Riggs, 1979; Miller, 1986; COSUNA, 1988; Scott, 1988). The
currently accepted ages of many reference sections used for correlation to the Florida Platform
have changed, but little effort has been given to revising the chronostratigraphy of the Flonda
Platform until relatively recently. Beginning in 1972, a series of stratigraphic investigations were
conducted that yielded a large quantity of new age data based on planktonic foraminitera (Akers,
1972: Peck, 1976: Pack et al., 1976; Slater, 1978; Peck et al., 1979a; Peck et al., 1979b;
Armstrong, 1980; Peacock, 1981; Peacock and Wise, 1981, 1982; Jones et al., 1991), calcare-
ous nannoplankion (Peck, 1976; Covington, 1992), diatoms (Klinzing, 1980, 1987}, helium-ura-
nium dating (Bender, 1973), vertebrate fossil stratigraphy (Jones et al., 1991), strontium isotope
stratigraphy (Jones et al., 1991; Hammes, 1992; Compton et al., 1993, Mallinson and Compton,
1993: Weedman et al., 1983; Edwards et al., 1998; Weedman et al., 1999}, and magneto-stratig-
raphy (Jones et al., 1991).

It is the purpose of this paper to present new data refining the age ranges in the central part
of the South Florida Platform of the Suwannee Limestone, the Arcadia and Peace River
Formations of the Hawthom Group, the Tamiami Formation, and the Caloosahatchee Formation
(Figure 1). A series of three continuous core borings were used in this investigation (Nos. W-
16242, W-16523, and W-17115 in Figure 2). The new data were oblained using strontium-isc-
tope age dating and magnetostratigraphic analyses with a comparison to and correlation with
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Figure 2. Map of southern Florida showing the locations of the primary cores
used in this investigation.

existing planktonic foraminifera, calcareous nannoplankton, and other paleontological data. All
age determinations made in this paper utilize the geologic time scale of Berggren et al. (1995).

METHODS

Strontium and Stable Isotope Sample Preparation

Samples of unaltered calcitic mollusk shell and a few phosphorite nodules were collected
from cores W-16242, W-16523 in Lee County, and W-17115 from Collier County for the purpose
of measuring the strontium-isotope ratios to make age determinations. A total of 62 samples
were chosen for analysis from all samples collected based on the location of the samples with-
in the stratigraphic section and the quality of the shell material. A large percentage of the sam-
ples were collected and analyzed from core W-16242 (34 samples), because of the abundant
quantity of unaltered shell, the high percentage of core recovery, and the designation of this core
for magnetostratigraphic analysis. All samples were carefully washed in distilled water, then
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placed in an ultrasenic bath to remove additional contaminants. Each sample was further
cleaned using dilute hydrochloric acid. Most samples were then cut to expose a fresh surface.
Powdered shell was collected by either drilling out the shell interior with a clean dental drill or a
clean cube of shell was extracted from the middle of the sample and crushed into a powder.

All strontium isotope measurements were made at the University of Florida. The analytical
procedure used is described in detail in McKenzie et al. (1988) and Hodell et al. (1990). The
875r/865r ratios were measured in the triple-collector dynamic mode on a VG354 thermal ion-
ization mass spectrometer. All strontium ratios were normalized to 86Sr/88Sr = 0.1194 and to
Standard Reference Matenal (SAM) 987 = 0.710235. An evaluation of the analytical precision
indicated that the average within-run precision was +-1 x 10-5 (2 standard error of the mean).
When all errors associated with the analytical procedure were summed, a range of +/-22 to 24 x
10-6 was determined for the period in which the data were collected. The strontium isotope vari-
ation with time in the World Ocean, as presented in the model of Hoddell et al. (1991), was used
to estimate ages. The error in conversion to estimated ages cannot be determined, because
the model used must be assumed to be correct (P. Mueller, personal communication). The
Hodell ages were then corrected to the Berggren et al. (1995) age model.

Paleomagnetic Measurements

Detailed paleomagnetic data were collected from core W-16242, Up-down oriented sam-
ples were collected from 291 stratigraphic intervals. Since the core was collected with a drilling
rg, the only orientation of the samples that could be determined was the stratigraphic up direc-
tion. Core orientation was checked using geopels wherever observed. Therefore, only inclina-
tion data were used to determine the prevalent polarity during or shortly after deposition. All
magnetic measurements ware made at the University of Miami, Rosenstiel School of Marine and
Atmospheric Science. The paleomagnetic measurements were made using a 2G Enterprises
755 superconducting magnetometer contained within a shielded room. A combination of alter-
nating field and thermal demagnetization methods were utilized to obtain inclination data and to

determine polarity.

Foraminifera

Studies of the foraminifera in the Neogene and late Paleogene sediments in Southwest
Florida were presented in a series of theses and resultant publications (Peck, 1976; Peck et al.,
1976; Peck et al., 1977; Peck et al., 1979a; Peck et al., 1979b; Slater, 1978; Peacock, 1981;
Peacock and Wise, 1981; Peacock and Wise, 1982). Since detailed analyses of foraminifera
were previously performed on nearby wells having very direct and reliable lithostratigraphic cor-
relation to the cores in this study, projected planktonic foraminifera ages are used. The strati-
graphic comelation between the cores studied and the planktonic information collected from
nearby wells was accomplished by tracing continuous seismic reflection lines between the wells
and core W-16242 on the north (20 km) and by direct correlation of the stratigraphic units into
core W-16523 on the south (8 km).

The entire Necgene and late Palecgene stratigraphic section was not studied in the
foraminifera research, but the work was concentrated on the "Tamiami Formation,” which was
defined at that time as all sediments lying between the disconformity marking the top of the
Arcadia Formation and the disconformity marking the base of the Caloosahatchee Formation.
Since the definitions of the stratigraphic units have been changed to produce a more consistent
framework (Scott, 1988), the foraminiferal investigations were performed on both the Tamiami
and Peace River Formations. The only age diagnostic data, however, were obtained from the
Peace River Formation. The work performed by Peacock (1981) was mostly limited to the
foraminiferal occurrences in the lower part of the Arcadia Formation.
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Calcareous Nannofossils

Introduction

Samples were collected throughout cores W-16242 and W-16523 for calcareous nannofos-
sil analysis. This work was conducted as a research project at the Florida Geological Survey by
J. Mitchner Covington. The results of the calcareous nannofossil analyses of these cores was
reported by Covington (1992).

Calcareous Nannofossil Stratigraphy of Core W-16242

Calcareous nannofossils were found in core W-16242 only above the contact with the
Arcadia Formation or in the Peace River Formation and younger Necgene units. Also, the sam-
ples for calcareous nannofossils were not collected from the lowermest part of the Peace River
Formation. Heavy alteration of the carbonate sediments probably caused the destruction of any
calcareous nannofossils that may have occurred in the Arcadia Formation,

The investigation conducted by Covington (1992; unpublished Florida Geological Survey
data) showed that samples from core W-16242 contain varying abundance and diversity of cal-
careous nannofossils. The age ranges of the calcareous nannofossils are plotted with the other
age data on the unified chronostratigraphy of core W-16242 (Figure 3).

The observed assemblage included common to abundant Sphenolithus abies and
Reficulofenestra pseudoumbilica, which collectively yield an early Plioccene age estimate.
Discoasters were also present in this interval for the first time, suggesting that the palecenviron-
ment was more favorable for the deposition of these forms at that time. No calcareous nanno-
fossils were found in the core below a depth of 88.4 m, or just above the contact between the
upper and lower part of the Peace River Formation.

Abundant calcareous nannofossils occurred between 73.2 and 88.4 m. Nannofossil abun-
dance began to decrease at a depth of 67.1 m and samples collected from the interval between
48.4 and 64.6 m contained no preserved calcareous nannofossils.

The rare species, Sphenolithus abies, was observed at the 27.4 m depth. The extinction of
&, abies occurs in the NN15/CN11b interval and approximates the boundary between the early
and late Pliocene. This depth interval occurs within the Pinecrest Member of the Tamiami
Formation. A barren interval between 21.2 and 22 m was observed.

In the uppermost samples collected from 3 to 12.2 m, a few Gephyrocapsa canbbeanica
were found and no Pseudoemiliania lacunosa were cbserved. This interval is probably within
nannofossil zonea NN20/CN14b of Martini (1971) and Okada and Burky (1980). Diversity is quite
low in this interval and the absence of P. [acunosa may be a function of palecenvironment
rather than age: Therefore, the inferred age may be older than indicated. The general age of
these sediments is interpreted to be late Pliocene or Pleistocene.

Calcarecus Nannofossil Stratigraphy of Core W-16523

Calcareous nannofossils were found in core W-18523 from the mid-section of the Arcadia
Formation to the top of the core. They were not found in every stratigraphic interval, but the gen-
eral state of fossil preservation was better in core W-18523 compared to core W-16242.

The occurrence of Cyclicargolithus floridanus was noted at 177.4 m. This species may be
indicative of the uppermost Oligocene. A noteworthy occurrence includes that of Helicosphaera
ampligperta at 153.6 m below surface. This species indicates an age between CN3/MN4 and
CN1/NN2 or early Miocena.
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Diatoms

Diatoms were found in various zones within the Peace River Formation. The diatom stratig-
raphy of this section was studied by Klinzing (1987) and the diatom occurrences were noted in
the Peck et al. (1979). Klinzing (1987) described an assemblage of diatoms in core W-14072,
which is located about 7 km to the east of core W-16523. Peck et al. (1979) noted the occur-
rence of the diatoms in unit 2B and stated that only two of the diatoms were age diagnostic. The
species Actinoptycus bismarkii and Diploneis exemta were reported to occur exclusively in the
late Miocene. Klinzing (1987) concluded that the Peace River Formation was Pliocene in age
based on the occurrence of two species, Thalassiosira castrupii and Cussia tatsunokuchiensis,
which were believed to occur exclusively in the Pliocene. The work of Klinzing (1987) may indi-
cate that the primary diatom bed, which occurs near the base of the upper Peace River
Formation is Pliocene in age. However, the absence of detailed range data for each diatom
species raises questions with regard to the actual stratigraphic occurrence of the marker
species. Based on the diatom data obtained on the Peace River Formation, it is concluded that
no diagnostic age designation can be made.

Strontium-lsotope Stratigraphy

Introduction

The ratio of 87Sr®8Sr in seawater has varied significantly during Phanerozoic time
(Wickman, 1948; Brass, 1976; Burke et al., 1982; Koepnick et al., 1985; Hess et al., 1986; Miller
et al., 1988; Smalley et al., 1994). In the Tertiary, the ratio has increased, but at a vanable rate
(Hodell et al., 1989; Hodell et al., 1990; Hodell et al., 1981). The ongin of the strontium isotope
vanation is not fully understood, but the long-term changes are related 1o tecionic processes,
which caused changes in the exposure of the earth's crust and rock types exposed at surface 1o
weathering. Short time-scale climatic changes influencing continental weathering, such as
glaciation, may be responsible for exposing old shield rocks, leading to accelerated erosion rates
of rocks with higher 87Sr/®8Sr ratios {Armstrong, 1971).

If equilibrium between the isotopic ratios of strontium in seawater and living, shell-producing
organisms is assumed, the time dependant change of the strontium-isotope ratios in seawater is
reflected in unaltered shell tests and can be used to date the material (Hoddell et al., 1991).
Therefore, the 57Sr®8Sr ratio in unaltered calcareous marine fossils has been used successful-
ly to determine the age of marine sediments (McKenzie et al., 1988). Both marine microfossils
(benthic foraminifera) and mollusk shells have been dated using the 87Sr/®8Sr technique (Hodell
et al., 1991, Jones et al., 1991; Bryant et al., 1992; Compton et al., 1953). Compton et al. (1993)
also demonstrated that phosphorite nodule strontium-isotope dates can be used to esimate the
age of marine sediments when reworking is not significant.

Results

Strontium-isotope ratios were measured on 62 samples collected from cores W-16242, W-
16523, and W-17115 (Table 1). Age determinations were made using the regression curves
developed by Hodell et al. (1991) with an extrapolation to the late Oligocene and comparison o
the curve developed by Oslick et al. (1994). The measured 57Sr/86Sr ratios were normalized to
the appropriate NBS-987 value before age determinations were made. A total of 34 samples
were analyzed from core W-16242, 17 from core W-16523, and 11 from core W-17115. In core
W-16242, the material used for strontium-isotope analysis was mostly unaltered calcitic mollusk
shell with the exception of samples M-5, M-8, and M-7 (aragonitic mollusks), sample M-36 (phos-
phorite nodule), sample M-37 (phosphorite crust), sample M-40 (recrystallized coral), and sam-
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ple M-42 (foraminifera extracted from whole rock). In cores W-18523 and W-17115, all material
analyzed for strontium isotopes were unaltered calcitic mollusk shell.

The reduction in the 87Sr/885r ratio with depth was relatively consistent in core W-16242
(Figure 3) with the exception of three samples within the Tamiami Formation section, numbers
M-13, M-14, and M-15 and one sample in the lower part of the Peace River section, number M-
20. The four samples with lower than expected strontium-isotope ratios were shell samples,
from the genus Hyotissa. Petrographic examination of thin sections containing Hyolissa showed
that in some cases very fine sand-sized phosphorite grains were trapped within the shell struc-
ture of the mollusk. Since phosphorite is reworked throughout the younger part of the strati-
graphic section above the Arcadia Formation, it is likely that any phosphorite incorporated in
younger mollusk shells would be much older and would be a significant factor in causing a lower
875rMP8Sr ratio. It is also possible, although less likely, that these samples were reworked. There
is consistency in the 87Sr@5Sr ratio above and below the suspect samples, which strengthens
the case to dismiss the validity of these samples. A similar case can be made for sample M-20,
which yielded a 87Sr/@8Sr ratio much lower than anticipated. In this case, it is likely that this shell
materal was reworked, because of its stratigraphic position near a major disconformity. Based
on the varation in the data within the stratigraphic framework, it can be concluded that this set
of data appears to yield
a relatively consistent pattern and that it is necessary to have a fairly large number of analyses
in order to rely strictly on strontium-isotope data for age determination,

Strontium-isotope data collected from core W-18523 showed considerable scatter, but the
overall trend for the stratigraphic units was similar to core W-16242. Sample K105.5 showed a
very low B7Sr/86Sr ratio, which is the probable result of phosphorite contamination as previously
described or the shell may be reworked. Sample K585.3 showed a very high 875r/865r ratio,
which cannot be explained, but may be the result of sample contamination.

The strontium-isotope data from core W-17115 also show a relatively consistent strati-
graphic pattern similar to the other cores. There is some scatter in the data in the lower part of
the core with sample MI571 showing a higher than expected §7Sr/86Sr ratio. The lower strati-
graphic section of core W-17115 was not extensively sampled because of a lack of acceptable
materal for strontium-isotope analysis,

Magnetostratigraphy

Introduction

Determination of magnetic polarity changes within sediment sequences is an accepted
method of approximating the age of the sediments (Cande and Kent, 1992; Berggren et al.,
1995a). However, the use of the magnetostratigraphy is not an independent method to deter-
ming age, espacially when a stratigraphic section is divided by one or more disconformities. In
this study, a number of biostratigraphic and chronostratigraphic methods were applied to assist
magnetostratigraphic correlation to the Global Polarity Time Scale (GPTS) of Berggren et al.
(1995).

Measurement of depositional remanent magnetization or early post-depositional remanent
magnetization in carbonate sediments has been recently utilized to determine polarity changes
(McNeill et al., 1988; McNeill, 1989). The Neogene sediments of the South Florida Platiorm
present some interesting problems, because they contain both weakly magnetized carbonate
sediments and detrital siliciclastic sediments containing a significantly stronger magnetic carrier.
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Laboratory Methods

Analytical procedures utilized in this investigation closely follow those described by McNeill
et al. (1993). Detailed descriptions of the paleomagnetic measurement methods are given in
Missimer (1997; 2000).

Magnetostratigraphy and Age Implications

Paleomagnetic polarity data are useful to refine and constrain the age of sediments when
they can be correlated to the GPTS using other age-dating technigues, including strontium i5o-
topes and microfossil assemblages. The magnetic polarities for core W-16242 in relationship to
the core lithologic properties and other isotopic data are presented in Figure 3. In order to cor-
relate the magnetic polarity data to the GPTS, the magnetic polarity data, strontium-isotope
ages, and ranges of calcareous nannofossils for core W-16242 are presented in a graphic plot
(Figure 3). Analyses of the magnetic polarity changes in the core are discussed for stratigraph-
ic units, which include: 1) the Suwannee Limestone, 2) the Arcadia Formation, 3) the Peace
River Formation, 4) the Tamiami Formation, 5) the Caloosahatchee Formation, and 6) the com-
bined Fort Thompson Formation and Holocene.

DISCUSSION
Ages of Late Paleogene and Neogene Stratigraphic Units

Introduction

A unified chronostratigraphic analysis was performed on core W-16242 on sediments from
the Suwannee Limestone to land surface (Figure 3). Then, other data on the same stratigraphic
section were compiled from this and other geclogic investigations on the South Florida Platform

TABLE 2. POSSIBLE AGES OF SELECTED HEDGEME AMD
LATE PALEDGIME FORMATIONS OM THE
SOUTH FLORIDA PLATFORM
e e — T — O — L —— o — e
Formation Estimabed Age Range (Ma)
Lwannes Limeiione 3.7 o 2.5
Arcadia Formation 6.6 0 12.4
Lower Peace River Formathon 1(7) to B.5
Upper Peace Riwer Formathon 5.13 o 4.19
Hawthorm Group 166 o 4.9
Pinecrest Member 17w l.1%
Tamiami Foarmation 4.29 to 1.15
Calooiahatehes Formation .04 or 1.77 to 0.6
ﬁ

to synthesize the most current age constraints on the late Paleogene and Neogene sedimants
in Lee County. The age ranges of each of the formations investigated, including the Suwannee
Limestone, the Hawthom Group, the Tamiami Formaticn, and the Caloosahaichee Formation are
given in Table 2. These new age ranges for each of the stratigraphic units are compared to past

79




SPECIAL PUBLICATION NO. 49

STANDARD
CHRONOSTRATIGRAPHY
] COSUNA (1988) | SCOTT (1988) &
i THIS PAPER
= |svsTEM| SERIES | STAGES |Ma and HAMMES (1982)/ SOUTH FLORDA 2
g i
® 2
0= - 5
1.7F cl?mﬂ'llu'lll
& (= PIACERTAM 4, T Eaacrast |
§ w | ZANCLEAM Formabice —‘ﬁ—
1 5 L = 5
MESSINIAN
112
=
3 TORTONIAN ; Lower
Loy Peace River Pagce River £
= Formaton Farmation
L 1.3
g % 1 |SERRMALLLAN E
D|&
15 E ? 144 IE E el
6.4 . |
§ Formation
= e
i * F-I‘J'F-EIEH-EI B
| |3 § 0.8 Arcadia = 20
Formadion e
._.._.._’-:."-"'
ACLITANLAN Mﬁm
Taerpa Mermber e
e
H- —
i frcacka A e
L = CHATTIAN Fommatian
z g o a
§ Formation
el T
g RUFELLAN ; Sq_mm
Lirnacions
.
15— L

Figure 4. Unified chronostratigraphy of core W-16242 (Captiva Island). The ages of the Global
Polarity Time Scale conform to Berggren et al. (1995).

age estimates and to the current geologic and paleontological time scales in Figure 4.

Suwannee Limestone

Only one strontium-isotope age determination was made on the Suwannee Limestone in
core W-16242, but a large number of additional isotope age determinations were made on the
Suwannee Limestone in several other cores located to the north of the this investigation
(Hammes, 1992; Brewster-Wingard et al. 1997). Hammes (1992) concluded that the age of the
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Suwannee Limestone ranged from 33.7 to 29.2 Ma (corrected to time scale of Berggren et al.,
1995) and was confined strictly to the Rupelian Age of the early Oligocene. The strontium-iso-
tope data point in core W-16242 was from a sample collected from near the top of the core. It
produced an age of 29.5 to 26.8 Ma. The magnetostratigraphic analysis of core W-16242
showed a good correlation between the magnetic polarities and the GPTS. The top of the
Suwannee Limestone has a normal polarity that is comelated to Chron C10n.1n, which has an
age range from about 28.5 to 28.3 Ma. Since the full thickness of the Suwannee Limestone was
not penetrated in core W-16242, it is not possible to constrain the basal age of the unit. Based
on the data collected from core W-16242 and the large amount of data collected on the forma-
tion to the north, it is concluded that the Suwannee Limestone at this location has an estimated
age range from 33.7 to 28.5 Ma and is restricted to the early Oligocene. The disconformity on
top of the unit is believed to be the mid-Oligocene sea-level event, which constrains the upper
age limit to 28.5 Ma. This analysis is in agreement with Hammes (1992), but differs from
Brewster-Wingard et al. (1997), who believes the upper age range extends into the early
Miocene.

Hawthorn Group-Arcadia Formation

A large number (31) of strontium-isctope age determinations were made on Arcadia
Formation sediments in cores W-16242, W-16523, and W-17115. Also, many additional stron-
tium-isotope age determinations were made on the Arcadia Formation in core W-10761 by
Compton et al. (1993) and in other cores to the north by Brewster-Wingard et al. (1997). Most
of the age determinations range from 26.8 to 13.1 Ma for the Arcadia Formation (all ages cor-
rected to the time scale of Berggren et al. 1995). In the very middle of the platform, which occurs
near the site of the Koreshan core (W-16523), some younger carbonate sediments were pre-
served in the section. At this location a single sequence, A1 in the core, was deposited on top
of the middle Miocene disconformity as suggested by a carbon isotope shift at this location. The
magnetostratigraphy of the Arcadia Formation is quite complex and subject to several interpre-
tations within the constraints of the strontium-isotope ages. The base of the Arcadia Formation
has a strontium-isctope age of about 26.6 to 25.3 Ma based on the data from core W-16242.
The magneto-stratigraphic correlation to the GPTS indicates that the normal polarity unit at the
base of the formation cormrelates to Chron C8n.2n, which has an age range of 26.6 to 26.0 Ma.
The top of the formation correlates to Chron G5Ar, which has an age range of 12.8 to 12.4 Ma.
Based on the strontium isotope data and the magnetostratigraphic data, the top of the Arcadia
Formation at most locations has an age of about 12.4 Ma. |t must be stated, however, that this
surface is a major disconformity and is subject to rather extreme variation in erosional relief that
could lead to a variable age at any location as shown in Guertin et al. (2000). Based on all of
the data analyzed, the Arcadia Formation deposition began in the late Oligocene and terminat-
ed in the middle Miocene.

Hawthorn Group-Peace River Formation

The Peace River Formation is divided into two distinctively different stratigraphic units by a
regional disconformity. The lower part of the formation is a relatively flat-bedded, predominant-
ly siliciclastic unit with some carbonate sediment. The upper par of the formation is a mixed sili-
ciclastic/carbonate, deltaic unit containing graded beds with topset, foreset geometries.
Because of the differences in sediment facies, the presence of the disconformity, and inferred
significant difference in age between the two units, they are discussed individually.

The age data on the lower Peace River Formation has been determined in a number of wells
in Lee and Hendry counties by analysis of the calcareous nannofossil and planktonic
foraminifera assemblage (Peck et al., 1979a; Peck et al., 1973b; Covington, 1992). A late

81




SPECIAL PUBLICATION NO. 49

Miocene age was determined for the lower part of the Peace River Formation with the general
age restricted to foraminiteral zones N18 and N17 or the solely N17 based on the age of the
Discoaster quinqueramus Zone of Gartner (1969). The strontium-isotope data of core W-16242
yielded a single age determination of 11.8 to 9.3 Ma. Single strontium-isotope age determina-
tions were made on the lower Peace River Formation in cores W-16523 and W-17115, which
yielded ages of 13.1 to 10.3 Ma and 11.3 to 8.6 Ma, respectively. Compton et al. (1993) also
obtained several age determinations in the 13.1 to 10.0 Ma range, particularly on phosphorite
nodules in the lower part of the Peace River Formation. The lower Peace River section in core
W-16242 is only about 3.5 m thick and is therefore either a condensed section or a small part of
the full section. Paleomagnetic analysis of the lower Peace River Formation in core W-16242
showed that all samples yielded a reversed polarity. A guite tentative correlation of this section
was made to the GPTS. It correlates to Chron C5r, which has an age range from about 11.9 to
10.9 Ma. Based on the data collected in this investigation and in previous investigations, the
Peace River Formation has a probable age range from about 11 to 8.5 Ma, which is late Miocene,
The older phosphorite nodules dated by Compton et al. (1293) are believed to be reworked from
the erosion of the underlying Arcadia Formation or from erosion of the Peace River Formation to
the north where it is oider.

Past investigations of the foraminifera and calcareous nannofossils within the Upper Peace
River Formation (defined at one time to be part of the Tamiami Formation) suggested that the
formation ranges from late Miocene to early Pliocene in age (Peck et al., 1979a; Peck et al.,
1879b; Covington, 1982). Strontium-isotope age determinations from core W-16242 all occurred
on the flat part of the curve, yielding an age range of 4.9 to 2.6 Ma. Ages determined by
Compton et al. (1993) for the Peace River Formation in core W-10761 are in the 5.7 to 4.9 Ma
range. Because of the flattening in the seawater strontium-isotope curve, virtually all sediments
having an age range of 4.9 to 2.6 Ma date about the same. The magnetostratigraphy of core W-
16242 correlated to the GPTS produced some reasonably diagnostic age data for the Peace
River Formation (Figure 3). The base of the core has a reversed polarity that coresponds to
Chron C3n.4n, which has an age range of 5.2 to 5.0 Ma. The base of the Peace River Formation
is constrained to this age range, but there is a very high probability that the age of the formation
base is a maximum of 5.23 Ma. This conclusion is reached based on the assumption that the
late Miocene (Messinian) global sea level event should create a hiatus at this age. The reversed
polarity section at the top of the Peace River Formation corresponds to the Chron C3n.Ir, which
has an age range from 4.5 to 4.3 Ma. Therefore, the top of the formation is constrained to this
age range, but it is believed that the actual age is probably about 4.4 Ma based on the probable
rapid deposition of the deltaic facies and the age constraint provided by the overlying formation.
The polarity changes measured in core W-16242 correlate well with the GPTS in this strati-
graphic interval. It is concluded that the upper part of the Peace River Formation is early
Fliocene in age with the absolute age ranging from about 5.23 to 4.29 Ma. The Miocene-
Pliocene contact lies between the deltaic sediment sequence and the underlying flat-bedded
mixed siliciclastic/carbonate sequence. The occurrence of coarse siliciclastic and phosphatic lag
deposits commonly marks this boundary. A similar age was determined for this unit in Collier
County by Edwards et al. (1998) and Weedman et al. (1999).

Tamiami Formation.

Age determinations on the Tamiami Formation in core W-16242 were made primarily by
strontium-isotope analysis and magnetostratigraphic analysis. The formation is divided by a dis-
conformity, which separates the Sand Facies from the overlying Pinecrest Member, using the ter-
minology of Missimer (1992). Each of these units has a different age range and they are dis-
cussed separately.

All of the strontium-isotope samples collected from the lower part of the upper Peace River

a2




FLORIDA GEOLOGICAL SURVEY

Formation and the overlying Tamiami Formation yield approximately the same age, because of
the flatting of the strontium-isotope curve and less stratigraphic resolution. The magnetic polar-
ity of the Lower Tamiami Formation is predominantly reversed with the exception of a very thin
interval in the middle of the section and another thin interval, about 1 m, in the lower part of the
section. A significant part of the section was unlithified sand and friable sediment from which no
good quality samples could be obtained. Based on all data obtained, the base of the Sand facies
of the Tamiami Formation correlates to Chron C3n.In and the top of the unit with Chron C2Ar.
This correlation gives the Sand Facies Member of the Tamiami Formation an age range of about
4.3 1o 3.0 Ma. In consideration of the disconformity at the top of the Sand Facies, the upper
boundary is more likely at about 3.2 Ma and the lower boundary of the Pinecrest Member at
about 3.0 Ma. This interpretation is not unique because of the uncertainty in the measurements

. within core W-16242. It is possible that less time is missing across the disconformity between

the Pinecrest Member and Sand Facies Member. However, there is a significant change in fau-
nal assemblage and mineralogy of the sediment at this point in the core from the occumence of
multiple species of abundant aragonitic shell above the disconformity to a much lower diversity
of molds and casts with no aragonitic shell below it. This suggests a significant time lapse, which
would be at least 0.3 m.y. based on this interpretation or as small as 70 k.y. based on correla-
tion of each magnetic polarity change to the GPTS.

Three strontium-isotope analyses were made in the Pinecrest section. The age ranges for
these analyses are from 3.4 to 2.0 Ma with the ages being in stratigraphic order. The two
younger age determinations have a higher probability of being more accurate than the older age,
because of a general flattening of the strontium-isctope curve from 4.9 to 2.6 Ma (Hoddell et al.,
1990). Correlation of the magnetic polarity changes in core W-16242 to the GPTS using the
strontium-isotope ages as guides was made. The lower part of the Pinecrest Member in core
W-16242 has a normal polarity correlating to Chron C2An.In. This corresponds to the upper part
of the Gauss chron with an age range of 3.2 to 3.1 Ma. This normal polarity interval in the core
could represent all of the C2An.In chron or more likely represents only part of it. However, the
age constraint on the base of the Pinecrest must be placed on the maximum age ot 3.2 Ma. The
age constraint on the upper boundary is more problematical, because there is a small gap in the
polarity data with reversed polarity underying it. The reversed polarity interval correlates to
anomaly Chron C2r.2r, which has a time range of 2.581 to 2.15 Ma. This time increment is equiv-
alent to the lower Matuyama Chron. If the interpreted correlation to the GPTS is assumed to be
cormect, the constraint on the upper boundary is about 2.15 Ma. Therefore, based on the avail-
able data from core W-16242, the Pinecrest Member of the Tamiami Formation in core W-16242
has an age range of 3.2 to 2.2 Ma (with consideration of the disconformities bounding the
Pinecrest) the most probable range is 3 to 2 Ma. This age range comelates quite well to the ages
determinations made for the Pinecrest Member in the Sarasota site to the north of the study area
by Jones et al. (1991). Bender (1973) used the uranium/helium technique to determine the age
of two corals from the Pinecrest Member. These corals produced ages of 4.24 and 3.69 Ma (cor-
rected to time scale of Berggren et al., 1995). Akers (1974) determined that the age of the
Pinecrest Member was Mid-Pliocene based on the concurrent occurrence of Gephyrocapsa
caribbeannica, Reticulcfenestra pseudoumbilica, and Sphenolithus abies, which have age
ranges of younger than 3.6 Ma, 11.9 to 3.7 Ma, and 7(?) to 3.66 Ma, respectively. It has also
been noted by Olsson (1964; 1968) that there is a distinctive relationship between the fauna of
the Caloosahatchee Formation and the Pinecrest Member, which may be indicative of a
relatively small time gap between deposition of the two units. Based on the proposed chrono-
logic framework suggested, the time interval is less than 0.2 m.y., which is consistent with the
faunal assemblage similarity. In conclusion, the age of the Pinecrest Member of the Tamiami
Formation in core W-16242 cormrelates with the upper portions of the Tamiami Formation to the
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north. The older ages for the member as determined by Jones et al. (1991) would then corre-
late to the age of the underlying Sand Facies of the Tamiami Formation. Edwards et al. (1998)
found that the Tamiami Formation in Collier County was early to late Pliocene in age.

Caloosahatchee Formation

Information was collected from core W-16242 on the age of the Caloosahatchee Formation.
The strontium-isotope and magnetostratigraphic data show that the age is approximately from
2.14 or 1.77 to 0.6 Ma. This age range is considered to be uncerain because only one stron-
tium-isotope age determination was made and the magnetostratigraphic data are not continuous
to the base of the Caloosahatchee Formation in core W-16242. Further work will be required to
better resolve the age of the Caloosahatchee Formation in core W-16242. Continued study of
this core is merited, because the Caloosahatchee Formation is 11.3 m thick at this location. This
thickness may represent one of the more complete stratigraphic sections for this unit in southem
Florida.

The age of the Caloosahatchee Formation in southemn Florida has been open to dispute for
many years. Dall (1892) considered the formation to be Pliocene in age based on the ratio of
extinct verses living species of mollusks. DuBar (1958; 1974) suggested the entire
Caloosahatchee Formation was Pleistocene in age based on the presence of a fossil horse skull,
Equus leidyi (Hay), which was found in the uppermost shell bed. Brooks (1968) and Conklin
(1968) placed the Pliocene-Pleistocena boundary in the middle of the formation based on the
reassignment of some specific lithologic members into the overlying Fort Thompson Formation
and others into the Caloosahatchee Formation. Perkins (1969; 1977) used the mapping of dis-
continuity surfaces to separate the Pleistocene sediments of South Florida and his lowermost
Pleistocene (Q1) surface occurred in the top of the Caloosahatchee Formation. Bender (1973)
used the uranium/helium dating method to determine the age of some corals collected from the
Calocsahatchee Formation. These ages were 1.97 and 1.88 Ma (corrected to time scale of
Berggren et al., 1995). Unfortunately, the corals were not specifically located within the overall
stratigraphic section of the formation, making it quite difficult to interpret the significance of the
ages,

Based on the historic data collected on the formation, the recent data collected by Jones et
al. (1991) from the Sarasota shell pits to the north of the study area, and the data from core W-
16242, the Caloosahatchee Formation is late Pliocene to early Pleistocene in age. The forma-
tion is separated into several depositional sequences by regional disconformities, one of which
is the Pliocene-Pleistocene boundary. This boundary lies at the base of Chron C2r in core W-
16242 at a depth of 19.2 m below surface.,

CONCLUSIONS

Strontium-isotope stratigraphy, magnetostratigraphy, carbon and oxygen isotope stratigra-
phy, foraminifera, calcareous nannofossils, and diatoms were collectively used to constrain the
ages of the major lithostratigraphic formations lying from the Suwannee Limestone to land sur-
face in Lee County, Florida. Although this investigation concemning the age of these units may
be the most comprehensive to date, the detailed age ranges of the units cannot be uniformly
applied over the entire platform or even all of the southern part of it. The geometry of the
sediments within each formation and the spacing of time lines was affected by a number of fac-
tors, such as topography of the shelf at the beginning of each depositional episode, the rate of
sedimentation as each depositional environment responded to changes in sea level, and the pat-
tern of erosion during sea level low stands. All of these factors and others cause spatial varia-
tions in the chronostratigraphy of the stratigraphic sequences, as even locally observed in the
variation between the three cores studied in detail. However, because the Florida Platform has
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a relatively flat, rather narrow geometry, major sea level events have caused platiorm-wide dis-
conformities to develop that help constrain the ages of the formations to general ranges in time.
Therefore, the deposition of units, such as the Arcadia Formation, on the southem part of the
platform began at a given point in time and deposition of the same unit in the north-central part
of the platiorm may not have occurred until later in time or may not have occurred at all.  But
the major lithostratigraghic units that can be correlated will have common age constraints within
the framework of the global sea level cycles. The Suwannee Limestone was believed to have
been deposited during the entire Oligocene. Through the work of Hammes (1992), and this
work, it is now clear that deposition of the Suwannee Limestone is restricted to the early
Oligocenea.

Hawthom Group deposition was restricted to the middle Miocene in the past. Based on the
new chronostratigraphic data, it is concluded that deposition of the phosphatic sediments of the
Hawthom Group began in the late Oligocene and continued into the early Pliocene.

For many years, researchers on Florida geology believed that virually no deposition
occurred during Pliocene time. It is now verfied that deposition of the upper Peace River
Formation, all of the Tamiami Formation, and the lower part of the Caloosahatchee Formation,
were deposited during Pliocene time.
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THE HYDROGEOLOGY OF LEE COUNTY, FLORIDA

Thomas M. Missimer and W. Kirk Martin
COMMissimer Intemnational, Inc., 8140 College Parkway, Suite 202, Fort Myers, Florida 33519

ABSTRACT

All three regional aquifer systems defined in Florida, the Floridan, Intermediate, and Surficial
aquifer systems, occur beneath Lee County. There are more individual aquifers within these sys-
tens in the County than any other region of Florida. The Floridan Aquifer System is subdivided
from the bottom to the top into the following aquifers: the Boulder Zone, the Avon Park Aquifer,
the Ocala Aquifer, the Lower Suwannee Aquifer, the Upper Suwannee Aquifer, and the Lower
Hawthom Aguifer. The Intermediate Aquifer System contains three different aquifers, which are
the lower zone of the Mid-Hawthorn Aguifer, the upper zone of the Mid-Hawthomn Aquifer, and
the Sandstone Aquifer, that contains multiple production zones some of which could be defined
as separate aguifers. The Surficial Aquifer System consists of the Lower Tamiami Aquifer and
the water-table aquifer.

All of the aquifers occurring beneath Lee County have unique hydraulic properties. Many of
these aquifers have high transmissivities and yield significant quantities of water. The aquifers
with the highest current use are the Lower Hawthomn Aquifer (for reverse osmosis treatment to
public supply and irrigation), the Sandstone Aguifer (for public supply and irrigation) and the
water-table aquifer (for irrigation and public supply).

The geology, hydraulic characteristics, water quality, and potentiometric surface of each
aquifer are summarized in this paper based on the current state of knowledge.

INTRODUCTION

The hydrogeology of Lee County is greatly influenced by its geographic pesition on the
Florida Platform (Figure 1). It lies near the middle of the southem platform terminus, where the
carbonate lithologic units are thick in the lower stratigraphic section and the siliciclastic units tend
to separate the section into a generally larger number of mappable aquifers compared to other
localities in Florida. All three of the regionally defined aquifer systems in Florida occur beneath
Lee County. The terminology and aquifer definitions used in this paper conform to those adopt-
ed by the Southeastern Geological Society Ad Hoc Committee on Florida Hydrostratigraphic Unit
Definition (Vecchioli and others, 1986) and Wedderburn et al. (1582).

Detailed investigation of the Lee County hydrogeclogy began in 1966 with the initial inves-
tigations conducted by Durward H. Boggess of the U. S. Geological Survey. A number of the
fundamental problems related to the hydrogeology of the area were outlined in Boggess (1982).
The initial aquifer names and general terminology used to describe the aquifer systems
were first reported by Sproul et al. (1972). A series of hydrogeclogic investigations conducted
by the U. S. Geological Survey provided a framework and data base for hydrogeclogy of Lee
County (Boggess, 1974a; Boggess, 1974b; Boggess and Missimer, 1975; Missimer and
Boggess, 1974; Boggess and Missimer, 1975; Boggess et al., 1981; Boggess and O'Donnell,
1982 Boggess and Watkins, 1986). Wedderbumn et al. (1982) published the first summary doc-
ument on the hydrogeology of Lee County. Two consultants reports built upon the data base
established by the U.S. Geological Survey and South Florida Water Management District for the
purpose of groundwater resource development and management {Hole-Montes and Associates,
Inc., 1981, and Montgomery Consulting Engineers, Inc., 1988). A very detailed investigation of
the hydrogeclogy of Lee County was completed for the purpose of developing a raw water sup-
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Figure 1. Map of Lee County showing the geographic locations discussed In the text.

ply plan of the area (Camp Dresser & McKee Inc/ViroGroup, Inc., 1993). The information con-
tained in this report is the most comprehensive hydrogeclogic data base compiled to date on Lee
County and many of these data are used in this paper.

The hydrogeology of Lee County is very complex and there are many unanswered questions
with regard to the horizontal connections between specific water-bearing zones. There is an
overall pattemn of lithologic unit pinch-outs from north to south that cause some aguifers to pinch
out and others to merge into a single zone. These problems will be discussed in this text, but
exact interpretations cannot be made based on the current data base.

GEOLOGIC FRAMEWORK AND AQUIFER NAMES
Sediments that contain sufficient hydraulic conductivity to provide some economic use for

either disposal of liquid waste or for water supply occur above the top of the Paleocene-aged
Cedar Keys Formation (Figure 2). The Cedar Keys Formation is predominantly an anhydrite
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unit, having a very low hydraulic conductivity. The top of this unit forms the base on the Floridan
Aquifer System throughout southern Florida.

The Floridan Aquiter System is the deepest regional aguifer system that occurs beneath Lee
County. The system can be broken down into a number of discrete zones or aquifers that are
significant in terms of use. The base of the system contains the “boulder zone”, which is a high-
ly permeable zone containing primarily fracture porosity in dolomites (Maliva and Walker, 1998:
Maliva et al., this volume). Several zones of high permeability limestones and dolomites occur
within the Aven Park Limestone and these zones are collectively termed the Avon Park Aquifer.
Localized production has occurred from sediments within the Ocala Formation, but the unit nor-
mally has moderate to low permeability in Lee County and, therefore, a mappable aquifer is not
defined within this formation. A series of high-permeability zones occur within the Suwannee
Limestone and the aquifer is termed the Suwannee Aquifer. At some locations the Suwannee
Aquifer may be hydraulically connected to the overlying Lower Hawthom Aquifer. The Lower
Hawthom Aquifer occurs within the Arcadia Formation of the Hawthom Group. The aquifer con-
tains several production zones in different parts of Lee County and the exact cormelations are not
currently defined. The upper boundary of the Floridan Aquifer System in Lee County occurs with-
in mixed carbonate muds and terrigenous clays in the upper part of the Arcadia Formation of the
Hawthom Group.

There are two aquifers (and several other isclated zones that could be termed aquifers) lying
within the Intermediate Aquifer System in Lee County. The two named aquifers are the Mid-
Hawthom Aquifer (formerly termed the Upper Hawthom Aquifer) and the Sandstone Aquifer.
The Mid-Hawthorn Aquifer occurs within permeable, sandy limestones occurring at the top of the
Arcadia Formation of the Hawthom Group. A series of carbonate and terrigenous clay confining
beds separate the Mid-Hawthom Aquifer from the overlying Sandstone Aquifer. The Sandstone
Aquifer occurs as one or two zones of moderate to high permeability within tha Peace River
Formation of the Hawthomn Group. It is separated from the Surficial Aquifer System by clays and
lime muds within the upper Peace River Formation of the Hawthom Group in north and cantral
Lee County and by muds within the Tamiami Formation in south Lee County.

There are two named aquifers within the Surficial Aquifer System in Lee County. In the
southemn part of the county, the Lower Tamiami Aquifer occurs within the Ochopee Member
{using the terminology of Missimer, 1992) of the Tamiami Formation. It is confined from the over-
lying water-table aguifer by carbonate and terrigenous clays within the Bonita Springs Marl
Member of the Tamiami Formation (Missimer, 1992). The water-table aquifer underies nearly all
of Lee County. Itis unconfined or semi-unconfined using the Dutch terminology (Kruseman and
DeRidder, 1970). The aqguifer occurs in the unconfined parts of the Tamiami Formation and in the
undifferentiated Plio-Pleistocene sediments.

THE FLORIDAN AQUIFER SYSTEM

Introduction

-All of Florida and parts of Alabama, Georgia, and South Carolina are underlain by a region-
al aquifer system consisting of predominately carbonate sediments (Stringfield, 1966). In
Florida, this aquifer was given the formal name “Floridan Aquifer” by Parker et al, (1955) and the
name was later revised to the “Floridan Aqguifer System™ by Vecchioli et al. (1986) and Miller
(1986).

Little work was performed on the Floridan Aquifer System in Lee County before 1974,
because the data base was not good and the aquifer was not considered to be a viable source
of water supply based on the treatment technology available at that time. The first published
investigation on the Floridan Aquifer System in Lee County was Boggess (1974). Much of the
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compiled data on the Floridan Aguifer System of Lee County used in this paper comes from
Camp Dresser & McKee Inc./\MiroGroup, Inc. (1993). This data base was developed for the Lee
County Regional Water Supply Authority as part of an area-wide groundwater management plan.

General Aquifer Framework

Lower Confining Beds

The base of the Floridan Aguifer System in Lee County is the top of the Paleoccene-aged
Cedar Keys Fgrmation. This stratigraphic unit is primarily an anhydrite that is essentially imper-
vious. It occurs at depths ranging from about 2,800 to 3,200 ft (853 to 975 m) below surface
depending on the location.

High Permeability Zones within the Oldsmar Formation

The Oldsmar Formation is an early Eocene-aged unit that containg a series of bedded and
interbedded limestones and dolomites. Both the limestones and dolomites tend to be fractured
to some degree, but the fractures in the limestones are infilled with secondary cements and they
do not usually have high permeabilities. Where the dolomites are highly fractured, zones of
extremely high hydraulic conductivity occur, commonly called the “boulder zone™ (Maliva and
Walker, 1998: Maliva, et al., this volume). During well drilling the fractured zones tend to be
mined and large parts of rock must be dredged from the wells, thereby, the analogy to boulders
was coined. The porosity within the zones of high hydraulic conductivity is primarily fracture
porosity and not dissolution or karst porosity. Although the zones of high hydraulic conductivity
can occur at almaost any depth interval within the formation, there is a greater probability for the
zones to occur in the lower third of the formation. At the Sanibel Island injection well site, the
zone of high hydraulic conductivity was a single interval at the very base of the formation, but at
other locations, such as Fort Myers Beach, North Fort Myers, and Bumnt Store Road, at least two
zones of high hydraulic conductivity occur within a relatively low hydraulic conductivity interval in
the middie of the formation.

The “boulder zone” has estimated transmissivities ranging from 1 to 20 million gpd/ft (12,400
to 248,000 m2/day). The boulder zone contains seawater and is used only for the disposal of
treated, liquid wastes, such as treated domestic wastewater and the concentrate from desalina-
tion plants. The boulder zone is separated or confined from overlying high hydraulic conductivi-
ty zones within the Avon Park Formation by laterally continuous beds of fine-grained limestone
or dolomite having low hydraulic conductivities (Maliva and Walker, 2000).

AVON PARK AQUIFER

Definition

There are several zones within the Avon Park Formation that contain high hydraulic con-
ductivity. The porosity in these zones is primarily secondary dissolution porosity and not fracture
porosity. Mot much testing has been performed on this aquifer in Lee County, because it con-
tains water with salinities ranging up to normal seawater with corresponding dissolved chionde
concentrations of up to 19,000 mg/. The most extensive testing of the Avon Park Aquifer
occurred in the City of Cape Coral (Missimer & Associates, Inc., 1991), at a test site on Sanibel
Island, a test well on North Pine Island, a test well near the Southwest Regional Airport off
Daniels Parkway, and the injection well sites (Missimer & Associates, Inc., 1981¢; 1982; 1986).

a5
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Hydraulic Properties

There is a large variation in the hydraulic conductivity of the various water-producing zones
within the Avon Park Limestone that comprise the Avon Park Aquifer. Within deep injection wells
and in areas to the northwest of Lake Okeechobee and in west-central Florida, the Avon Park
Aquifer has transmissivities ranging from 500,000 to 4,000,000 gpd/ft (6,200 to 50,000 m/2day).
However, no long-term aquifer performance test has been conducted on this aquifer in Lee
County.

Water Quality

Water quality data has been obtained from a number of localities within the Avon Park
Aquifer in Lee County. The most complete data sets are from the deep injection well sites at
Bumt Store Road (near the Lee-Charlotte county line) (ViroGroup, Inc., 1995), the North Fort
Myers Utilites site (Fost, Buckley, Schuh & Jernigan, Inc., 1988), Fort Myers Beach Wastewater
Plant (CH2M-Hill, Inc., 1999), and the Island Water Association site (Missimer International, Inc.,
2000). Water quality at the very top of the aquifer improves with distance to the east away from
the present shoreline. At Sanibel Island, the dissolved chioride concentration at the top of the
aquifer is about 16,000 mg/l. This concentration reduces to 10,000 mg/ at Cape Coral (well LM-
3509 (Missimer and Associates, Inc., 1991) and 1o about 4,000 mgf near the Southwest
Regional Airport (Missimer & Associates, Inc., 1981b). The water quality becomes more saline
with depth at each of the injection well sites. Chloride concentrations of nearly 19,000 mg/l occur
at each site at the base of the aquifer.

OCALA FORMATION AQUIFER

Definition

A series of grainstones and packstones within the Ocala Formation yield some water at var-
lous locations underlying Lee County. This formation contains sediments with hydraulic con-
ductivities less than the bounding aquifers and there appears to be no laterally continuous
aquifer within the formation. However, wells were drilled into this unit in the past and some irri-
gation water was developed for use. The top of the formation was mapped by Mobil Ol
Corporation as part of a shallow structure-mapping project conducted between 1966 to 1968.
Some water quality and minor hydraulic data were obtained from the formation during that time.
The most extensive testing of the unit was conducted at the City of Cape Coral (Missimer &
Associates, Inc., 1991) and additional hydrogeologic investigations were conducted at several
other sites in Lee County (Missimer & Associates, Inc., 1981a; 1981b; 1982). Water quality data
were obtained from this unit at each of the deep injection well sites previously referenced. The
top of the aquifer occurs at depths ranging from 1,000 to 1,350 ft (305 to 412 m) below sea level
depending on specific location.

Hydraulic Properties

The hydraulic properties of the Ocala “Aquifer” have been estimated from the hydrologic
investigations conducted on the unit in Lee County. Missimer & Associates, Inc. (1891) calcu-
lated transmissivities ranging from 2,000 to 30,000 gpd/ft (25 to 370 m2/day) with an average
value of 10,000 gpd/t (125 m2/day) where the aquifer was productive. For modeling purposes,
they used a transmissivity of 10,000 gpd/ft (125 m2/day), a storativity of 1 x 10-5, and a leakance
of 5 x 10-4 gpd/ft3 (3.74 x 10-3 1/days). In the Lee County Regional Water Supply Model, an
average hydraulic conductivity of 50 gpd/ft2 (2 m/day) was used for this aquifer (Camp Dresser
& McKee Inc./ViroGroup, Inc., 1883). In this model, the leakance from the Avon Park Aguifer
underlying it was estimated to be 0.001 gpd/fi3 (0.00748 1/days).
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Water Quality

Water quality within the Ocala Aguifer varies greatly in Lee County. There is a distinct trend
in water quality within the aquifer from chloride concentrations at or slightly above 19,000 mg/l
(approximate seawater) near the coast to 1000 mg/ within the interior of the County (Figure 3).
Some early farmers reported that deep wells within the Ocala Aguifer yielded nearly potable
quality water in the late 1940's or early 1950's. Some U.S. Geological Survey data suggest that
the quality of water in the aguifer could have been nearly potable at a few locations in the County,

but the use of the water removed the low salinity water over time (replaced by vertical water

leaked from below).

SUWANNEE AQUIFER SYSTEM

Definition

The Suwannee Aquifer System consists of a lower and an upper unit. The lower unit lies
solely within the Suwannee Limestone and is confined from the upper unit by low permeability
beds of clayey limestone or a “stiff” terrigeneous clay (i.e. Sanibel Island). The upper unit of the
Suwannee Aquifer System lies primarily within the Suwannee Limestone, but it is hydraulically
connected to the Arcadia Formation at certain localities, such as Sanibel Island (Missimer and
Associates, Inc., 1979a; 1979b; 1980a; 1581d).

Hydraulic Properties

Some investigation has been performed on the hydraulic properties of the Suwannee
Aquifer System, particularly in western Lee County, where it has a direct influence on water qual-
ity in the overlying part of the aquifer system. The lower part of the Suwannee Aquifer System
has an estimated hydraulic conductivity of about 175 gpd/it2 (7 m/day) and a thickness of 80 to
about 205 ft (24.4 to 62.5 m) (Figure 4), which yields transmissivity values ranging from about
14,000 to 36,000 gpdft (174 to 447 m2/day). The transmissivity of the upper part of the
Suwannee Aquifer System has a transmissivity range from 30,000 to 70,000 gpift (372 to B68
m2/day) (Figure 5). Most of the transmissivity data are based on aquifer thickness data com-
bined with measured hydraulic conductivities. This range of values is consistent with the meas-
ured specific capacities of wells tapping this zone and from a few aguifer stem tests conducted
during testing for deep injection wells or aquifer storage and recovery projects. A very low trans-
missivity value for this part of the aquifer system, at about 5,000 gpd/ft (2.5 m2/day), was found
at the Lee County North Water Treatment Plant site in northwest Lee County (Fitzpatrick, 1986).
Because of the geologic changes from western to eastern Lee County, there is considerable
uncerainty in the estimated transmissivity values shown in Figure 5 for all of eastern Lee County.

Based on limited aquifer performance test data and some reasonable estimates, the stora-
tivity of the lower aquifer is near 0.0001 and the upper aquifer has a range from 0.00007 to
0.0005. The estimated leakance between the underlying Ocala Aquifer and the lower Suwannee
Aquifer is about 0.0005 gpd/ft3 (0.00374 1/days) and the leakance between the two Suwannee
aquifers is estimated to be about 0.001 gpd/ft3 (0.00748 1/days) (Camp Dresser & McKee
Inc.VireGroup, Inc., 1993).

Water Quality

Water quality in the lower Suwannee Aquifer ranges from near seawater adjacent to the
coast to slightly brackish in the up-gradient or northeast direction. Normal seawater in this region
of the Gulf of Mexico has a dissolved chloride concentration of about 19,000 mg/. Within the
lower part of the aquifer system, measured chloride concentrations range from slightly under
1,000 to 13,000 mg/ (Figure 6). The water quality in the upper Suwannee aquifer is generally
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less saline compared to the lower part of the aquifer, particularly in the westem part of the
County. Dissolved chloride concentrations range from about 800 to 5,000 mgi (Figure 7).

There are two notable exceptions to the regional pattern shown in Figures 6 and 7, which
are the seawater found in the aquifer at locations in central Sanibel Island at the Three-Star Store
site (Missimer and Associates, Inc., 1975b) and at McGregor Isles near Fort Myers (Sproul et al.,
1972). At both of these sites, it is believed that high salinity water with a high temperature has
migrated upward via subsurface faults along localized pressure gradients caused by local pump-
ing (Sproul et al., 1972). There are some additional occurrences of high salinity water in the
aquifer that are related to oil exploration wells that caused inter-aquifer saline water contamina-
tion (Boggess, 1968; 1974a).

LOWER HAWTHORN AQUIFER

Definition

The Lower Hawthorn Aquifer is the uppermost hydraulic unit within the Floridan Aquifer
System in Southwest Florida (Veccheli et al., 1986). The upper boundary of the Lower Hawthom
Aquifer is marked by a sharp decrease in the marl and clay content in the lower Arcadia
Formation. The aquifer consists predominantly of interbedded yellowish-gray, fossiliferous lime-
stones and pale olive dolomites. The limestones are mostly wackestones with secondary poros-
ity and a minor amount of fine to medium carbonate and quartz sand. The Lower Hawthom
Aquifer limestones are generally moderately hard and have a moderate to high porosity. The
Lower Hawthorn Aquifer dolomites have a sucrosic to microsucrosic texture, are very hard, and
have variable porosities. The productivity of the aquifer is commonly related to diagenesis and
small scale variations are common. The presence of dolomites usually can be correlated with
areas of high transmissivity and productivity. This defined aquifer is geologically complex and is
not a single production zone at any given location (Figure 8). It is similar to the Suwannee
Aquifer System in some locations, such as Cape Coral, where there is a distinctive upper and
lower zone. The potentiometric pressure within the different zones is similar, but water quality
doaes vary. Additional studies should be conducted on the production zones to assess connec-
tivity and lateral continuity. One consistent geological pattern within this aquifer system is that
the internal confinement tends to pinch out from north to south. This pattem is consistent with
the episodes of siliciclastic sediment influence onto the South Florida Platform as related to sea
level changes (Missimer, 1997). Because of the structure of the Florida Platform, the aguifer
tends to pinch out from west to east and it is not present some 30 miles to the east of Lee

County.

Hydraulic Properties

The geological complexity of the Lower Hawthomn Aquifer creates a high degree of variabil-
ity in transmissivity. Transmissivity measurements and estimates range from 5,600 to nearly
80,000 gpd/ft (69 to 992 m2/day) in Lee County (Figure 9). The highest values cccur in the west-
em part of the County, cormesponding to the very central part of the Florida Platform and the
thickest part of the aquifer. These transmissivity values are commonly composite measurements
of two or more production zones. In Cape Coral, the lower production zone has a considerably
higher hydraulic conductivity compared to the upper zone (Missimer and Associates, Inc., 1991).

Storativity values determined from aquifer performance test data show values ranging from
0.0001 to 0.001. Effective porosity values for the formation have been commonly estimated to
be about 0.2 (Camp Dresser & McKee Inc./ViroGroup, Inc., 1993), but new data suggest that the
values are probably in the 0.3 to 0.35 range (Yamamoto et al., 1999).
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The leakance values cbtained from agquifer test data commonly range from 0.0003 to 0.001
gpd/ft3 (0.0022 to 0.00748 1/days). However, the confinement at the top of the system is much
greater than the confinement from the underlying Suwannee Aquifer System. The lower
leakance value is on the order of 0.002 gpd/ft3 (0.0145 1/days) and the upper leakance is less
than 0.001 gpd/ft3 (0.00748 1/days). There is also an internal leakance value within the aquifer
that occurs when tests are conducted on one of the production zones in an isolated state. This
internal leakance value ranges from 0.001 to 0.02 gpd/ft3 (0.00748 to 0.15 1/days).

Potentiometric Surface

The flow of water through the Lower Hawthomn Aquifer moves from northeast to southwast
in Lee County based on the potentiometric surface data. The potentiometric sudface shows
some variations from the map first compiled by Boggess (1974) as shown in Figure 10 compared
to the most recent compilation in 1990 (Camp Dresser & McKee Inc./ViroGroup, Inc., 1993).
Pumping centers located in Cape Coral and Sanibel Island have modified the flow pattern, but
not to a significant degree. The maximum measured potentiometric surface in Lee County is
about 50 feet (15.2 m) NGVD. Recharge to the Lower Hawthom Agquifer occurs to the northeast
in central Florida, where there is both a direct connection to atmospheric pressure (direct
recharge) and in areas where the water leaks vertically into the aquifer through partial confine-
ment.

Water Quality

The quality of water in the Lower Hawthorn Aquifer is slightly saline with nomal dissolved
chionde concentrations ranging from near 500 mg/ or slightly less to about 2,500 mg/l in the
extreme western and southem parts of the County (Figure 11). There are two high chloride
anomalies located at McGregor Isles in central Lee County and at the Three Star Store on
Sanibel Island (see Sproul et al., 1972 and Missimer and Associates, 1978b). These high chlo-
ride concentrations were caused by the presence of subsurface faults combined with pumping
(see discussion under upper Suwannee Aquifer water quality). Therefore, the anomaly in values
shown in Figure 11 is small and related only to concentrations in a very localized area. There
are a number of other isclated, small areas of high dissolved chioride concentration in the
aquifer. These point sources are the result of old oil test wells, improperly plugged and aban-
doned, that have allowed high salinity water to migrate upward into the aquifer. Only a few of
these old well sites have been recorded. The water in the Lower Hawthom Aquifer is a very good
source for reverse osmosis treatment to produce drinking water.

UPPER CONFINING BEDS

A thick sequence of low hydraulic conductivity beds separates the Floridan Aquifer System
from the Intermediate Aquifer System. There is a distinct change in potentiometric pressure and
water quality from the top aquifer in the Floridan Aguifer Systern to the lowest unit in the
Intermediate Aquifer System. In most cases, the confining bed thickness is over 200 feet and
there is essentially no water movement between the two aquifer systems. However, there are
some minor stratigraphic units within the confining beds that locally may yield some low salinity
water. These units are not delineated, because they are quite local and do not occur in a region-
al setting.

THE INTERMEDIATE AQUIFER SYSTEM

The Intermediate Aquifer System was originally defined by Veccholi et al. (1986) to define a
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Figure 10. A comparison of the potentiometric surface of the
Lower Hawthom Agquifer from 1944-50 data (Boggess, 1974; 1990;
Camp Dresser &Mckee Inc/ViroGroup, Inc., 1993).
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system of significant aquifers that occur within the confining beds between the Floridan and
Surficial Aquifer systems. The Intermediate Aquifer System is best defined in southwestem
Flarida, whare there are several complex regional aquifers that yield significant quantities of
water for a variety of uses. Within Lee County, the aquifers contained within the Intermediate
Aquifer System are geologically complex and are generally misunderstood. There are dis-
agreements between various authors with regard to both geologic correlation of units and the
hydraulic continuity of water-bearing zones. A northwest to southeast generalized cross-section
of this aquifer system is given in Figure 12 to show our interpretation with regard to the hydraulic
continuity and stratigraphic comelation of these units. The significant new features of this sec-
tion are: 1) there are two different and distinct water-bearing zones within the Mid-Hawthom
Aquifer with unique potentiometric surfaces and water qualities, 2) the upper part of the Mid-
Hawthom Aquifer does not occur in south Lee County, 3) the confining beds between the
Surficial Aquifer Systemn and the Intermediate Aquifer System (the Cape Coral Clay Member of
the Peace River Formation) pinch out from north to south near Estero in south Lee County, and
4) the Sandstone Aquifer becomes insignificant as an aquifer from north to south, where its rem-
nants become hydraulically connected to the Lower Tamiami Aquifer of the Surficial Aquiter

System.
MID-HAWTHORN AQUIFER

Definition j

The Mid-Hawthorn Aquifer occurs within the upper part of the Arcadia Formation of the
Hawthom Group (Figure 2). Recent studies of the Mid-Hawthom Aquifer show that it is much
more complex than previously believed (Wedderbum et al,,1982). |t contains two production
zones that are hydraulically separated. The predominant lithologies within the aquifer are very
light gray to pale olive limestones interbedded with thin layers of dolomite and quartz sand. All
lithologies in the aquifer contain quartz sand, particulary in the upper part of the section. The
limestones are mostly fine-grained sandy, wackestones cemented to variable degrees. The
sandy limestones are moderately hard and have moderate to high porosity (both intergranular
and moldic porosity). Sand-sized phosphate grains are present throughout the aquifer.

The lower part of the Mid-Hawthorn Aquifer occurs predominantly in the southem part of the
County. The unit is a limestone with a relatively homogeneous internal lithology. Although the
unit is believed to be within the Intermediate Aquifer System, the confinement between this unit
and the underlying Lower Hawthom Aquifer tends to pinch out somewhere to the south of Lee
County in Collier County. This connection to the south causes the waler quality to be saline with-
in the aquifer and the flow gradient is reversed in the southemn part of Lee County (potentiomet-
ric pressure increases from south to north). An attempt made to map this unit by Camp Dresser
& McKee Inc/ViroGroup, Inc. (1993), modified version shown in Figure 13, is not considered to
be accurate. The hydraulic correlations of this unit to permeable sediments within the upper con-
fining beds of the Floridan Aquifer System in eastern and northeastem Lee County are not
believed to be accurate (no hydraulic connection).

The Mid-Hawthom Aquifer (upper) that contains freshwater lies at the very top of the Arcadia
Formation in the northwestern part of the County. This unit was originally named the AUpper
Hawthom Agquifer@ by Sproul et al. (1972). A map showing the thickness of the aquifer is shown
in Figure 14. In some parts of westem Lee County the aquifer is over a hundred feet thick, but
it is a very inhomogeneous unit that contains interbedded limestone, sandstones, and lime muds.
The top of the upper Mid-Hawthom Aquifer is shown in several hydrogeologic sections given in
subsequent figures (sections A-A', B-B'", C-C', and D-IV).

In general, the aquifer is most productive in the western part of Lee County, where it is used
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Figure 12. Generalized correlation of the aquifers within the
Intermediate and Shallow Aquifer systems.

110




-{E661 “au] “dnoInoIASIu| 8aXaW 1§ Jessei] dweD wouy pajjpow) (pajewpsa)
sajnby WOYMEH-PIN 24} JO SUOZ Jamo| 8y Jo dew Jnojuos SERUNI|Y) pezijeiausn £ aunbly

111

FLORIDA GEOLOGICAL SURVEY




{e661 “au) ‘dnosnosp/ou) eayay ¢ 1essasg dwes) Wody pagpow)
sajnby woymen-piy a1 jo svoz saddn ey jo dew snojuos ssen o y) "l eunbl4

ENNEE ™ T3

112

i

SPECIAL PUBLICATION NO. 49
£
LS

r L]




FLORIDA GEOLOGICAL SURVEY

extensively for domestic and irrigation from small diameter wells. In westemn Lee County, the unit
does not exist.

Hydraulic Properties

A number of aquifer performance tests have been conducted on both the lower and upper
Mid-Hawthom aquifers in Lee County (Layne-Westemn, 1970; Missimer and Associates, Inc.,
1978¢: Missimer and Associates, Inc., 1980b; Missimer and Associates, 1981e). The aquifer
test data for the lower zone of the Mid-Hawthom Aquifer produced intemally consistent results
with three aquifer coefficients being obtained. The highest transmissivity was obtained in Bonita
Springs at about 70,000 gpd/ft (868 m2/day) with a coresponding storativity of 0.00005, and a
leakance of 0.00001gpd/ft3 (0.00000748 1/days) (Missimer and Associates, Inc., 1981e).
Subsequent hydrogeologic investigations of the aquifer in the immediate area yielded lower
transmissivity values in the range from 3,000 to 25,000 gpd/t (37 to 310 m2/day).

Investigations of the hydraulic properties of the upper Mid-Hawthom Aguiter were primarily
restricted to northwestern Lee County. Investigations conducted by Layne-Westem, Inc. (1870)
in the late 1860's found that the aquifer had a transmissivity of 5,000 to 15,000 gpd/ft (62 to 186
m2/day) in the Cape Coral area. These tests yielded a storativity of about 0.0001, but a leakance
value could not be obtained. Other aguifer tests conducted both to the north and east of Cape
Coral yielded transmissivities ranging from 2,400 to 8,000 gpd/it (30 to 99 m2/day). The kriged
tranmissivity for the upper zone of the Mid-Hawthom Aquifer developed by Camp Dresser &
McKee/ViroGroup, Inc. (1993) is shown in Figure 15. Storativity values for the aguifer have a
range of about 0.00005 to 0.0003. Despite the performance of numerous long-term aquifer per-
formance tests, no leakance value has been obtained, because of the deviation of the drawdown
curve above the Theis curve.

Water Quality

The quality of water within the lower zone of the Mid-Hawthom Aquifer varies from nearly
fresh in the northem extreme occurrence of the aquifer to about 2,500 mg/l of dissolved chloride
in the Bonita Springs area of south Lee County. A compilation of water quality characteristics of
this aquifer has not been made.

Historically, water quality within the upper zone of the Mid-Hawthorn Aquifer was fresh in
most areas of the County with the possible exception of the westem extreme area on the outer
islands. Background dissolved chioride concentrations ranged from 80 to 200 mg/l depending on
location. During the past 30 years, heavy pumping of the aquifer combined with poor well con-
struction techniques have caused large areas of the aquifer to bacome contaminated with saline
water (Boggess, 1968; Sproul et al., 1972; Boggess et al., 1977, McCoy, this volume).

Potentiometric Surface

The potentiometric surface of the lower zone of the Mid-Hawthom Aquifer ranges from 26 to
21 feet (7.9 to 6.4 m) NGVD where it has been measured in south Lee County. These values
are well above land surface and 5 to 10 feet (1.5 to 3 m) above the potentiometric pressure in
the overlying upper zone of the Mid-Hawthom Aquifer at locations where both zones occur strafi-
graphically in the subsurface (south of Fort Myers in the Gladiolus Road area). In Bonita
Springs, the potentiometric pressure within the lower zone decreases from south to north. This
opposite pressure gradient to the normal north to south gradient is likely caused by the pinching
out of confining beds between sediments within the upper Floridan Aquifer and the lower Mid-
Hawthom Aquifer to the south of Lee County. The reverse gradient is therefore caused by pres-
sure coming from the inter-aquifer connection 1o the south.

The potentiometric surface of the upper part of the Mid-Hawthom Aquifer has been greatly
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affected by pumpage. Historically, the potentiometric pressure within this zone was at 10 o 12
feet (3 to 3.7 m) NGVD in the north part of the County and the aquifer typically flowed at land
surface. In the late 1970's and eardy 1980's, the potentiometric pressure within the aquiter
declined to nearly 100 feet (30 m) below land surface in a large area of westem Lee County
(Wedderbum et al., 1982). Failure of wellfields and individual wells along with the development
of altemative water supplies have caused the aquifer potentiometric surface to recover 10 some
degree.

SANDSTONE AQUIFER

Definition

The Sandstone Aquifer was first defined and named by Sproul et al. (1972) and substantial
work was performed on the aquifer by Durward Boggess (Boggess et al., 1981; Boggess and
Watkins, 1986) and later by Wedderbum et al. (1982). Although the Sandstone Aquifer is offi-
cially listed as part of the Intermediate Aquifer System, it has virtually no hydraulic connection to
the underlying Mid-Hawthomn Aguifer and most of the recharge to the aquifer comes from the
overlying water-table aquifer. The aquifer is directly recharged via a hydraulic connection to
atmospheric pressure in southwestemn Hendry County. The aquifer consists of moderate o low
hydraulic conductivity quartz sands, sandstones, and sandy limestones.

The Sandstone Aquifer is a semi-confined aquifer that regionally underlies some of
Charlotte County, Glades County, western Hendry County, all of Lee County, but the southwest-
em part, and much of central Collier County. The aquifer is most productive in eastern Lee
County and western Hendry County. The aquifer thins to the west and the sediment comprising
the aquifer have a generally lower hydraulic conductivity. The aquifer lies solely within the Peace
River Formation of the Hawthom Group. The aquifer is confined from the underying Mid-
Hawthom Aquifer by a seres of low permeability clay and lime mud units and is confined from
the overdying water-table aquifer by muds within the deltaic part of the upper Peace River
Formation. The upper confining unit pinches out from north to south (Figure 12; Missimer, 1999).
The geoclogy of the aquifer is shown in a series of east-west Ccross sections (reference map
Figure 16; sections in Figures 17 to 21). In Lee County, the aquifer is commonly separated into
two water-bearing zones; a lower limestone unit and an upper sand or sandstone unit. In north-
central Lee County, the lower and upper zones are hydraulically connected, but separate from
west to east (Figures 17 to 19). There is a subsurface structure in south-central Lee County in
which some limestone units occur as separate zones at greater depth within the Peace River
Formation. These units form other water-bearing zones within the aquifer and they are isolated
within the structure (Figures 20 and 21). Correlation of the aguifer from north to south is given
in Figure 12. The aquifer pinches out in general from east to west and occurs only on the east-
em limb of the Florda Platiorm as shown in Missimer (1997).

The Sandstone Aquifer is primarily recharged via vertical flow from the overlying water-table
aguifer in Lee County. Some recharge also occurs from the undertying Mid-Hawthomn Aquifer,
where it has a naturally-occuring higher potentiometric pressure. The aquifer is directly
recharged at some locations in southwestern Hendry County, where there is a direct hydraulic
connection to the water-table aquifer.

Hydraulic Properties

Although there are two or more water-bearing zones that comprise the aquifer, aquifer
hydraulic data has been reported only from the aquifer as a whole. Because of the complexity
of the different water-bearing zones, future work needs to be accomplished to provide a more
comprehensive characterization of the aquifer hydraulics.
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Figure 20. Hydrogeologic section D-D showing the stratigraphic locations of the lower
Mid-Hawthorn Aquifer, the Sandstone Aquifer, water-table aquifer (modified from
Boggess et al., 1981).
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Figure 21. Hydrogeologic section E-E showing the stratigraphic locations of the lower
Mid-Hawthorn Aquifer, the Sandstone Aquifer, the water-table aquifer (modified from
Boggess et al., 1981).
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A large number of aquifer performance tests have been conducted on the upper part of the
aquifer in Lee County. The transmissivity derived from these tests ranges from 500 to 373,000
gpd/ft (6.2 to 4625 m2/day). The aquifer has a relatively high transmissivity in western Lee
County (Figure 22). The aguifer is either not present or has a very low transmissivity in western
Lee County. Sediments that comprise the aquifer are hydraulically connected to the overlying
Lower Tamiami Aquifer in the Bonita Springs area of southwestern Lee County, because of the
pinchout of the upper confining beds. The anomalously high transmissivity found at one site in
central Lee County (Gateway) is not representative of the aguifer and is caused by the presence
of some dolomitized limestone and related secondary porosity within the aguifer (Missimer and
Associates, Inc., 1984), The highest transmissivities within the aquifer accur in the central area
of the County and are associated with the occurrence of thicker accumulations of sediments
within a structural trough and diagenesis. In southwestern Hendry County, adjacent to Lee
County, the two zones within the aguifer have a combined transmissivity of slightly owver
100,000 gpd/ft {1240 m2 /day) with about 50,000 gpd /ft (620 m2 /day) in each aquifer.

The measured storativity in the Sandstone Aquifer ranges from about 0.0003 to 0.001 with
an average of about 0.0005, The leakance of the aquifer has also been measured at a number of
locations. However, some relatively high leakance values have been measured at several sites
where the aquifer has multiple water-bearing zones. These values are representative of internal
leakance within the aquifer and do not reflect the true connection with the overlying water-table
aguifer. The range in leakance values obtained from aquifer performance tests is 0.00004 to
0.02 gpd/ft3 (0.003 to 0.15 1 /days). A realistic leakance value for the aquifer, particularly for
the upper confining beds is about 0.001 gpd/ft3 (0.007 1 /days). The upper confining bed thick-
ness is greater than 30 ft (9.1 m) in most of Lee County, except the southern area.

Water Quality

Water quality within the aquifer normally meets potable water standards. The dissolved
chloride concentration ranges from 40 to 200 mg/l. However, there are some areas where the
aquifer contains saline water. Beneath of the Caloosahatchee River and to a distance of about 2
miles (3.2 km) north and south of the river, the aquifer contains saline water with the dissolved
chloride concentration ranging from 250 o 700 mag/l. It is postulated that this saline water is
hydraulically trapped connate water remaining from the last high sea level stand {125,000 YEars
age). Saline water also occurs in the aquifer in the San Carlos Park area of central Lee County.
The aquifer has a very low transmissivity at this location and it pinches out to the west, There-
fore, the high salinity of the water in this area is also most likely caused by the occurrence of
unflushed connate water.

Since the aquifer is recharged locally by leakage from the overlying water-table aquifer, the
water chemistry is similar to that aquifer with slightly higher dissolved chloride concentrations,
higher hardness, but lower dissolved iron and organic carbon concentrations.

Potentiometric Surface

The natural potentiometric surface of the Sandstone Aquifer closely follows the water-table
positien in most of Lee County. Both the potentiometric surface of the Sandstone Aquifer and the
water-table position are controlled by land surface altitude and local surface drainage features.
The potentiometric surface of the aquifer lies below the potentiometric surface of the overlying
water-table aquifer in most of Lee County. Therefore, there is a downward gradient, which pro-
duces localized recharge. In many areas of Lee County, the potentiometric surface of the under-
lying Mid-Hawthorn Aquifer is also higher than the potentiometric surface of the Sandstone
Aquifer, therefore, causing an upward hydraulic gradient. It is not clearly understood how this
aquifer can be receiving recharge from two directions, and yet it appears to pinch out toward the
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wast with no clear discharge point.

In the natural condition, the highest area of the potentiometric surface lies at the highest alti-
tude in Lee County, which is in the area of Lehigh Acres in central eastern Lee County. Water
tends to flow to the southwest from the potentiometric high and toward the north to the
Caloosahatchee River (see Wedderburn et al., 1982). There is a sag in the potentiometric sur-
face of the aquifer in the Calossahatchee River valley. In this area, the potentiometric surface of
the Sandstone Aquifer lies above the water table and Sandstone Aquifer wells flow at land sur-
face.

The Sandstone Aquifer is heavily pumped in Lee County and this pumping has greatly
altered the natural flow pattern within the aquifer. A poteniometric surface map compiled in
March of 1990 shows a potentiometnc high in central Lee County with the eastern part of the
County containing numerous intersecting troughs and cones of depression caused by pumping
(Figure 23).

SURFICIAL AQUIFER SYSTEM

Intreduction

The Surficial Aquifer System is a regional hydrostratigraphic unit that underlies nearly all of
Florida including Lee County. This system in Lee County contains two aquifers, the first being
the semi-confined Lower Tamaimi Aquifer and the other being the unconfined water-table aquifer.
Both aquifers are ultimately dependent on local recharge via direct inflow of rainfall at the top and
by vertical leakage to the lower aquifer.

Lower Tamiami Aquifer

The Lower Tamiami Aguifer was named by Wedderbum et al. (1982) to replace the com-
monly used term “Tamiami Aquifer”, which was used in numerous consultants reports and infor-
mally in some U. S. Geological Survey reports. The name was changed to differentiate between
hydraulically-confined, water-bearing limestones in the Ochopee Member of the Tamiami
Formation and permeable sediments within the overlying Pinecrest Member of the Tamiami
Formation (part of the water-table aquifer).

Definition

The Lower Tamiami Aquifer occurs within parmeable limestones of the Tamiami Formation,
where the limestones are semi-confined from the overlying aguifer by low permeability carbon-
ate muds or clays. The aquifer underlies parts of Lee, Hendry, and Collier counties. Within Lee
County, the aquifer occurs only in the southermnmeost part of the County south of Corkscrew Road
and in the Bonita Springs area. Cross seclions of the shallow aquifers show its occurrence
(Figure 21). The Lower Tamiami Aquifer is a very productive and important aquifer in southem
Lee County. The aquifer correlates to the north with the water-table aquifer where the confining
beds produced by the Bonita Springs Marl member of the Tamiami Formation pinch out.

The lithology of the Lower Tamiami Aquifer is a predominantly, highly permeable, sandy
limestone. The porosity of the aquifer is mostly moldic with some intergranular porosity in the
grainstones.

Hydraulic Properties

The Lower Tamiami Aquifer is highly productive with the transmissivity ranging from 50,000
to 1,360,000 gpd/ft (620 to 16864 m2/day) (Figure 24). There is a general increase in the frans-
missivity from west to east in the aguifer. The highest transmissivity values are related to the
occurrence of specific sediment facies, such as coarse grainstones, and secondary alteration of
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the limestones, which has caused the formation of interconnected small cavities,

Based on a number of aquifer performance tests, the storativity of the aquifer ranges from
0.0005 to 0.05. The high storativity values are found near the area where the aquifer becomes
uncenfined (north boundary). An average storativity for the aquifer is about 0.002.

The leakance of the Lower Tamiami Aquifer is directed downward, because the underlying
clays are thicker and have very low permeabilities. Leakance values obtained from aquifer per-
formances tests range from 0.002 to 0.25 gpd/ft3 (0.015 to 1.87 1/days). The highest values
were obtained where the overdying confining muds are very thin. An average value for the
aquifer is about 0.004 gpd/ft3 (0.03 1/days).

Water Quality

Water quality within the aquifer is strictly dependant on the distance from tidal water and on
the cccurrence of some saline water within proximity to existing surface drainage features, such
as the Imperial River and the Cocohatchee River (Collier County). In areas unaffected by the
occurrence of saline water, the aquifer contains dissolved chloride concentrations ranging from
about 40 12 100 mg/l. The aquifer contains relatively high concentrations of organic carbon and
dissolved iron.

Saline water occurs within the aquifer from the coast inland up to several miles in some loca-
tions. The area beneath the Imperial River and the Cocohatchee Canal (Collier County) also
contains saline water. The saline water occurrence in the aquifer adjacent to tidal water is nat-
ural, but heavy pumping of the aquifer has caused some eastward migration of saline water into
formerly freshwater areas. The occurrence of saline water in the vicinity of the tidal reaches of
the rivers is probably natural and is hydraulically trapped connate water.

Potentiometric Surface

The potentiometric surface of the Lower Tamiami Aquifer generally follows the overlying
water table. It occurs at a lower altitude and thus there is a downward hydraulic gradient, caus-
ing the aquifer to be recharged from the overlying water-table aquifer through the confining
muds. The potentiometric surface of the aquifer fluctuates seasonally similar to the water table,
but there is a lag time between the rise of the water table after a rainfall event and the corre-
sponding rise in the potentiometric surface of the aquifer. A potentiometric surface map of the
aquifer constructed for March, 1990 shows a horizontal flow gradient from east to west (Figure
25). The western part of the potentiometric surface lies below sea level and therefore, the poten-
tial for saline-water intrusion is a real issue.

WATER-TABLE AQUIFER

Definition

The water-table aquifer is the unconfined aquifer throughout Lee County. There are, how-
ever, some areas of the County where there is some minor confining scils or sandy clays that
cause the aquifer to behave like it is partially confined by temporarily impeding the vertical flow
of water. The aquifer is a very important source of both potable and irrigation water.

The water-table aquifer occurs from the top of the water table (or zone of saturation) to the first
significant regional confining bed. The thickness of the aquifer varies seasonally with the posi-
tion of the water table. The water table-aquifer is thickest in the southeastern part of the County
(Figure 26). There are some parts of western Lee County, where the aquifer is quite thick, but
the aquifer is filled with saline water at those locations.

FPermeable sediments within the uppermost part of the Tamiami Formation, the undifferenti-
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ated Caloosahatchee and Fort Thompson formations, form the aquifer. Where the aquifer is
most

productive, it occurs in sandy, fossiliferous limestones in the upper Tamiami Formation. The
limestone unit is characterized by secondary dissolution of aragonitic shell that creates moldic
porosity. The aquifer is also characterized by abrupt changes in thickness and facies-controlled
changes in hydraulic conductivity. The aquifer is less productive where it occurs in the Fort
Thompson Formation shelly limestone and quartz sands.

Hydraulic Properties

The hydraulic properties of the water-table aquifer are more controlled by sediment facies
than by aquifer thickness. The most productive area of the aquifer lies in southeastem Lee
County. There are however, localized areas of high productivity where the aquifer is less than
20-ft (6 m) in thickness. In areas where the aquifer consists primarily of quartz sand, shell and
thin limestone layers, the transmissivity may be as low as 5,000 gpd/ft (62 m2/day). In areas cf
the County where the limestones are thick, transmissivity values of over 100,000 gpd/ft (1240
m2/day) are commaon.

The aquifer hydraulic conductivity has been measured at numerous locations throughout the
County (Figure 27). The measured hydraulic conductivity values are very high throughout the
County, but these values do not necessarily represent aquiter productivity. For example, in many
areas of the County, the highest hydraulic conductivity values occur very near to land surface,
where a surface rock feature commonly contains large cavities within 3 1o 5 ft (0.9 t01.5 m) of
surface. An aquifer performance test or slug test conducted in the wet season will show a very
high hydraulic conductivity and corresponding transmissivity (aquifer hydraulic conductivity times
aquifer thickness). However, the normal seasonal fluctuation of the water table is up to 5 ft (1.5
m) and if the zone of highest hydraulic conductivity is not saturated, then the overall aquifer may
have low productivity. The highest overall aquifer productivity in Lee County is in the ceniral and
southeastern areas, where there is a good combination of high average hydraulic conductivities
and a large aquifer thickness. Transmissivity values commeonly range from 50,000 to 300,000
gpd/ft (620 to 3720 m/day) in these areas.

Not many accurate values for specific yield have been measured in the water-table aquifer
in Lee County. Aquifer performance tests cannot be conducted for time periods sufficient 10 over-
come the effects of delayed yield on the drawdowns measured. Commonly, values of between
0.1 and 0.3 are used to estimate the specific yield of the aquifer. However, recent measurements
of aquifer properties using sophisticated new technigues, suggest that the specific yield numb-er
commonly used may be low. These data suggest that for sand aquifers values should be 0.25
and for carbonate aguifers with secondary porosity the values should be 0.3 to 0.4 (Yamamoto
et al., 1999).

Water Quality

The quality of water in the water-table aquifer in Lee County, where not affected by tidal
water is fresh with dissolved chioride concentrations ranging from 10 1o 70 mg/l. The water tends
to have high concentrations of organic carbon and dissolved iron. The hardness varies greatly
and depends on the lithology of the aquifer at a given location.

Potentiometric Surface

The potentiometric surface of the aguifer, commeonly termed the water lable, generally fol-
lows the topography of land surface. The water table position is affected by both naturally-occur-
ring and man-created surface drainage features. The highest positions of the water table occur
at the highest land surface altitudes in the County, which are located in the eastern part of the
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County (Figure 2B). Water flows generally from the topographic high 1o the southwest and to the
north and northwest. In the dry season (Figure 28) the water table position is significantly affect-
ed by both surface drainage features (subsurface flow) and by local pumping of water for irriga-
tion and public supply. The water table fluctuates under natural conditions from land surface to
5 ft (1.5 m) below land surface in a typical year (Missimer and Boggess, 1973), but the fluctua-
tions can be more extreme in locations affected by drainage and pumping (Missimer and
Boggess, 1973).

DISCUSSION

The aguifer systems underying Lee County, Florida are quite complex compared to other
geographic locations in Florida. A large guantity of information has been gathered on the geol-
ogy, hydraulic properties, water quality, and potentiometric surface of each aquifer over the last
34 years since Durward H. Boggess came to Lee County. This summary of knowledge on the
aquiter systems of Lee County is not absolutely comprehensive and more detailed information
can be obtained from the publications and reports provided in the references. It is clear from this
text that although much information has been collected and analyzed over almost 4 decades,
there is much to be learned and there are large uncertainties to be resolved. Some of the cor-
relations and discussions concaming the definitions of the aquifers contained in this paper are
subject to debate, but these ideas are the current opinions of the authors based on the informa-
tion available at this time.
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WATER LEVEL ELEVATION MAPS OF THE PRIMARY AQUIFERS
IN THE LOWER WEST COAST OF FLORIDA

Terry Bengtsson, P.G., PH.G.
2301 McGregor Boulevard, SFWMD Fort Myers Service Center, Florida

Hope Radin
SFWMD, 3301 Gun Club Road, West Palm Beach, Florida

ABSTRACT

Water table and potentiometric surface maps were prepared for the primary aquifers of
southwest Florida including the water-table, Lower Tamiami, sandstone and Mid-Hawthom
aquifers. The maps cover the Lower West Coast Planning Area of the South Florida Water
Management District and were based on May 1999 data. The data were from multiple agencies
that collect water levels with field personnel and/or automated systems. Geostatistical methods
were used to evaluate spatial variation in the data and kriging is the interpolator used in esti-
mating the potentiometric surfaces. The water table surface was generated using the same
approach but has additional refinements to reflect physical features not present in the observed
water level data. Temporal variation recorded at continuous monitoring sites was not evaluated
and the consequence of having multiple sampling dates and times in the map data sets was not
established. At the time of sampling, much of the mapped area was under Phase | Water
Shortage Restrictions declared by the South Florida Water Management District (SFWMD). The
maps depict a regional view of water levels under dry hydrologic and recent water use conditions
and serves as useful reference in resource availability studies and water supply planning.

INTRODUCTION

The U. S. Geological Survey (USGS), South Florida Water Management District (SFWMD),
Lee and Collier County governments and others perform extensive monitoring of groundwater
levels in the southwest Florida area. Previous spatial and temporal analyses of data from these
sources have identified areas of significant change and time-related trends, but regional depic-
tions of wet and dry season potentiometric surfaces have not been developed for many years
(Knapp et al., 1986, Smith and Adams, 1988; Montgomery; 1988). Local variability of the area
hydrogeology, and short- and long-term temporal changes in water levels present difficulties in
producing good potentiometric surface maps. Resource planners and regulators who need a
regional perspective may not gain it from interpreting separate data sets from individual ground
water stations. Development of potentiometric surface maps provides fundamental information
for assessing water availability under water shortage and future demand conditions, and for
water use permitting. Potentiometric surface maps also provide useful reference surfaces for
comparison with simulation results from numerical flow models.

The westem portion of the SFWMD has three main surface-water basins that are grouped
into the Lower West Coast (LWC) Planning area, and includes all or parts of Charlotte, Glades,
Hendry, Lee, Collier and Monroe Counties in southwest Florida (Figure 1). Within the LWC area,
water supply for potable and irrigation demands is primarily met with surface and groundwater
sources that include the Caloosahatchee River and the water-table, Lower Tamiami, sandstone
and Mid-Hawthomn aquiters (Figure 2). Each aguifer has distinct characteristics that may be
highly variable, both vertically and laterally. Only the Water-Table aquifer is found throughout the
LWC area and is the only aquifer that is considered regionally unconfined. The LWC has
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Figure 1. Location map of the Lower West Coast Planning Area.
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expanding water use demands that are primarily from population growth along the coast and
agricultural developments inland. The past decade has experienced a significant rise in waler
use, and several droughts have compounded stress on these aquilers, such that penodic water
shortage conditions have occurred. These conditions have prompted the SFWMD to implement
water resfrictions on residential and commercial irrigation on several occasions. The LWC area
has typical Florida subtropical rainfall, which averages between 50 to 54 inches per year with the
summer months producing a greater percentage of the annual total than the winter and spring
months combined. Irrigation withdrawals occurring during the winter and spring months coincide
with peak withdrawals for public supply demands caused by seasonal residents and tourists,
Even though three of the four aquifers are semiconfined to tightly confined systems, each aquiler
may experience a considerable range in water levels between seasonal wet and dry conditions.

In an effort to depict current dry seasonal conditions, available water level data from May
1999 are used to evaluate spatial distribution of water levels and map the potentiometric sur-
faces of the primary aquifers.

METHODOLOGY

Water level data were obtained from available sources targeting the third week of May 1999,
Many of the wells are part of the monitoring network established by SFWMD and USGS
(Switanek, 1999) and are included because they have established station parameters. Unknown
casing and total well depths were two primary reasons for excluding wells from the study; a third
reason was the sampling date. Many of the monitoring wells used in this study were measured
in the field by the USGS and Lee County. The sampling dates of those wells precluded the use
data from monitoring wells associated with water use permits that are predominately measurad
at the end of the month. Wells with automated recorders were accessed remotely or through file
transfer and provided multiple dates for selecting consistent measureament dates with nearby
nonautomated monitoring wells.

The data, excluding surface water levels, were evaluated using basic statistical measures to
characterize distribution within each aquifer. The data was transformed to log base 10 and out-
liers beyond two standard deviations were excluded. The data and their associated State Plane
coordinate locations were inputted into a variogram computer program (Kim, et al., 1985) to eval-
uate the varance between all combinations of pairs of data points or data points within selected
distances and directions. A compilation of results listed the number of pairs within set distance
ranges and mean squared differences. These results were plotted to seek a mathematical rela-
tionship between the differences and distance. An iterative process of varying distance, angle
and dip (Kim et al., 1985} within the program was used 1o visually find the best fit of the data to
a theoretical variogram model, such as spherical, linear, exponential or gaussian. The process
was used to find appropriate parameters for interpolating the water level data using universal
kriging (Skrivan and Karlinger, 1980). The kriging algorithm within the software package, Surfer
(Golden Software, version 6.04, 1997), was used to contour each aquifer data set using the cor-
responding variogram parameters. Ancther iterative process was employed in the contouring
process of the water-table aquifer, where additional data points with assumed elevations of 0.0
feat, National Geodetic Vertical Datum (NGVD) were added in coastal locations. The contour
maps used a consistent scale to display a regional view of each aquifer and contour intervals are
chosen based on presentation rather than a restricting variance or confidence level. A five-foot
contour interval was used on the sandstone and Mid-Hawthomn agquifer because the range
between the maximum and minimum levels was so large that a smaller interval could not be ade-
quately shown on the chosen map scale. The two-foot contour interval was used in the water-
table and Lower Tamiami maps because the ranges were smaller.
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RESULTS

At least 30 wells with known station parameters and water levels were measured in each
aquifer during the third or fourth week in May. The water-table aquifer potentiometric surface
was constructed using 130 wells, 15 surface water stations, and 15 additional arbitrary points
with assumed water levels of 0.0 feet, NGVD. The additional data points are included in the data
set to improve contouring near the coast. Many of the water levels are recorded on May 18 or
19, 1999, however the entire sample period includes data recorded from May 17 through 31,
1894,

Since each aquifer has some negative readings (below sea level), every value is adjusted
by an equal amount to increase the minimum value to above zero. Each aquifer data set proved
to be lognormally distributed with the exclusion of one to three readings that were beyond two
standard deviations from the mean. Many hydrogeclogic parameters have data sets that are log-
nomally distributed to some base (Delhomme, 1880).

Multiple attempts were made 1o fit the variograms to a spherical model 10 find an appropn-
ate nugget value, range and sill, under the assumption that the data sets were stationary.
Isotropic and anisotropic attempts were tested based on topographic slope and previous poten-
tiometric maps. The data sets for the water-table and sandstone aquifers appeared to loosely fit
the expected spherical model, while the Lower Tamiami and Mid-Hawthorn data sets proved 1o
fit only a linear model. Fitting a variogram to the spherical model was somewhat subjective.
Knudsen and Kim (1978) showed that there are methods to evaluate fit and verify the appropn-
ate theoretical model, however, these methods were not employed in this study. Both water-
table and sandstone aquifer variograms could be made to fit a linear model with the proper
anisctropic orientation. The linear variograms had their ranges set by the maximum distance
between sampling points since sill values were not determined. In either the linear or spherical
variograms, nugget values were always present indicating an inherent sampling error or uncer-
tainty. The average variance from the variograms ranged from 1.14 1o 1.48 feet.

The potentiometric surface maps have contour intervals that fit the range in water levels and
map scale; they are set by practical reasons rather than statistical (Figures 3-6). A consistent
map scale of 1:1,130,000 is used in each map for a regional view of the LWC Planning Area.
The kriging interpolation used derived nugget values to allow some smoothing at data point loca-
tions and extrapolated to distances set by the variogram ranges. The northem extent of extrap-
olation for the water-table aguifer was truncated due to the lack of data and physiographic
changes in Charlotte and Glades Counties. The northen and eastern extents of the Lower
Tamiami potentiometric surface are also truncated due to the lack of data or pinching out of the
aquifer. The surfaces represent dry seasonal hydrologic conditions and corresponding high
ground water usage for irigation and public consumption.

DISCUSSION

Fitting the variograms to linear models indicates that the data are related to each other with-
in the distances of the collected data. The linear models do not establish the distance at which
data points become unrelated. This result may indicate that there is insufficient data defining the
aquifers, or that is there is a large-scale drift in the data. Delhomme (1979) describes the effects
of a dipping aquifer slope on hydraulic head and by using a method of least squares an estimate
of drift can be used to factor out its effects on the data set. Complex drift resulting from a "hilly
aquifer'’ may require polynomial filtering. Excluding the Water Table aquifer, each aguifer has a
general dip and thickening to the southwest that may influence the data as described by
Delhomme (1979). Each aquifer also has local variability in thickness and lithology that may
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Figure 3. May 1989 potentiometric surface of the water table aquifer.
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Figure 4. May 19%9 potentiometric surface of the lower Tamiami aquifer.
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Figure 5. May 1999 potentiometric surface of the sandstone aquifer.
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Figure & May 1999 potentiometric surface of the mid-Hawthorn aquifer.
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require further consideration.

Generally, the maps demonstrate significant differences between aquifers illustrating each
aguifer as having unigue characteristics. Water levels and flow paths in the Mid-Hawthomn
aquifer (Figure &) are dramatically different than levels and flow directions in the overlying sand-
stone aquifer (Figure 5), clearly distinguishing the hydraulic separation between the two aquifers.

A similar observation is made comparing water levels in the sandstone and overlying water-
table aquifer (Figure 3). In areas where the Lower Tamiami aquifer (Figure 4) overlies the sand-
stone aquifer, levels and flow directions are similar between the two aguifers suggesting a
hydraulic connection. The water-table aquifer overlies the Lower Tamiami aquifer in Collier
County and has similarities with the Lower Tamiaimi in flow direction and water levels in the west-
em portion of the County.

Water table contours (Figure 3) clearly reflect the influence of the Corkscrew Swamp (north-
central Collier County) as a discharge area and may also show influences from the Big Cypress
Canal System. The Caloosahatchee River (northem Lee County) is another dominant feature
influencing the water table surface and is an obvious discharge area. The Immokalee High in
southem Hendry and northeastern Collier Counties and the plateau area in southeastermn Lee
County are regional highs in the water table surface, and flow radiates out from these locations.
A potential discharge area appears in the Lower Tamiami potentioretric surface in the Bonita
Springs/northern Collier County area and is related to pumping stress rather than a natural fea-
ture. Potentiometric surfaces in the sandstone and Mid-Hawthom aquifer also have depressions
that are related to ground water withdrawals.

Regional areas of high and low levels in each aguifer are not greatly different than areas
previously delineated in earlier maps (SFWMD, 1982; SFWMD, 1986; Montgomery, 1988).
Though the current depression in the Mid-Hawthom aquifer is dramatic, it 15 not new. SFWMD
(1982) delineates a similar depression in the Cape Coral area and reports that this depressed
area was present in the 1970's. The central portion of the depression appears to have shified
from Cape Coral area to south Fort Myers, which may reflect the abandonmen! of Cape Coral's
municipal supply wells in the Mid-Hawthom aquifer. The Bonita Springs/northern Collier County
area has water levels near or below sea level in the current map, which also has been cbserved
in previous mapping efforts (SFWMD, 1986). The current map indicates that this area of low lev-
els is more extensive now than previous depictions. The depressed area in the sandstone
potentiometric surface located in south central Lee County has also been delineated previously,
though the current mapped area may be more extensive and have lower levels. Comparisons
of current and previous water level conditions contain some uncertainty since methodology and
sampling locations used to produce the maps may be different.

CONCLUSION

The potentiometric surface maps provide reference surfaces for May 1999 hydrologic con-
ditions and give regional views of spatial distribution in water levels. The process of develcoing
these maps has generated questions that require further investigation into improving the irier-
pretation of the existing data. Further investigation may include additional statistical analyses of
water levels and review of the monitoring well network and aquifer definition.
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HYDROGEOLOGIC IMPLICATIONS OF URANIUM-RICH PHOSPHATE
IN NORTHEASTERN LEE COUNTY

J. Michael Weinberg
Water Resource Solutions, 428 Pine Island Road, S.W., Cape Coral, Flonda 33891

James B. Cowart
Department of Geological Sciences, Florida State University, Tallahassee, Florida 32306-4100

ABSTRACT

Shallow groundwater in the Alva area of northeastem Lee County contains unusually high
concentrations of dissolved uranium, which is locally a health concemn. This paper describes
the results of a study conducted to identify the uranium source. Most of the dissolved uranium
is apparently leached from phosphatic sand and gravel present in the Pliocene age Buckingham
Marl Member of the Tamiami Formation. This phosphorite contains very high concentrations of
easily mobilized uranium, which may be caused by its high hexavalent uranium content.
Stratigraphic evidence indicates the uranium-rich phosphate accumulated in a sedimentary
trough where the Buckingham Marl is unusually thick.

The study also investigated a geochemical problem dealing with the fractionation of 238U
and its daughter isotope 234U in sediment and groundwater. These results indicate that urani-
um valence behavior plays an important role in the fractionation process within the study area
and perhaps in other hydrogeoclogic systems.

n 1981 the Lee County Health Department conducted an investigation that identified unusu-
ally high concentrations of dissolved uranium in samples collected from shallow wells used for
domestic and some public water supply in the community of Alva, northeastem Lee County
(Pellicer and O'Connell, 1981). Levine (1988) studied dissolved uranium distribution in the area
as part of a countywide groundwater survey and confirmed that high concentrations of uranium
are present in the surficial aquifer near Alva. He reported dissolved uranium at concentrations
up to 460 parts/billion (ppb) and concluded that it was supplied by a rich accumulation present
in the local sediments.

This paper describes the results of a subsequent study that examinad uranium characters-
tics and distribution in shallow sediments of the Alva area and surrounding north-central Lee
County (Figure 1). The goal was to identify the specific uranium host materal and gain a better
understanding of the geochemical and hydrolegic factors contributing to the high dissolved ura-
nium concentrations found at Alva compared with other parts of the region. This information was
used to help evaluate the potential for other uranium "hot spots”® to be present in Lee County.

The United States Environmental Protection Agency may soon establish a 20 ppb maximum
contaminant level for uranium in drinking water, because it is a carcinogen and has been linked
with kidney disease (ATSDR, 1990; USEPA, 1998). Uranium, at the levels found in the Alva
drinking water supply, poses a potential health risk to consumers. An improved understanding
of the type of uranium deposits present in the region and how it is mobilized into the groundwa-
ter system would be a useful tool for managers in planning future development of the surficial
aquifer.

A second part of the study examined a geochemical problem related to the behavior of two
naturally-occurring isotopes of uranium; 238U and its daughter 234U. These two forms of ura-
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nium, although similar in their properties, tend to have a diferent fate in nature. Maost natural
waters contain an excess of 234U, which is apparently mobilized from uranium-bearing minerals
(Cherdyntsev, 1971). The cause of this fractionation process is a subject of scientific interest
because 2340238 system dynamics are applied in important fields such as sediment dating,
uranium prospecting, and natural tracer studies of groundwater systems such as the south
Florida "Boulder Zone® (Broecker, 1963; Cowart, et al., 1978; Roe and Bumett, 1985). It is like-
ly that several different mechanisms are involved in the fractionation process, the effectiveness
of each being dependent on local environmental conditions.

Levine (1988) showed that shallow groundwater in much of Lee County, including the Alva
area, has an unusual compaosition of uranium isotopes typified by a relative shortage of 2340,
This feature, as will be seen, makes conditions favorable for investigating how 234U/238U frac-
tionation occurs in the study area and potentially in other hydrologic systems. The main focus in
this part of the study was to examine the role uranium valence behavior plays in the overall frac-
tionation process.

ANALYTICAL PROCEDURES

Samples for uranium analyses were collected from two cores drilled in 1982 by the Florda
Geological Survey (Figure 1). The Alva core was drilled on the north side of the Caloosahatchee
River in the general area shown to have maximum dissolved uranium levels. The Buckingham
core came from a site located approximately eight miles southwest of Alva where uranium con-
centrations in the surficial aquifer were reported to be about 1 ppb.

The general procedures for extracting uranium from the sedimentary matrix followed the
methods of Clarke and Altschuler (1958) and Kolodny and Kaplan (1970). These proceduras
enabled uranium to be separated into its two main valence states (U+4 and U+E), as was nec-
assary to examine valence behavior. This work was done in a glove bag under a nitrogen atmos-
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phere to reduce the potential for inadvertent sample oxidation due to experimental methods.

Uranium spikes (intemal standards) in both valence states were added at the beginning of
each experiment. Spike behavior was then used to estimate the amount of sample uranium
valence crossover that had occurred. Some oxidation and to a lesser extent reduction of sam-
ple uranium apparently took place during all of the experiments. The analytical results were cor-
rected for these influences.

Purified uranium was plated on a stainless-steel planchet and analyzed by alpha spectrom-
etry. Fepeated experiments were performed using a marine phosphate standard rock (NBS
120b) as a quality assurance check. Our results compared closely with those reported by Roe
and Bumett (1985).

HYDROGEOLOGY

The hydrogeclogy of the study area was investigated because it controls both the mode of
uranium accumulation and how it is mobilized by groundwater. The following section briefly
describes the shallow hydrogeclogy of the Alva area. Compariscns with other pars of the coun-
ty are made later in the paper. The important hydrostratigraphic units in the upper 220 feet of
the Alva core are shown on Figure 2. The terminclogy used conforms with the unit designations
adopted by Wedderburn, et al., 1982; Missimer, 1984, and Scott, 1988)

Pleistocene to Recent age terrace deposits consisting mainly of clean quartz sand form the
upper several feet of sediment cover. The lerrace deposits are underlain by the Pliocene age
Buckingham Marl Member of the Tamiami Formation. The Buckingham Marl consists of gray to
light green carbonate mud with variable amounts of quartz sand, marine fossils, and some phos-
phatic sand and gravel. Up to several feet of moldic limestone occurs in the upper part of the
Buckingham Mari, and lenses of dolostone are locally present in the lower half of the unit.

The surficial aquifer in the Alva area is comprised of permeable strata in the Buckingham
Marl and to some extent the overlying terrace sands. Productivity is generally low because the
thicker limestone members of the Tamiami Formation, present in many other areas of Lee
County, are absent. The base of the surficial aquifer is confined by dolomitic clays in the upper
part of the Miocene to late Pliocene age Peace River Formation (Hawthorn Group). Phosphatic
sand and gravel are common components of the Peace River Formation.

The Sandstone aquifer is the uppermost artesian aquifer in the region. It occurs within
sandstones and carbonate rocks of the Peace River Formation at depths ranging from 11510 185
feet below land surface in the Alva area. The Sandstone aquifer contains fresh water in much
of Lee County, but mildly brackish water is present at Alva and adjacent parts of the
Caloosahatchee River Valley. Dissolved mineral content generally increases with depth in the
deeper aquiters that underlie the Sandstone aquifer.

Unlike most of Lee County, Alva is not serviced by municipal water supply. Due to the lim-
ited fresh water resources available, residents rely on shallow wells completed in the
Buckingham Marl for their potable needs. This is one of the few places, or perhaps the only
place, in Lee County, where the Buckingham Marl is used for potable water supply.

DISSOLVED URANIUM SOURCE

Uranium Distribution in Sediment

Mean uranium concentrations for groups of samples based on stratigraphic unit designation
for both cores are given in Figure 3. Analytical results in tabular form are listed in Table 1. Many
of the geologic formations studied contain granular phosphate. When practical, phosphatic sand
and gravel were sorted out of the sample matrix for separate analysis. Phosphate sample results
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are designated with a shaded pattern on the bar graph. The remaining results reflect samples
where no sorting was conducted.

Some clear patterns are evident from the data. Unsorled samples from all stratigraphic units
contain low to moderate amounts of uranium, with mean determined values ranging from 4 to 32
parts/million (ppm). Uranium concentrations in the Buckingham Marl are slightly higher than the
other stratigraphic units.

Phosphate samples, excluding those from the Buckingham Marl Member of the Alva core,
form a second group of analytes. They have fairly consistent uranium concentrations ranging
from B4 to 122 ppm. Typical values for marine phosphorite around the world are in the range of
50 to 150 ppm (Clarke and Altschuler 1958; Kolodny & Kaplan, 1970).

Phosphate samples from the Buckingham Marl Member of the Alva core have anomalous
high uranium concentrations. Measured values range from 457 to 729 ppm, with a mean urani-
um content of 564 ppm. These are some of the highest values for marine phosphorite reported
in the literature. Maximum uranium concentrations occur in the upper part of the Buckingham
Marl then progressively decrease with core depih.

Analytical results indicate that uranium-rich phosphate present in the Buckingham Marl
Member of the Tamiami Formation is the likely source for the unusually high amounts of dis-
solved uranium present in shallow groundwater in the Alva area. This contrasts markedly with
the Buckingham area, where there is no evidence of significant uranium enrichment in phos-
phate from the Buckingham Marl Member, and dissolved uranium concentrations in groundwa-
ter are only about 1 ppb.

Uranium Mobility

Uranium in marine phospherite is normally not very soluble (Wagner, 1988). However, for
sOme reason, uranium in phosphate from the Alva area seems to be easily mobilized by shallow
groundwater. Leaching experiments were conducted on selected samples to help determine if
this is true. One sample consisted of uranium-rich phosphate from Alva; the other was a sam-
ple of *normal® phosphorite from the Peace River Formation. Samples were powdered and
immersed in a mild basic solution (0.2N potassium carbonate) for 96 hours. Solids were then
separated from the solution by vacuum filtration and each phase analyzed for uranium content.

Analytical results, reported in Table 2, indicate that the uranium-nich phosphate sample from
the Alva core contained approximately 517 ppm of uranium. Of this, 175 ppm, or nearly 34%,
was leached into the aqueous phase. In contrast, the Peace River Formation sample contained
approximately 60 ppm of uranium and only 4.5% (2.7 ppm) was leached. These results demon-
strate that uranium present in the uranium-rich phosphate at Alva is unusually soluble.

X-ray diffraction (XRD) analyses were conducted on most phosphate samples to determing
if variations in mineralogy could help explain the unusual properties of the uranium-rich phos-
phate. Carbonate fluorapatite was the dominant mineral phase found in all samples, which is typ-
ical for marine phosphorite. Mo significant differences in peak width or intensity were observed
that might indicate varying degrees of sample crystallization. The only other minerals identified
were quartz, calcite, and dolomite, which all represent the relatively low uranium concentration
matrix sediments.

One significant difference in uranium property that was identified is that uranium-rich phos-
phate samples from the Alva area were found to contain from 50 to 80% U+6. In comparison,
phosphate samples from Buckingham Marl Member of the Buckingham core and the Peace
River Formation in both cores only contained 15-30% hexavalent uranium. The much higher sol-
ubility of U+6 compared with that of U+4 may in part explain why uranium in the uranium-rich
phosphate is so easily mobilized.
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Stratigraphic Controls

While the specific properties that give the uranium-rich phosphate its unusual characteris-
tics cannot be fully explained, there is good evidence to help answer the question of why it is
present in the Alva area. A west-to-east geologic cross section through the area is illustrated
on Figure 4. Locations of geologic control points used to prepare the section are shown on
Figure 1. To the west and east of Alva, the Buckingham Mar ranges from 15 to 30 feet thick,
which is typical of the region. The unit thickens to about &0 feet at Alva and apparently infills a
trough in the Peace River Formation sediments. It is suspected that this trough led to the dep-
osition of uranium-nch phosphate in the Alva area.

The Buckingham Marl Member is continuous throughout most of north and central Lee
County. It apparently pinches out in southem Lee County and is replaced by a quartz sandy
facies of the Tamiami Formation in the westemn part of the county. The area where the
Buckingham Mar subcrops represents the likely boundaries of other uranium-rich deposits in
Lee County, if they do occur.

MNatural Gamma Log Survey

Matural gamma logs for the boreholes of the Alva and Buckingham cores are compared on
Figure 5. The uranium-rich phosphate-bearing sediments at Alva have a distinctively high
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gamma signature, with up to 340 API counts/second (cps) through the interval. Maximum
gamma activity for the Buckingham Mari Member interval at the Buckingham core site is only
about 100 API cps. This occurs near the base of the unit where mixing with highly phosphatic
sediments in the Peace River Formation apparently occurred due to bioturbation.

These observations suggest that other rich uranium deposits, if present in the region, can
be identified based on their high gamma signature. With this in mind, the logs for 34 other wells
in Lee County were examined. The only other borehcles found with unusually high gamma activ-
ity within the Tamiami Formation were also from the Alva area. Thirty-four examples only rep-
resent an initial screening of the county. The results do not prove that the conditions at Alva are
unique, but they at least suggest that other rich uranium accumulations are not widespread. If
they do exist, the natural gamma log seems to be an effective screening device 10 help identify
them.

URANIUM ISOTOPE FRACTIONATION

Introduction

There are two naturally occurring isotopes of uranium in the 238U decay series; parent 238U
and its daughter 234U. Research conducted during the past few decades has shown that the
fate of these two chemical species is different in nature, despite the fact that they are only sep-
arated in the 238U decay series by short-lived isctopes of thorium and protactinium (234Th and
234Pa). Most surface and groundwaters contain an excess of 234U that tends to be balanced
by a relative shortage of it in uranium-bearing minerals (Cherdyntsev, 1971; Osmond and
Cowart, 1976). This general relation suggests that 234U is preterentially mobilized into the aque-
ous phase.

The natural partitioning of radionculides produced by decay of the same parent atom is
referred to as fractionation. Radioactive decay tends to produce a system in equilibrium, while
diffarences in chemical and physical properties can fractionate isctopes of the same element.
The degres of fractionation in any system can be quantified in terms of the relative radicactivity
level of one isolope compared with another. The 234L/238U activity ratio (A.R.) is of importance
in this discussion.

In a closed geochemical system, radioactive decay occurring at different rates will cause a
state of secular equilibrium to develop between a shori-lived daughter and long-lived parent iso-
tope within several half-lives of the daughter. Both isotopes at equilibrium will decay at the same
rate and their A.R. will equal 1.0. It had been assumed that 234U/2380 A.R.s in most natural
systems would be at equilibrium, since the half-life of 234U (2.48 x 105 years) is relatively short
compared with the much greater age of most earth materials. In fact, the excess of 234U in most
natural waters causes 2340/238U A R.s to be greater than 1.0 in many groundwater systems.
Uranium-bearing minerals, which have a depleted supply of 234U, typically have A.R.s less than
1.0.

Levine (1988) showed that the surficial aguifer in much of Lee County, including the Alva
area, has an unusual uranium isotope composition in that there is a relative shorage of 234U,
Shallow groundwaters in the region are characterized by 2340U/238U A.R.s significantly less than
1.0. Potential mechanisms responsible for the formation of this low A.R. groundwater are
described next.

Fractionation Mechanisms

Some researchers, including Kigoshi (1971) and Osmond and Cowart (1878), attribute at
least part of the excess of 234U in natural waters to the process of alpha recoil. 238U decays
by emission of an alpha particle to 234Th. A recoll energy is imparted to the daughter that can
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propel it up to a few hundred angstroms through the rock matrix and potentially eject it into the
pore water system. Subsequent decay of thorium to 234U would then explain its excess in the
hydrosphere. Decay-caused damage to the host mineral or displacement of 234Th to vulnera-
ble sites within the rock matrix would also leave 234U more susceptible to mobilization.

The formation of low A.R. groundwater is not directly explained by the recoil mechanism.
However, Osmond and Cowart (1976) theorize that the process may involve uranium leaching
from mineral surfaces subject to prior 234U loss caused by long periods of alpha recoil and Iitle
uranium dissolution, as might occur in a reducing aquifer. An environmental change from reduc-
ing to more oxidizing conditions would mobilize (in an isotopically non-selective way) and trans-
fer the uranium from the solid into the agueous phase.

Another explanation for the relatively high mobility of 234U was first proposed by Chalov
(1959), who suggested that decay-produced 234U is preferentially oxidized 1o the hexavalent
state. Mobilization of 234U would then be favored, since U+E is several orders of magnitude
more soluble than U+4 (Langmuir, 1978). Mare recent research (Chalov and M arkulova, 1966;
Kolodny and Kaplan, 1970; Burmnett and Veeh, 1977) has confirmed that U+6& A.R.s in many min-
erals, including marine phosphorites, are significantly higher than U+4 A R.s, which supports
Chalov's theory.

Proposed explanations for this valence behavior fall into two general categories. One theo-
ry (Rosholt, et al., 1963; Dooley, et al.,, 1966) attributes the process to electron-stripping and
other physical behavior directly related to radicactive decay (hot atom effects). A competing idea
suggests that 2340 is oxidized after decay, when it is displaced to a site in the mineral lattice
with higher oxidation potential (Cherdynstev, 1971).

Kolodny and Kaplan (1970) conducted an important study bearing on this issue. They found
comvincing evidence that about 30% of the 234U present in manne phosphorntes from vanous
ocean basins is oxidized o U+6. They noted a close comparison of their findings with those of
Ku (1965), who reported a 30% 234U deficiency in marine pelagic sediments, and reasoned that
234U escape from the sediments might be caused by its oxidation and subsequent mobilization.
Kolodny and Kaplan concluded that 2340 oxidation was probably controlled by environmental
factors. However, the fact that valence fractionation trends are so consistent, even though redox
conditions in the different depositional environments studied are not, suggests that hot atom
effects may be important.

Like alpha-recoil, valence fractionation as described above would tend to enrich the ague-
ous phase in 234U and therefore does not explain the formation of low A.R. groundwater. Since
recoil and valence fractionation processes both normally act in a complimentary manner, it is dif-
ficult to determine which is the more important in nature. A better comparison could be made if
conditions were found where the two processes oppose each other.

Such conditions were reported by Roe and Bumett (1985), who found high U+4 and low U4+&
A.R.s in insular phosphorites (avian guano source) from Pacific island sites. This apparent
reduction of 234U, according to the authors, is possibly due to the high organic carbon content
of the sediment. Whatever the cause, mobilization of U+8 from these sediments would gener-
ate low A.A. uranium in the agueous phase. In leaching expariments with different types of phos-
phate samples, Roe and Burmnett showed that A.R.s of the mobilized uranium fraction closely
matched the U+6 A.R. of the phosphate, regardiess of whether the A.R. was high or low.

Roe and Bumett's results, and similar findings by others, suggested that valence fractiona-
tion might be an important factor in the development of dissolved uranium A.R.s in some hydro-
logic systems, and, under certain conditions, could generate low A.R. groundwaters. This mech-
anism introduced a possible explanation for the low A.R. uranium present in the surficial aguifer
in the study area. The importance of this process was examined by analyzing U+4 and U+&
A.R.s in core samples and by conducting leaching experiments. The results, which are
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described in the following sections of the paper and shown in Tables 1 and 2, indicate that
valence fractionation does offer a reasonable explanation for the dissolved uranium A.R. trends
found in the region.

Total Uranium A.R.s

The term “total uranium A_R." (total A.R.) refers to the 2341/238U A.R. in the entire sample,
regardless of valence. Total A.R.s in approximately 70% of the samples exceed 1.0, indicating
an overall excess of 234U compared with secular equilibrium. Phosphate samples in both cores
show consistent trends, with total A.R.s decreasing steadily from about 1.16 in the upper part of
the Buckingham Marl Member to 0.98 in the deepest samples from the Peace River Formation.
Unsorted sample A.R.s are more variable.
Seawater has a constant A.R. of 1.14, as does phosphate when initially formed in the marine
environment. One interpretation of the phosphate results is that young uranium is present in the
upper sediments of the Buckingham Marl and that progressive aging toward secular equilibrium
occurs with depth. A recent uranium source seems uniikely considering the Pliocene age of the
Buckingham Marl Member.

A marine transgression covered the region with seawater about 125,000 years ago, raising
some possibility that uranium enrichment may have occurred at that time, “resetting the AR.
clock”. However, it is more likely that the comparison with seawater A.R.s is simply coincidental.

Valence Fraction A.R.s

234U/238U A.R.s measured in the U+4 and U+6 fractions of the Alva core samples show
wwo different data trends. Buckingham Marl Member samples generally have high U+4 and low
U+6 A.R.s, with the degree of valence fractionation increasing with depth. This is particularly
true of the phosphate samples, where U+4 A.R.s progressively increase from 1.39 to 1.75, while
U+6 A.R.s decrease from 0.98 to 0.54 within this stratigraphic interval. These results suggest
an apparent reduction of 234U in the Buckingham Marl Member.

Valence fractionation trends reverse in samples from the underlying Peace River Formation
of the Alva core, which are mainly characterized by low U+4 and high U+6 A.R.s. The degree
of fractionation again increases with depth, but toward opposite endpoints., U+4 and U+6 A.R.s
in the deepest phosphate sample analyzed are 0.75 and 2.03, respectively. Preferential oxida-
tion of 234U is apparently the dominant process in the Peace River Formation.

The Buckingham Marl Member is only 14 feet thick in the Buckingham core. There seems
to be a shift toward high U+4 and low U+6 A.R.s with depth, but the trend is not well defined,
perhaps because the unit is so thin. Similar to the Alva core, Peace River Formation samples
from the Buckingham core are characterized by low U+4 and high U+8 A_R.s that become pro-
gressively more fractionated with depth.

These results indicate that preferential mobilization of U+8 from the Buckingham Marl would
tend to produce low A.R. groundwater, particularly in the Alva area, where the highest dissolved
uranium concentrations have been reported. The region of low A.R. shallow groundwater iden-
tified by Levine (1988) does in fact closely coincide with the subsurface occurrence of the
Buckingham Mar Member in Lee County. In contrast, U+& mobilized from the Peace River
Formation would form high A.R. groundwater, which again matches the water quality data repon-
ed by Levine,

Leached Uranium A.R.s

Leaching experiment results, initially described in a previous section of this paper, provide
direct evidence that hexavalent uranium present in sediment in the study area is in fact more
mobile than U+4. The U+4 and U+6 A.R.s measured in the uranium-rich phosphate sample from
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the Alva core studied were found to be 1.39 and 0.72, respectively (see Table 2). A large amount
of uranium (175 ppm) with an A.R. of 0.66 was leached from this sample.

Measured U+4 and U+6 A.R.s in the Peace River Formation phosphate sample were 0.73
and 2.44. In this case, only a modest amount of uranium (2.7 ppm) with an A.R. of 2.12 was
leached. In both experiments, dissolved uranium A.R.s correlate closely with the U+6 fraction of
the phosphate, but not with U+4 or total uranium A.R.s

Uranium Oxidation Potential

Investigation results suggest that both oxidation and reduction of 234U may be occuming in
different stratigraphic intervals within the study area. The behavior of uranium spikes introduced
during the experiments reveals some interesting, although enigmatic, information regarding this
process. Spike tracking indicates that some uranium oxidation, and to a lesser extent reduction,
occurred during all of the experiments. The amount of oxidation was fairly consistent for sam-
ples of the same type and stratigraphic position, but varied considerably between difterent sam-
ple types. This suggests that the sediments have inherent oxidation potentials that vary depend-
ing on mineralogy or pernaps trace constituent content.

In the case of phosphate samples from the Buckingham Marl Member and the upper part of
the Peace River Formaticn in both cores, a large amount of uranium (35 to 50%) was oxidized
based on spike behavior, indicating that these sediments have a high potential for oxidizing
234U, However, the data indicate that 234U reduction is the dominant process within this inter-
val.

Only about 10% of the uranium present in phosphate from deeper strata in the Peace River
Formation was oxidized, yet these samples show evidence for considerable 234U oxidation. The
negative correlation in both cases suggests that either the redox potential of the sample matrix
is not an important determinant in 234U valence behavior, or, if it is, the influence operates in a
complex manner that is not presently understood.

CONCLUSIONS

Results of this investigation indicate that marine phosphorite with a very high content of
extremely soluble uranium is present in the Buckingham Marl Member of the Tamiami Formation
near Alva. Leaching of this naturally-occurring uranium is apparently the source for the unusual-
ly high dissolved uranium concentrations found in the surficial aquifer in that area. Uranium
mobility, at least in part, seems to be due to its relatively high U+& content.

Alva may be the only place in Lee County where the Buckingham Marl is used for potable
water supply. This implies that other rich uranium deposits could be present in the region, but
are unrecognized because wells are not normally completed in the unit. The uranium-rich phos-
phate at Alva apparently accumulated in a sedimentary trough. If other rich uranium deposits do
occur in Lee County, they may have formed under similar conditions. Therefore, suspect areas
would be places where the Buckingham Marl is particularly thick.

The uranium-rich phosphate interval has a distinctively high borehole natural gamma signa-
ture. A review of 34 other gamma logs from different parts of Lee County failed to identity any
significant uranium deposits in the Tamiami Formation outside of the Alva area. While this can-
not be taken as proof that conditions around Alva are unique, it at least suggests that other rich
accumulations are not widespread. Site screening using the natural gamma log appears 1o be
an effective device that can be used to help identify them.

A second part of this study examined the role uranium valence behavior plays in the frac-
tionation of 238U and its daughter 234U. Evidence was found indicating that decay produced
234U is oxidized in phosphorite and other sediments from the Peace River Formation, but is
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apparently reduced in the Buckingham Mar Member. These differences in valence behavior pro-
duce distinct stratigraphic intervals containing either a shortage or abundance of hexavalent
294U, This then creates an opportunity for 234U/238U fractionation to occur due to the much
higher solubility of hexavalent uranium.

Valence fractionation provides a reasonable explanation for the unusual isotopic trends
identified in dissolved uranium in the study area. Groundwaters with high 234U/238U activity
ratios were found to occur in aquifer sediments characterized by 234U oxidation, while low AR
groundwaters are associated with intervals of 2341 reduction. In both cases, mobilization of
hexavalent 234U seems to be an important factor in the fractionation process. Leaching exper-
iments provide direct evidence that valence fractionation does play an important role in produc-
ing dissolved 234U/238U activity ratio signatures in the study area. These findings should be
considered when evaluating 234L/238U fractionation mechanisms in other hydrologic systems.
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HYDROGEOLOGY OF THE LOWER FLORIDAN AQUIFER “BOULDER ZONE"
OF SOUTHWEST FLORIDA
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1. Missimer International Inc. , 8140 College Parkway, Suite 202, Fort Myers, FL 33918
2. Florida Geophysical Logging. Inc., 15465 Pine Ridge Road, Fort Myers. FL 33908

ABSTRACT

The “Boulder Zone" of the lower Floridan aquifer is perhaps that the most unusual feature in
the subsurface of Southwest Florida. The fractured dolomites that constitute the Boulder Zone
have extraordinarily high transmissivities, which make them an ideal zone for the underground
disposal of liquid wastes. The Boulder Zone is not a stratigraphic feature, but is rather a region-
al diagenetic facies that occurs at varying depths and stratigraphic positions between wells. In
the Floridan aquifer system of southwest Florida, dolomite and the Boulder Zone facies tend to
occur at progressively greater depths and lower stratigraphic positions from north to south.
However, the Boulder Zone facies is discontinuous and high transmissivity intervals do not occur
at the same stratigraphic positions in injection wells at nearby sites or in some instances at the
same site.

Prediction of the presence of the Boulder Zone facies is further complicated by the pres-
ence of anhydrite cements which may occlude fracture Nnetworks. High transmissivity fractured
dolomites and subsidiary limestone, for example, are present in the Fort Myers Beach
Wastewater Treatment Plant (WWTP) injection well between approximately 2,492 and 2,984 ft
bl below land surface (bls). The fractures in the same depth interval were filled with anydrite at
the lsland Water Association Sanibel injection well, located approximately12 miles to the west-
southwest. A partially fractured zone (3033 to 3232 ft bis) below the anhydrite has adequate
transmissivity for the well=s design capacity of & Mgd even though the typical cavemous Boulder
Zone facies is not present.

INTRODUCTION

Deep well injection is increasingly being used for the disposal of liquid wastes in Southwest
Flarida because the technology has been proven 1o be reliable, environmentally safe, and cost
effective. The earliest deep injection wells in Southwest Florida were brought into service in the
1940's and were used for the disposal of brines brought to the surface during oil production
(Vernon, 1870). Underground disposal of liquid wastes by local utilties began in 1988 with the
construction of the North Fort Myers Utilities, Inc. injection well. Owver the past 11 years MUnIci-
pal deep injection wells have been constructed at 11 sites in Charlotte, Lee, and Collier counties
(Figure 1). The municipal injection wells are used to dispose of treated effluent from wastewater
treatment plants, concentrate from reverse osmosis water softening and filtration pants, and
leachate from a landfill. All fluids injected are non-hazardous.

The principal injection zone in Southwest Florida is an extremely high transmissivity interval
of the early Eocene-age Oldsmar Formation, which is referred to as the *Boulder Zone" (Figure
2). The transmissivity of the Boulder Zone is typically on the order of 106 gpd/ft or greater.
Despite its economic importance and hydrogeclogic interest, the Boulder Zone has long been
one of the most enigmatic features in the subsurface of Scuthwest Florida. However, in recent
years voluminous data has been collected on the lower Flaridan aquifer and Boulder Zone dur-
ing the construction and rigorous testing of deep injection wells.
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Figure 1. Map showing the location of Southwest Florida injection well sites.
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Figure 2. Regional stratigraphy and hydrogeology. Depths are from the Collier NCRWTP site.
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The objective of this study was to review the available geological and geophysical data for
what insights they can provide on the origin and nature of the Boulder Zone and high transmis-
sivity zones in general in the lower Floridan aquifer of Southwest Florida. This investigation
relied heavily on the authors personal experiences during the drilling and testing of the Collier
North County Regional Water Treatment Plant (NCRWTP), Collier South County Regional
Wastewater Treatment Plant (SCRWWTP), and Island Water Association (Sanibel) injection well

systems.
BOULDER ZONE - DEFINITION AND CHARACTERISTICS

The Boulder Zone was originally defined as an interval of cavemous dolomite and limestone
in which the drilling action of the bit was similar to that of drilling through boulders (Kohout, 1965;
1967). Viemnon (1970) described the Boulder Zone as being an enormously cavemous area and
suggested that it formed by calcite dissolution and dolomite precipitation in a mixing Zone envi-
ronment. Puri and Winston (1974) described the Boulder Zone was being a zone of great per-
meability characterized by a intricate vug and large cavity porosity. Miller (1988) noted that the
Boulder Zone has no stratigraphic significance because caverncus conditions are not confined
to a single discrete zone or stratigraphic position. He suggested instead that the term “Boulder
Zone" can be used hydrologically as an "operational unit®. Winston (1 996) defined the zone as
boulder-producing dolomites that contain cavities or wall collapse zones.

The Boulder Zone is defined here as an hydrogeoclogic and diagenetic facies that consists
of intervals of very high transmissivity dolomite that are characterized by greatly enlarged bore-
hole diameters, long sonic transit times, and borehole collapse during drilling. The later process
produces the so-called boulders of the Boulder Zone facies. Fractured intervals without bore-
hole enlargement are not considered 1o be Boulder Zone facies in this study. The geclogical and
geophysical characteristics of the Boulder Zone facies have been described by Haberfeld (1991),
Safko and Hickey (1992), Duerr (1995), Winston (1996), and Maliva and Walker (1998).

The most spectacular incident that occurred during drilling through the Boulder Zone facies
was a reported 96 foot drill bit drop into a cavem in the Sun Oil Company Red Cattle Co. 32-2
well (Kohout, 1965; 1967; and Burke, 1967). Winston (1996) documented 13 Boulder Zone cav-
em occurrences during oil well drilling, as identified by reported drill bit drops. The cavems
ranged in height from 5 to 96 feet. The boulders of the Boulder Zone were originally thought to
be blocks that had fallen from the roof of open caverns (e.g., Puri and Winston, 1874).

Subsequent studies recognized the importance of fracturing in creating the Boulder Zone
facies (e.g., Haberfeld, 1991; Safko and Hickey, 1992; Duerr, 1995; Winston, 1996; Maliva and
Walker, 1998). Fracturing is common in the lower Floridan aguifer dolomites (Figure 3A). The
vast majority of the large cavemous zones of the Boulder Zone facies form from borehole wall
collapse of fractured dolomite after drill bit penetration (Haberfeld, 1991; Safko and Hickey, 1982,
Duerr, 1995; Winston, 1996; Maliva and Walker, 19988). The evidence for a wall collapse orgin
of the cavernous zones i the usual absence of bit drops during drilling and the fractured and
angular blocky morphology of the borehole wall as revealed by borehole television surveys
(Figure 3B and 4A).

The origin of the apparent large cavems in the Boulder Zone, such as the 86 ft feature
encountered at Red Cattle Co. 32-2, is uncertain. |Isolated large open cavems may be locally
present in the lower Floridan aquifer. Alternatively, the open “caverns® documented by Kohout
(1965) and Winston (1996) may be verical fractures enlarged by sclution rather than large
rooms in a cavern system (Miller 1986). The Boulder Zone facies, as encountered in the deep
injection wells studied in this investigation is clearly not a karst features.

In addition to the open fractures that result in the extremely high transmissivities of the
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Figure 3. Borehole video survey photographs of the Boulder Zone facies. A) Well-developed frac-
tures above a cavernous zone at the Collier SCRWWTP (2979 fi). B) Borehole wall collapse
zone from the Fort Myers Beach WWTP injection well (2627.4 ft). Note the angular, blocky

borehole wall.
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Figure 4. Borehole video survey photographs from Southwest Florida injection wells. A) Boulder
Zone facies from the Fort Myers Beach WWTP injection well (2852.5 ft). The borehole wall is
mostly fracture surfaces. Fractures are evident in the lower right and upper left comers. B)
Lateral camera view of healed brecciation from the Sanibel injection well (1908.3 fi).
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Boulder Zone facies, earlier generations of healed fractures and brecciation are common in the
lower Floridan aquifer (Figure 4B). Flowmeter logs indicate that the zones of healed fractures
and brecciation are not high transmissivity intervals. The fracturing that produced the Boulder
Zone facies is the last of several generations of fractures in the lower Floridan aquifer.

DISTRIBUTION OF THE BOULDER ZONE FACIES IN SOUTHWEST FLORIDA

Prediction of the presence and location of the Boulder Zone facies is of obvious importance
for the successful design and construction of deep injection well systems. The Boulder Zone
facies has been ubiquitous at Southwest Florida injection well sites, but its location is highly. vari-
able. The location of the Boulder Zone facies in the Southwest Florida muncipal injection wells
are shown in Figure 5. The Gasparilla Island injection well was not included in this investigation
because it ie a shallow well {1,918 ft) and does not penetrate the lower Floridan aquifer. The
location of the Boulder Zone facies in each well was determined primarily from caliper and sonic
logs.

There is a general overall trend for the Boulder Zone facies to occur at greater depths from
north to south in Southwest Florida. The main Boulder Zone facies zone in the Collier SCR-
WWTP and Marco Island injection wells occur at greater depths than in the Lee and Charlotte
County wells. Intervals of the Boulder Zone facies are commony present between 3,000 feet
(below land surface) and the bottom of the Floridan aquifer (. 3,200 to 3,250 ft) across the study
dres.

Great variation in the location of the Boulder Zone also occurs between closely spaced
wells. Injection wells IW-1 and IW-2 at the Collier NCRWTP are located approximately 280 feet
part. Thick intervals of the Boulder Zone facies were encountered between 2,570 and 2,830 ft
in well IW-1. The Boulder Zone facies of IW-1 has the typical characteristics of long sonic tran-
sit times (Figure 6) and greatly enlarged borehole diameters. Borehole wall collapse was exten-
sive, as evidenced by weeks of dredging during drilling. The 2,570 to 2,830 ft Boulder Zone
facies intervals were unexpectedly absent in well IW-2 (Figure 6). A deeper interval of Boulder
Zone facies was present between 2,886 and 3,016 ft in well IW-2 that was capable of accepting
the well=s design capacity of 6.3 Mgd. The available geclogical and geophysical data provide
no evidence for the origin of the pronounced variation in the location of the Boulder Zone facies
between the two closely spaced wells. There is no evidence of faulting or local solution collapse
structures.

The Boulder Zone facies is well-developed in the Fort Myers Beach Wastewater Treatment
Plant (WWTP) injection well which was drilled in 1988. Intervals of the Boulder Zone facies are
present between 2,099 and 2,200 ft and between 2,492 and 2,584 ft. The sonic log of the above-
noted intervals show the typical Boulder Zone facies long sonic transit times and absence of
early formation retums on the varable-density log (Figure 7). The Island Water Association
(IWA) Sanibel Island injection well was drilled in 1999 approximately 12 miles west of the Fort
Myers Beach WWTP well. |t was expected during the design and drilling of the Sanibel well that
intervals of the Boulder Zone facies would also be present between 2,100 and 3,000 ft.
However, the typical Boulder Zone was not detected below 2,000 ft. Two fractured intervals with
borehole enlargement are present from approximately 1,900 to 1,805 ft and 1,916 to 1,920 ft and
other fractures were evident between 1920 and 2000 ft. The sonic logs of the 2,200 to 3,000 ft
interval showed no evidence of enhanced porosity or fracturing. The borehole video of the
Sanibel injection well revealed that fractures and small cavities are present, but are filled with
anhydrite (Figure 8). The anhydrite in the Sanibel well was present mostly between 2,240 and
2 430 ft and between 2,550 and 2,900 ft . Anhydrite was largely absent between 2,900 and the
top of the Cedar Keys Formation, which is located at approximately 3,232 ft.
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Figure 5. Locations of the Boulder Zone facies (shaded areas) in Southwest Florida municipal
injection wells. The Boulder Zone facies intervals were identified by a greatly enlarged bore-
hole diameter and long sonic transit time.
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Figure 6. Sonic transit time logs for the Colller NCAWTP Injection wells IW-1 and I'W-2. The Boulder Zone
tacies in the Injection wells has high (> 150 psect) gonic transit imes. The Boulder Zone facles can-
not be correlated between the wells, which are only 280 ft apart.
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Figure 7. Sone transit time and variable density logs from the Fort Myers Beach WWTP and
Sanibel injection wells. The well-developed Boulder Zone facies intervals in the Fort Myers
Beach well, as expressed by long sonic transit times, are absent in the Sanibel well.
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Figure 8. Laterial camera borehole video photograph of vugs filled with anhydrite from the
Sanibel injection well (2817.2 ft). The vugs are on the order of 1-2 inches high.

Saveral small fractured intervals were detected in dolomites present below 3,033 ft in the
Sanibel injection well pilot hole, as evidenced in the gecphysical logs by slight increases in bore-
hole diameters and sonic transit times (Figure 9). The fractured intervals detected below 3,033
ft are not associated with significant borehcle collapse and are therefore not considered to be
Boulder Zone facies, as defined in this study. The fractures between 3,033 and 3,232 ft were
the best prospect for an adequate injection zone being present in the Sanibel injection well.

SANIBEL MINI-INJECTION TEST PROGRAM

-In order to evaluate the injection potential of the fractured dolomite present below 3,033 ft
bls in the Sanibel injection well, a new mini-injection test procedure was implemented. The tests
were set up to record flow and bottom hole pressure in the injection well pilot hole at selected
depths in order to evaluate the potential of different depth intervals 1o serve as injection zones.
For each test a single inflatable packer was set in the pilot hole. A self-contained pressure trans-
ducer and data recorder were attached to the bottom of a flow meter logging tool, and the assem-
bly was lowered down the drill pipe and through the packer. Water was then injected through
the drill pit and packer at a rate of approximately 1,050 gpm, while flow rate, and bottom hole
and wellhead pressures were recorded. The packer was set at approximately 2,950 ft for test
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Figure 9. Geophysical logs from the lower part of the Sanibel injection well. Fractures are evident
by miner increases in borehole diameter and sonic transit times. No cavernous zone are evi-
dent. The dolomite beds have high resistivities.

#1 and pressure and flow rates were measured at about 3,100 (station #1), 3,000 (station #2),
and 2,610 (station #3) ft (Figure 10). The results of test #1 showed that nearly 100% of the inject-
ed flow passed stations #3 and approximately 85% of the flow passed station #1. Bottom hole
pressure increased by approximately 1 psi at station #1. A high transmissivity for the 3,100
3,232 ft interval is indicated by the formation accepting a flow rate of approximately 880 gpm
(853 of 1050 gpm) with only a minimal increase in bottom hole pressure.

For mini-injection test #2, the packer was moved up to 1,885 ft in order to evaluate the injec-
tion potential of the upper fractured intervals (1900-2200 ft). The flow meter and pressure trans-
ducer assembly was placed at 2,300 (station #4), 2,100 (station #5), and 1898 (station #6) ft
(Figure 10). Flow calculations indicate that over 85% of the flow passed both the upper fractured
interval and station #4. The down hole pressure buildup at 2,300 ft was about 8 psi. Most of the
8 psi down hole pressure buildup resulted from friction loss in the borehole from 2,300 ft down
to the injection zones below 3,100 ft. A standard dynamic flow meter log conducted from the bot-
tom of the hole up to the packer shows that the bulk of the injected flow entered the borehole
below 3100 ft (Figure 11). No flow into the anhydrite invaded zone is evident in the flow meter
log. The mini-injection test results thus indicate that the fractured dolomite intervals located
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Figure 10. Sanibel mini-injection test diagram. The percent of flow and bottom hole pressures for
test #1 (recording stations #1-3) and test #2 (recording stations #4-8( are shown. The bulk of
the injected flow entered the formation below 3,100 ft.
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Figure 11. Results of dynamic flow meter log of the Sanibel injection well pilot hole below 1885 ft.
Parcentage of flow was calculated from the flow meter tool reading and the borehole area. The
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below 3,100 ft in the Sanibel injection well are capable of serving as an injection zone even
though a typical cavemous Boulder Zone facies is not present.

CONCLUSIONS

The Boulder Zone facies in Southwest Florida deep injection wells is a fracture rather solu-
tion (karst) feature. Open fractures in the lower Floridan aquifer tend to occur most commonly
in dolomite rather than limestone beds. The fracture networks have a great horizontal extent as
evidenced by the networks being able to accept millions of gallons of water a day for years.
Borehole wall collapse occurs during drilling where fracturing in dolomite is most intense, result-
ing in the development of the typical cavemous Boulder Zone facies. The results of the testing
of the Sanibel injection well demonstrated that some fractured intervals may have high trans-
missivities, and be able to serve as injection zones, even though Acavemns@ did not develop
during drilling. The cavernous nature of the Boulder Zone facies in itself contributes little to the
high transmissivity of the zone.

The location of the Boulder Zone facies and other intervals of fractured dolomite is highly
variable between wells. Part of the variation in the vertical location of the Boulder Zone facies
at different injection well sites is due to varations in the location of the dolomite intervals.
Dolomite in the lower Floridan aguifer tends to occur at greater depths and lower stratigraphic
positions from north to south in Southwest Florida, which explains in part the tendency of the
Boulder Zone facies to occur at greater depths from north to south (Maliva and Walker, 1998).
However much of the vertical variation in the location of the Boulder Zone facies between wells
is unknown.

Significant questions still remain concemning the origin of the Boulder Zone facies. The
depositional and diagenetic history of the lower Floridan aquifer dolomites in Southwest Florida
and the relationship between the dolomite and anhydrite has received very little study. Multiple
generations of fracturing and brecciation are present in the lower Floridan aquifer in South
Florida. Only the last generation appears to contribute to the extremely high transmissivities
locally encountered. The origin of the fracturing in the lower Floridan aquifer has not been ng-
orously explored. The fracture producing stresses may resulted from basinal subsidence,
regional tectonic activity, and/or dissolution of underlying evaporite beds. Evidence of the later
process has not been documented in the Oldsmar Formation of Southwest Florida.
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ABSTRACT

In its effort to ensure an adequate supply of water for all existing and future competing uses
within the Caloosahatchee Basin, the South Florida Water Management District initiated the
Caloosahatchee Water Management Plan in 1997. The plan, which was completed in 2000,
addressed water supply issues in the fresh water portion of Caloosahatchee Basin. The
Caloosahatchee Basin receives water from Lake Okeechobee, runoff from the watershed and
through baseflow from the Surficial Aquifer System. The hydrology of the Caloosahatchee Basin
is influenced by significant interactions between groundwater and surface-water systems.
Simulation of these interaction processes by either a surface-water model or a groundwater
model alone can produce inaccurate results that could lead to inefficient resource management
recommendations. The Caloosahatchee Basin Integrated Surface-water / Groundwater Model
(ISGM) of the freshwater portion of the Caloosahatchee River basin in southwest Florida, devel-
oped by DHI and the South Florida Water Management District (SFWMD), employs a more accu-
rate representation of the surface-water / groundwater interactions and is more appropriate for
planning in the Caloosahatchee Basin. This paper summarizes the modeling approach, model
set-up, model calibration, and results.

INTRODUCTION

The Caloosahatchee Basin is located in south Florida and extends from Lake Okeechobee
to the mouth of the Caloosahatchea River on the West Coast of Florida. The freshwater portion
of the Caloosahatchee Basin extends from Lake Okeechobee to the Franklin Lock and Dam. The
basin is located in the Lower West Coast planning region of the South Florida Water
Management District (SFWMD) and represents one of the channelized outlets for Lake
Okeechobee, which is located in the Lower East Coast planning region. The basin therefore
plays an important role in both the Lower West Coast and the Lower East Coast water supply
plans of the SFWMD.

The Caloosahatchee Water Management Plan (CWMP) was initiated in 1997 to study water
resource characteristics of the Caloosahatchee Basin and provide a linkage between the
SFWMD's Lower West Coast and Lower East Coast Water Supply Plans. The plan addresses
a number of issues, a few of which are summarized below.

1) Increased demand: Projected increases in both agricultural activity and population will
result in significant increase in demand for water within the Caloosahatchee Basin by the
year 2020.

2) Limited sources: Meeting the projected increase in demands from the existing surface-
water and groundwater sources would result in water level decline with potential impact
to natural systems such as estuaries and wetlands, especially during the dry season.
Effects of anticipated reduced inflows from Lake Okechobbee to the Caloosahatchee
Basin also need to be investigated.

3) Need for storage: As with most of South Florida, a significant amount of the rains that fall
in the rainy season flow through the canals and rivers and are discharged to tide and
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therefore not available for use in the dry season. The recently completed Central and
Southern Florida Comprehensive Review Study (USACE, 1999) identified the need to

store the wet season flows for dry season uses.

To adequately address these issues, several analytical tools were developed. This paper
describes the development and application of an Integrated Surface-water Groundwater model
(ISGM) to address the identified issues, and provide a means of evaluating altemative scenar-

ios to meet the future water needs of the basin.
MODEL CODE SELECTION

Water used within the Caloosahatchee Basin is drawn from both surface and groundwater
sources. The potential impact of these withdrawals on the resources, as well as the need to
quantify the effect of management measures, demand the capability to simulate both surface and
groundwater changes. The model code for this study therefore had to be capable of (1) simu-
lating surface-water flows within the Calocsahatchee Basin, (2) simulating groundwater
response within the Caloosahatchee Basin and (3) simulating surface-water / groundwater inter-
actions. The MIKESHE/MIKE11 model code is capable of meeting these requirements and was
selacted for the study.

MODEL OBJECTIVE

In order to meet the needs of the study, the model developed should in addition to simulat-
ing surface-water / groundwater interactions, be well calibrated for a wide range of flows, with
emphasis on the low flows. This would enhance the models ability to simulate the effects of low
flow or drought conditions. The model calibration would also emphasize surface and shallow
groundwater and to a lesser degree deeper groundwater responses.

MODEL DESIGN

An integrated surface-water / groundwater model of the freshwater portion of the
Caloosahatchee Basin was developed using the Danish Hydraulic Institute’s distributed finite dif-
ference code, MIKESHE (Abbott et al, 1988a, 1986b, MIKESHE, 1993). The model area encom-
passes approximately 1050 square miles (2720 square kilometers) and extends from Lake
Okeechobee at the upstream end to the Frankiin Lock and Dam (Structure 789) at the down-
stream end (Figure 1).

MIKE SHE is modular in nature and consists of a number of components that may be com-
bined to simulate simple or complex hydrologic systems. By varying the modules used, the
model is capable of simulating the entire land-based portion of the hydrologic cycle. For the
Caloosahatchee watershed, the close linkage between rivers, ditches, canals, and aquifers
necessitated the inclusion of modules that represent both surface water and groundwater. The
Calocsahatchee model thus simulates major flow processes within the basin including:

- Overland sheet flow and depression storage

- Infiltration and storage in the unsaturated zone

- Groundwater flows, storage, and potential heads

- Riverfcanal flows and water levels

- Evapotranspiration losses

- Effects of drainage

- Effects of irrigation water allocation (conjunctive use)
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. Dynamic exchange between unsaturated zone-groundwater {recharge)
. Dynamic exchange between aquifers and wetlands/rivers/canals (seepage)
. Dynamic flow exchange between flood plains, rivers, overland, and wetlands.
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Figure 1: Study area map showing model boundary

A fully three-dimensional, multi-layer representation of the shallow and intermediate aquifer
system, consistent with the generalized geclogy of the area, was used in the model. The Water
Table, Tamiami, and Sandstone aquifers were represented in the model with two computational
layers that cover the entire model area and two lenses that extend over portions of the model
area consistent with the extent of the Tamiami and Sandstone aguifers. A one-dimensional rep-
resentation of the unsaturated zone and a two dimensional representation of overland flow was
employed. Channelized flow was simulated using the MIKE 11 package, which solves the one-
dimensional Saint-Venants equation. The various model components are dynamically coupled
as described in Table 1, which also summarizes the relationship of the model components and
the govemning equations solved.

A uniform grid size of 1500 by 1500 feet (457x457m) was selected for the model. This res-
olution was found to be adequate to represent major features within the Caloosahatchee Basin.
It was also consistent with the density of available input data. While a finer grid resolution may
be more desirable to better describe the basin in detail, the increased computer cost would limit
its applicability. The selected model grid represents a compromise between detailed model out-
put and computer capacity. Figure 2 shows the model grid superimposed over a map of the
study area.
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Model li Governing Equation
Component Description Coupling verning Eq

Saturated Zone, 2-D Saint-Venants equation
Overland Flow (Overland sheet flow and wamtlnsatura td Zone  Kkinesmatic wave

Component depth, depression storage nd Cannelized Flowapproximation)
Fully dynamic river and canal 1-D Saint-Venants equation|

Saturated Zone and

Channel Flow lics (flow and waler dynamic wave
Component r:vir:;u £ Overiand Flow ;,pi;mximation}
|-D Richard’s equation /
Unsaturated low and waker CORERL ﬂ!.-tht Saturated Zone and vitational flow (no
ne nsaturated zone, infiltration Overland Flow fects of capillary
Component nd groundwater recharge ential)

4 d ) Unsaturated Zone,
Saturated Zone [ TUraied ZOne {RTOICRIEL Ev:ﬂand Flow and [3-D Boussinesqs equation

levels i
ows and water leve hannelized Flow

Table 1. Key Model Components and goveming aquations solved.
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MODEL DEVELOPMENT

A varied array of input data was required to populate the model and properly descnbe the
various flow components. The data required by component is summarized below. A detailed
description can be found in the Basin Integrated Surface Water / Ground Water Model Final
Report (DHI 1999).

Saturated Zone

The model simulates dynamic groundwater flow and potential heads in the saturated zone.
The data requirements for this component of the model include information necessary 1o
describe the extent, thickness, and elevation of the top of the major geological units comprising
the Surficial and Intermediate Aquifer System. In addition, aquifer parameters, initial and bound-
ary conditions, also had to be specified. The four aquifers represented in the model are the
Water Table, Lower Tamiami, Mid Hawthom, and Sandstone aquifers. These aquifers were
assumed to account for the exchange of flows between the river and canal network, and the
aquifers. They also constitute the major sources of groundwater in the model area. The impact
of the Floridan Aquifer on surface-water flows was considered limited within the study area. The
Floridan Aquifer was therefore not included in the model.

Lithologic information from previous work in Lee, Hendry, and Collier Counties (Bower,
Adams, Restepo, 1990) was used to describe the aquifers. In portions of Charlotte and Glades
Counties where data were limited or not available, layer thickness was extrapolated based on
data from Lee and Hendry Counties using spatial interpolation techniques.

Aquifer parameters were specified based on reported values for the varicus aquifers. The
initial values were modified during model calibration. For this study, a simplified approach
assuming homogeneity within each model layer was implemented. The impact of specified
aquifer parameters on model results was investigated through sensitivity analyses as part ofa
saparate work effort. Future improvement to the model may be achieved by specifying spatially
variable hydrogeclogic parameters for each of the aquifers.

The model was run for a warm-up period to develop a potentiometric surface that was used

as initial conditions in subsequent model runs. The starting water level for the warm-up run was
based on spatially interpolated observed potentiometric data from monitoring wells in the study
araa.
Groundwater boundary conditions were specified for all layers in the model. For the upper
layer it was assumed that surface-water and groundwater divides coincide. Subsequently a no-
flow boundary was applied. A no-flow boundary was applied to most of the lower layer as well.
In the southern portion of the model, where groundwater withdrawals close to the model bound-
ary result in drawdown and groundwater inflow into the model area, a head dependent flow
boundary was specified. Time series data from 3 observation wells close to the head dependent
boundary were used to generate a dynamic head boundary incorporated into the mode for the
lower aquifer.

The assumptions made in specifying the boundary conditions could be violated under some
conditions such as high pumpage close to the model boundary, however, due to the density of
canals, ditches, and surface-water features within the study area, the impact of boundary ermors
would be limited to areas close to the specified boundanes.

Unsaturated zone

The development of the unsaturated zone component of the model was based on horizon-
tal and vertical distribution of soil physical parameters. Representative retention curves and
hydraulic conductivity curves of various soil types were used in the computation of fully distrib-
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uted soil water content profiles and vertical flow. Most of the soils of southwest Florida are shal-
low and sandy with high water tables. They are characterized by high to very high permeability,
high porosity and little or no capillary rise. The texture and hydraulic properties of the soils varies
both on local and regional scale. To provide a horizontal and vertical distribution of soil physical
parameters, characteristic soil types were identified from landscape classifications. For the pur-
pose of this study, soils were classified into different hydrologic response groups with similar
properties. These are flatwoods, marshes and ponds, sloughs, depressions, and rock (shallow
soils underlain by limestone).

Surface water

The surface-water component of the model comprises both the overland and the channel-
ized flows. Detailed topographic information and canal geometry are important for the develop-
ment of this component of the model. In addition, data describing water control structures such
as weirs, locks, culverts, and pumps, and their operation, are required to properly represent
these features in the model.

The study area is generally flat with a number of floed plains or depressions (sloughs and
swamps) adjacent to the river branches. At high water levels following rainfall events, the river
inundates the floodplains. When the river water levels recede, water accumulated on the flood-
plain drains back to the river. Dynamic floodplain simulation of the river/floodplain interaction was
determined to be important in order to describe flow attenuation and surface-water storage in
such areas as Lake Hicpochee and Telegraph Swamp, which are connected to the
Caloosahatchee River and Telegraph Creek respectively.

The Caloosahatchee River and its major tributaries were included in the river hydraulics
model. Locks, weirs, culverts, and pumps on the Caloosahatchee River and its major tributaries
were also incorporated into the model. The river network implemented in the model included both
irfigation and drainage canals. The irrigation canals are those canals within the basin from which
pumpage for agricultural irigation purposes was possible. Where such information was avail-
able, documented canal geometry obtained from permit records and previous surveys, was used
to describe canal cross sections within the model. For those canals or canal reaches for which
actual geometry was unknown, approximate cross sections were developed based on best avail-
able information.

The drainage and irrigation network within the Caloosahatchee Watershed is controlled by
a large number of structures. Many of the secondary branches are canals, which have been con-
structed to provide sufficient conveyance capacity for drainage, sufficient storage capacity for
irfigation, or both. To supply surface water to the upstream parts of the basin during dry periods,
the water is pumped upstraam from the Caloosahatchee River and held back by weirs or gates.
The pumps are usually situated next to a weir. The pumps are activated when the water lenverl
upstream of the weir drops below the minimum acceptable level for imgation. Water is diverted
from the main secondary irrigation canals 1o the farm fields by pumps or by tertiary ditches and
canals. The operations of the agricultural pumps and weirs were represented in the model.
Lake Okeechobee inflows represent the primary surface-water inflow to the model area. The his-
toric measured inflows from Lake Okeechobee, measured at the Moore Haven Lock (S-77) were
specified as surface-water boundary condition for the model. The downstream boundary of the
Caloosahatchee River was specified west of the Franklin lock and Dam (5-79) and represents
the discharge to tide from the river. The measured level downstream of S-79 was applied to the
tidally influenced portion of the Caloosahatchee River west of 5-78 in the model.

In addition to the data that describes the saturated, unsaturated, overland, and channelized
flows, meteorclogical information, and data on water use within the study area, were required for
model development.
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Metecrological Data

The raintall distribution in the study area, as in most parts of Florida, is highly vanable in both
time and space. Local thunderstorms account for considerable rainfall volumes. Rainfall data
from nine stations were selected to represent the rainfall input in the model area. The measured
time series were gap-filled by transferring values from neighboring stations and distributed are-
ally using Thiessen polygons. Daily rainfall data is provided as input to the model.

Evapotranspiration accounts for a significant portion of the water losses from the
Caloosahatchee Basin and was therefore an important component of the model.  Polential evap-
otranspiration and crop cover were used within the model to compute actual evapotranspiration.
Penman estimates of potential evapotranspiration from three stations within and close to the
study area were provided as input into the model. Land use data were used to distribute vege-
tation characteristics over the model area. The model considered interception and evaporation
from vegetation cover, soil and free water surface evaporation, and plant transpiration from the
root zone in simulating the actual evapotranspiration rate. Additional discussion of the MIKESHE
ET Module can be found in MIKE SHE Water Movement user Guide (DHI 1988.)

Water Uses

Irmigation and public water supply withdrawals from surface-water and shallow groundwater
sources within the Caloosahatchee Basin were represented in the model. The public water sup-
ply withdrawal points were located just upstream of S-79 and were represented in the model by
pumps withdrawing specified volumes of water directly from the Caloosahatchee River upstream
of §-79. The simulated withdrawn were determined from water use records for the City of Fort
Myers and Lee County Utilities.

The model calculated irrigation water demand for each time step of the simulation. The sim-
ulated irgation water demand was based on soil water deficit in the root zone, which is speci-
fied as the field capacity minus the actual water content. The irgation water demand is thus a
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Figure 3: Simulated versus observed cumulative discharge at S78 {1986 - 1990)
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simulation result that depends on soil, vegetation, and meteorological data rather than a pre-
defined input. The simulated irrigation needs were taken from groundwater or surface water
sources based on information available in water use permit records for the individual farms.
Where the data shows that both surface water and groundwater sources were used to meet the
irrigation requirements, the model was developed to utilize surface water sources first and then
groundwater sources when surface sources became limited.

CALIERATION AND VALIDATION

Data for the four-year period between January 1, 1986 and January 1, 1990 were used to
develop and calibrate the model. This period represents both dry and wet conditions within the
study area and would provide insight into the models performance during low flow and high flow
conditions. In addition, suitable data such as water level at wells and discharge at major struc-
tures were available to calibrate the model for this period. The emphasis of the model calibra-
tion was on simulated discharge at the Ortona Lock (S-78) and the Franklin Lock and Dam (S-
79). A reasonable match of simulated water levels to observed groundwater levels at monitor-
ing wells within the study area was also required.

Calibration was performed in an iterative process with surface water and groundwater
parameters within the model varied until simulated flows at S-78 and 5-73 and simulated ground-
water levels at the calibration wells closely matched the observed values. Figures 3 and 4 show
the match between cumulative observed and simulated discharge at S-78 and 5-79 respective-
ly. Both Figures show a reasonable match. Figure 5 shows the match between simulated
groundwater level and observed groundwater level at two monitor wells within the study area. A
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review of these and similar plots for other monitor wells show that the model-simulated water lav-
els did not match the dynamics and magnitude of water level changes that were cbserved in
many locations.

The quality in the fit, both in discharge and groundwater levels, could be affected by sever-
al factors. Primary among these is the uncertainty associated with distribution of rainfall within
the basin. There is also uncerainty associated with agricultural pumping practices and rates
within the study area. The size of the model grid (1500 feet by 1500 feet), the lumping of param-
etars within the grid cells, poor vertical resolution, and the use of homogeneity assumption about
the aquifers are other factors that could also contribute to a poor fit of model simulated to
observed groundwater levels. The model will benefit from a more detailed representation of the
aguifers, use of smaller grid cells and distributed aquifer parameters based on property designed
field testing.

Following the model calibration, data from the period between 1984 and 1996 was used for
model validation. The quality of the model prediction for data not used in the model development
and calibration, while retaining the parameters selected based on the model calibration, provide
insight into the models ability to properly represent field conditions. Simulated discharge at S-
78 and 5-79 and simulated groundwater level at selected monitor wells were compared to
observed data for the new simulation period. Figures 6 and 7 show the match between cumu-
lative simulated and observed discharge at S-78 and S-79. Both Figures show a reasonable
match. Figure 8 shows the match between simulated groundwater level and observed ground-
water level at two monitor wells within the study area. In all cases the simulated results match
well with the observed data and the quality of the match is comparable to the matches obtained
during model calibration. Based on the calibration and validation results, the model was con-
sidered suitable for simulating field conditions within the Caloosahatchee Basin and meets the
primary objective of obtaining a close agreement with respect to canal low flows and acceptable
groundwater head levels and dynamics.

DESCRIPTION OF MODEL APPLICATION

The model was used for alternative evaluation during development of the Caloosahatchee
Water Management Plan. The model was run using projected agricultural and public water sup-
ply demands in order to evaluate impacts of the anticipated demands on the environment. The
various scenarios were evaluated based on several performance criteria including water supply,
watershed environmental and resource protection, and estuarine protection.

The Caloosahatchee model was run using the 1995 land use and public water demand data
with precipitation and evapotranspiration corresponding to the 8-year penod between 1988-
1965, This simulation represented that 1995 base case scenario. A similar simulation using pro-
jected 2020 land use data with precipitation and evapotranspiration corresponding to the same
8-year period was performed. This scenario incorporated future demand without development
of new infrastructure and represents the 2020 base case scenario. A comparison of both base
case scenarios showed that 2020 projected demands could not be met for significant parts of the
simulated period and flows to the estuary was significantly impacted with extended period of low
discharge to the estuary. The model results also showed areas within the watershed with water
management problems and opportunities. Several management alternatives were developed 1o
address the problems and take advantage of the opportunities for meeting the future water
needs. The strategies included such actions as development of surface or subsurface storage
within the Caloosahatchee Basin to store water during the wet season and to augment water
supply during the dry season. Regional reservoirs, distributed small-scale reservoirs, aquifer
storage and recovery (ASR) facilities, additional water control structure in the Caloosahatchee
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River, and water harvesting were specific storage or management components considered. The
Caloosahatchee model was used to evaluate these water management strategies within the
Caloosahatchee Basin. Nine alternatives, made up of one or more storage or water manage-
ment component, were compared on the basis of the performance measures. The alternatives
that best met agricultural, public water supply and estuary flow requirements with minimum envi-
ronmental impact were identified as preferred alternatives. A detailed description of the alterna-
tive evaluation process and a presentation of the results can be found in the Caloosahatchee
Water Management Plan (SFWMD, 2000.)

CONCLUSION

An Integrated Surface-water and Groundw:'er Model of the Caloosahatchee Basin was

developed using MIKE SHE/MIKE 11. The model, which simulates surface-water and ground-
water responses to changes in management, land, and water uses and other hydro-meteoro-
logical stresses, was developed as a tool for evaluating impact of water management alterna-
tives developed as part of the Caloosahatchee Water Management Plan.
The model was developed and calibrated using data from 1986 to 1920 and was validated with
data from 1994 to 1996. The calibration and validation results show a good match between sim-
ulated and observed surface-water discharge and acceptable match between simulated ground-
water levels and observed groundwater levels.

The model was used to evaluate water resources management alternatives aimed at ensur-
ing adequate water supplies within the Caloosahatchee Basin up to the year 2020. Based on
the model results it was determined that the Caloosahatchee Basin will not be able to meet agri-
cultural, public water supply and environmental demands by the year 2020 without the addition
of surface and sub-surface storage within the basin.

The integrated surface-water groundwater model represents an improvement over tradition-
al modeling approaches, which utilize surface-water models or groundwater models to simulate
the extensive groundwater surface-water interactions observed in the Caloosahatchee Basin.
The integrated model is comprehensive in its representation of the entire land based portion of
the hydrologic system. The data requirements are significant and could introduce uncertainty to
the model results.

The calibration and validation exercise show that improvement in the groundwater repre-
sentation is desirable. Application of distributed aguifer parameters, use of additional layers, and
a finer grid resolution would improve the model and is recommended as part of future develop-
ment work on the model.
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SURFACE WATER MANAGEMENT IN LEE COUNTY

Archie T. Grant, Jr., P.E. and Andrew D. Tilton, P.E.
Johnson Engineering, Inc., P. ©. Box 1550, Fort Myers, Flonda 33302-1550

ABSTRACT

Historically, development in Lee County began along the Caloosahatchee River. The first
roads, such as McGregor Boulevard and Palm Beach Boulevard, evolved along the topog-raph-
ical break line where flat inland prairies began to slope steeply to the nver. As development
moved inland away from these first roadways and relatively well-drained steeper lands, problems
began to arise. The flatter inland prairies were more difficult to drain and stable downsiream
creeks were incapable of passing significantly increased flows. The approach to solving these
problems and some examples of solutions are further described. Durward Boggess' contrbu-
tions to these sclutions are outlined. Early stream gauging technigues to record high water
marks and more recent gauging technology is discussed. Significant flood events such as in the
early 1970's and in 1995 are described. The stormwater portion of the National Pollutant
Discharge Elimination System (NPDES) program will have significant impact on surface water
manage-ment in Lee County. The NPDES program’s objective is improving water quality by
reducing or eliminating pollutants discharged via surface runoff. Rainfall and water elevation
data collection is important in this regard and is joined with estimation of flow and testing of water
quality. The combination of this data allows annual poliutant and sediment loadings to be cal-
culated. The gaug-ing technigues Durward Boggess helped establish are valuable to monitor
and manage systems for maintenance or improvements as needad.

SURFACE WATER MANAGEMENT IN LEE COUNTY

History

Historically, the first settiers of Fort Myers concentrated near the Caloosahatchee River,
where ground slopes were relatively steep and drainage was good. Early roads such as Palm
Beach Boulevard and McGregor Boulevard evolved along "ridge lines” basically par-alleling the
River. These road locations generally followed the topographic break where wet inland praines
began a steeper slope directly to the River. An example of this steeper slope to the River is along
the Winkler Canal route. The slope from the Ten Mile Canal Dike west to McGregor Boulevard
is six feet in two miles. The slope from McGregor Boulevard to the Caloosahatchee is twelve
feet in one half mile. Many areas downstream of Palm Beach Boulevard and Bayshore Road
(north of the river) show this similar steep gradient.

Early development in Lee County also generally occurred along the Caloosahatchee and
then along the estuaries and bays where upland areas were easily accessible. As the areas
between the ridge line roads and the River became more intensely populated, development
moved inland. Small creeks that heretofore drained simply from ridge roads such as McGregor
Boulevard to the River were subjected to drainage from large inland watersheds that became
more impervious each year. In the 1960's when much of this development began to occur, no
water management districts had been formed to oversee surface-water management in Lee
County. When the original communities were planned along the River in the early 1900's, little
thought was given to the effect that later upsiream developments would have on downstream
runoff.
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The Basic Problem

Unfortunately, the historical development pattemn was "in reverse® from a drainage stand-
point. Matural downstream drainageways traversed developed and stable residential areas. In
most cases, rights-of-way were by occupation and previous use only. Aftempts to improve small
downstream channels were met with many obstacles, including high costs and opposition of
adjacent land owners. If downstream channels were not altered in conjunction with uncon-trelled
upstream development, "bottleneck™ situations occurred. The downstream constrictions
obstructed the passage of upstream water as well as causing severe bank erosion in their own

localized area.

Lee County's First Watershed Study

Lee County's first comprehensive watershed study was performed by the Sarasota engi-
neering firm of Smally, Wellford and Nalven (1961). They divided the County into four general
watershed areas (See Figure 1):

North Coastal

North Caloosahatchee

South Caloosahatchee

South Coastal

Three main zones could usually be distinguished in each watershed: (1) a flat, coastal
marsh generally ranging in elevation from one to two feet above sea level, (2) a relatively steep
transitional zone between the downstream coastal marsh and the upstream prairie area, and (3)
a flat inland prairie in the upstream portions of watersheds.

Surface Water Studies - 1972 and 1979

Johnson Engineering performed surface water studies for Lee County in 1872 and 1579. It
was during this period that Johnson's staff began meeting with Durward Boggess to acquire
background data and advice. Discussions at these meetings usually centered around proposed
surface-water con-veyances, the potential impact on groundwater and how to protect and
enhance the groundwater table. One of the first issues to be discussed was Gator Slough and
the need for a water control structure in the vicinity of Bumt Store Road. Boggess reasoned that
Bumt Store Road was a logical location for a system of weirs to deter direct salt water intrusicn
into upstream canals and lakes. Use of Bumt Store Road as a barrier also provided opportuni-
ty to conserve fresh water upstream in the Cape Coral surface water system. Boggess strong-
ly lobbied for a barrier weir on Gator Slough at Burnt Store Road and that the crest be set at ele-
vation 2.5 feet NGVD. After several meetings, developers and regulatory agencies agreed with
Boggess' recommendations. One of the first Lee County crest gauges was installed in 1973 on
Gator Slough at Bumt Store Road. This gauge contributed to documentation used in later mod-
eling of Gator Slough.

A crest gauge system was initiated in 1973 by Lee County on many of the major streams.
Durward Boggess advised from his USGS experience on the type of crest gauge that would be
economical and effective in Southwest Florida. A simple steel pipe with ground cork floating
inside was used. As water levels rose, the cork would be deposited on a wooden lath strip inside
the pipe. The lath was later removed and read to determine the surface-water elevation at its
crest. The crest gauge information was used fo establish many key road elevations such as:

Daniels Road @ Ten Mile Canal and @ Six Mile Cypress
Six Mile Cypress Parkway
Summerlin Road
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Ten Mile Canal / Six Mile Cypress Slough

There is perhaps no greater contrast between surface-water systems in Lee County than
between Ten Mile Canal and Six Mile Cypress Slough. Ten Mile Canal is a channelized con-
veyance running from Hanson Street, near the center of Fort Myers, to Mullock Creek, near
Estero Bay. Six Mile Cypress Slough is a natural depression with its headwaters near Lehigh
Acres at S.R. 82 and its outfall into Ten Mile Canal just upstream of Briarcliff Road. The primary
purpose of the construction of Ten Mile Canal in the early 1900's was to acquire fill materal for
the dike on its west side. The dike was constructed to form a barrer between the City of Fort
Myers and the annually inundated flood prone areas to the east. The canal, in fact, onginates in
an area of Fort Myers where it would only have to traverse two miles to a tidewater outfall into
the Caloosahatchee River versus traveling ten miles to tidewater in Mullock Creek. At the time
of its construction, however, the primary purpose was to block sheet flow from the east, not drain
the lands from the east. Ultimately, with construction of I-75 and the Regional Airport, drainage
of developing lands from the east grew in imporance.

Six Mile Cypress was recognized as a natural treasure when the residents of Lee County
voted for its purchase in a 1976 referendum. Bill Hammend, a leader in environmental educa-
tion along with his Lee County students, led the successful campaign to purchase the Slough.
He recognized that the only way to protect it from piecemeal development was for it to be pur-
chased and placed in public ownership.

Once development moved east of Ten Mile Canal, it was inevitable that drainage of these
flood prone lands would need to be improved. In 1974, Ten Mile Canal was a shallow inconsis-
tent conveyance with a low flow capacity. Southwesterly sheet flow impounded behind. the
Seaboard Coast Line (now Seminole Gulf) Railroad Grade until it found an opening into Ten Mile
Canal. Daniels Road, Briarcliff Road and even Old U.S. 41 (east of the existing U.S. 41 bridge
on Ten Mile Canal) were overtopped during the summer wet season. Improvements to the Ten
Mile Canal were subsequently designed. At the time of the design, no water control structures
existed in Ten Mile Canal. Drainage through the systemn was completely uncontrolled and the
canal went dry each winter season. Working with Durward Boggess, a system of weirs was
designed to restore winter groundwater levels and also protect Six Mile Cypress from overdrain-
ing (See Figure 2). An example of improved groundwater control is the Tamiami Weir located
near the crossing of Old U.S. 41. Ten Mile Canal at this location was tidal. Salt water intruded
upstream of this point when high tides occurred. A water control structure with a crest elevation
of 5.5 feet was constructed with a cormesponding rise in upstream groundwater tables.

The Ten Mile - Six Mile system has resulted in adequate drainage for lands to the east, while
protecting the natural function of the Six Mile Cypress Slough. During the 1976 referen-dum to
pur-chase the Slough, it was envisioned as a green emerald strand comparable to a Central Park
in New York City. Efforts of visionaries like Durward Boggess to protect and raise groundwater
tables in Lee County have contributed significantly to the success and viability of areas like the
Six Mile Cypress Slough.

Gauging of surface water in Lee County has also advanced significantly from the early days
when Durward Boggess sketched the first simple pipe design. The recent South Lea County
Water Management Plan, prepared for the South Florida Water Management District, highlights
the importance of a gauging system that provides near "real time data® on the stages of critical
streams (Johnson Engineering, Inc., et al., 1999),

As part of the South Lee County Plan, a surface-water model was created to simulate stages
and flows in the Imperial River for the vast area east of Bonita Springs. One of the pur-poses of
the model was to predict stages and potential flooding in the large Corkscrew Swamp/Flint Pen
Strand area. Key to the reliability of this model was accurate beginning pool elevations in the
large area being modeled. The most reliable data comes from historical U.5.G.5. records for the




FLORIDA GEOLOGIAL SURVEY

Gator Slough at Burnt Store Road.

Six Mile Cypress Weir at Ten Mile Canal.

Figure 2.
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Imperial - Estero Rivers (Kenner and Brown, 1956) and the existing continuous Us.GSs.
recorder on the Imperial River/Kehl Canal just upstream of |-75 at the Orr Road Bridge (U.S.
Geological Survey, 1999). This gauge was used to both assist in model calibration and also to
provide an on-going reference as to the model's predictive accuracy.

The gauge was most recently used for hourly reference during the September 21, 1999 pen-
od when tropical storm Harvey passed through the area. Its use, in conjunction with the predic-
tive model, was instrumental in avoiding an unnecessary 1999 evacuation of Bonita Springs,
which was so adversely impacted in the 1995 floods.

Mational Pollutant Discharge Elimination System

The Clean Water Act of 1968 established the National Pollutant Discharge Elimination
System (NPDES) program. It is administered by the United States Environmental Protection
Agency (EPA). The NPDES program covers all types of water-bome poliution that is discharged
o waters of the United States. The initial thrust of this program was to decrease pollutant load-
ings from point sources. These point sources were mainly wastewater treatment plants and
incustrial waste process water. Great strides in pollutant reduction have been made over more
than 30 years of this program.

Storm-water runoff was included in the original legislation, but was not an early target for
specific regulation. The EPA was sued by several environmental groups in the mid-1980's. The
result was that in 1987, EPA started regulating storm-water runoff, which is also referred to as a
potential non-point source of pollutants. Municipalities with a population of more than 100,000
as of 1980 were included in the first phase of the stormwater regulation part of the pro-gram. An
additional group of municipalities was included following the 1990 census. In this phase, con-
struction sites where land is disturbed in quantities greater than five acres were considered an
industrial activity regardiess of the final land use. Permitting of these sites became required as
a result. Most of the rules are similar to those already required by the Florida Department of
Environmental Protection and the Water Management Districts. The major difference is the
record keeping that is required.

Lee County was subject to the NPDES permit requirements on construction sites when the
permit became available. A general permit for Florida became available on October 1, 1992,
Initially the applicant was either an individual or group applicant. Under the general permit, a one
page application known as a Notice of Intent (NOI) is utilized and requires a Storm Water
Pollution Prevention Plan (SWPPP). The latter out-lines each site activity that may contribute to
polluted runoff and procedures undertaken by the developer to minimize transporting pollution
offsite.

The NPDES permit addresses surface water quality and not groundwater. Here in
Southwest Florida, the surface water and the surficial aquifer are directly linked. Durwood
Boggess' work with the groundwater system of this area can be related directly to the local sur-
face waters. Most of the local surface waters ultimately discharge to waters of the United States,
especially in the wet season when most of the runoff occurs. During the dry season, runoff may
not go directly to an outfall, but enters the surficial aguifer instead.

Mr. Boggess recognized the importance of water quality early in his work here in Southwest
Florida. He was a strong supporter of maintaining both surface-water quality and water quality
in the aquifers. Much of his work centered on saltwater intrusion along the coast. He under-
stood the connection between the surface water and the surficial aguifer. Using this knowledge
he was an early pro-ponent of not breaching confining layers during the construction of lakes or
borrow pits.

Durward Boggess has left a legacy that is effective in enhancing the public safety and welfare of
Lee County even today.
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SEAGRASS MEADOW HOURLY DISSOLVED-OXYGEN RECORDINGS
CENTRAL ESTERO BAY, LEE COUNTY

Hugh J. Mitchell-Tapping, Themas J. Lee, Cathy R. Willlams,
Joseph P. Mallon, and Thomas Winter
Ostego Bay Foundation Inc/Estero Bay Maring Ladoratory Inc.,
P.O. Box 0875, Fort Myars Baach, FL 33901

ABSTRACT

Dissolved-oxygen (DO) concentrations and other physical water quality parameters were
measured hourly, from June 1996 to the present day using a programmed continuous digital
recorder deployed in a major Thalassia, Synngodium, and Halodule seagrass meadow at
Starvation Flats in the shallow waters of central Estero Bay. The daily recorded DO concentra-
tions, more than 19,000 measurements, showed a rapid increase between the hours of 1000 and
2000 (10 am to 8 pm) with a near-dawn low and a gradual lowering over the 5 year period. In
general, during the wet-season (April through October), the near-dawn hourly-measured maxi-
mum DO concentrations (mg/L) were well below the Florida Department of Environmental
Protection (FDEP) standard 1983 minimum of 4 mg/L. The DO production appeared to be direct-
ly related to water depth, wave action, water temperature, and water clarity, that is, the shallow-
er the depth, the greater the sunlight penetration, and only indirectly to salinity and other physi-
cal parameters. Rainfall analysis showed that heavy rainfall appeared to have only a dampening
effect on dissolved-oxygen production over the seagrass beds, which may be due to cloud cover
and the slight lowering of water temperature during the rain storms. Dissolved-oxygen is an
essential component in the aguatic environment. Of all the parameters that characterize an estu-
ary, the level of dissolved-oxygen in the water is one of the best indicators of estuarine health.
An estuary with litthe or no oxygen in its waters cannot support healthy levels of animal or plant
life. DO concentrations of 5.0 mg/L or higher are able to support a well-balanced, healthy bio-
logical community. However, when concentrations fall below the current FDEP value of 4.0 mg/L,
some researchers consider that a complete alteration of the estuarine biotic assemblage occurs.
The health of an estuary can, to a large degree, be determined by cbserving the near-dawn dis-
solved-oxygen concentrations as well as the range of DO. For example, the DO (mg/L) continu-
ous recordings made in central Estero Bay show DO levels that range from 0.05 1o 12.10 mg/L
during the wet and dry seasons of 1996-1997, with more than 120 days a year violating State
standards (>4.0 mg/L). From this data, it would appear that Estero Bay may be more stressed
than that recorded in Hillsborough Bay. This stress may account for the loss and changes in size
of seagrass beds in Estero Bay as surveyed over the last 24 years. Near-dawn DO sags are
probably the most important water quality variable affecting both the general health of the bay
and species abundance and diversity. Daytime or one-time sampling gives both over-optimistic
values and erroneous assessments of water quality. As near-dawn DO concentrations in central
Estero Bay regularly experienced values below 2.0 mg/L, far below the recommended FDEP
minimum, it is highly recommended that DO concentrations be taken hourly over a 24 hour peri-
od, rather than at one time, to assess the health of the estuary. In summary, this study investi-
gated the hourly changes in DO mg/L for monthly periods at different times of the year over a
period of 4 years to determine the validity of the hypothesis that near-dawn hourly DO meas-
urements better reflect stresses within the bay than one-time site-specific data-point measure-
ments. From these results, it can be seen that the one-time daytime sampling cannot take into
account near-dawn sags, or daytime high DO concentrations, which are the most important indi-
cator of the health of the bay. However, it may be mathematically possible to extrapolate the one-
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time data, by using constructed monthly averaged-hourly curves and the time of the sampling to
obtain the correct minimums and maximum DO concentrations. This study is still ongoing, and it
is hoped that further future investigations will determine the long-term maximum and minimum
DO patterns that may be helpful in bay management decisions as to the health of this estuary.

INTRODUCTION

The health of an estuary can, to a large degree, be determined by observing dissolved-oxy-
gen concentrations (DO) (Friedemann and Hand, 1989). Oxygen enters estuarine waters from
both the atmosphere and through aquatic plant and phytoplankion photosynthesis. Currents and
wind-generated waves boost the amount of cxygen entering the water by putting more water in
contact with the atmosphere. Oxygen solubility in water is poor, however, and even well-aerat-
ed, freshwater at zero degrees centigrade can only hold 14.2 mg/L of oxygen when fully satu-
rated (Friedemann and Hand, 1989). Saltwater can absorb even less oxygen than freshwater.
Similarty, warm water, fresh or salt, holds less oxygen than cold water (Friedemann and Hand,
1989). A vast array of organisms are dependent upon adequate levels of DO for survival. Most
animals and plants can grow and reproduce unimpaired when DO levels exceed 5 milligrams per
liter (mg/L). However, if DO levels fall under 2 mg/L, a condition known as hypoxia, many mobile
species will move elsewhere while non-mobile species may die. A second condition, known as
anoxia, occurs when the water becomes totally depleted of oxygen (<0.5 mg/L) and results in the
death or avoidance by any organism that requires DO for survival. Although excess nutrients
from human aclivities can be a major cause of hypoxia or anoxia, these conditions may also
occur in estuaries relatively unaffected by humans. Usually, under the latter conditions, the
severity of low DO and the length of time that low oxygen conditions persist are less extreme.
The consequences of these changes frequently have both ecological and economic significance.
It should also be noted that some systems, such as swamps, can exhibit naturally low dissolved-
oxygen concentrations, without adverse effects on some of the biota. The breakdown of organ-
ic matter is an integral part of an estuarine ecological cycle, and, like animal and plant respira-
tion, also consumes oxygen. Decomposition of large quantities of organic matter by bactena can
severely deplete the water of oxygen and make it uninhabitable for other species (Friedemann
and Hand, 1989). An overoad of nutrients from wastewater treatment plants or runoff from res-
idential developments also adds to the problem by fueling the overgrowth of phytoplankton.
Phytoplankton ultimately die and fall to the bottom where they decompose, using up oxygen in
the waters of the estuary (Friedemann and Hand, 1989).

The measurement of DO concentration is an important indicator of existing water quality as
it reflects the ability of a body of water to support a healthy and diverse biological community. It
can be based on the saturation in the water, taking into account the temperature and conductiv-
ity, both of which affect its capacity to hold oxygen. Diumnal variation in DO levels is generally
higher in estuaries than in streams due to the higher rates of primary productivity in estuaries
(Friedemann and Hand, 1989). At the surface of an estuary, the water at mid-day is often close
to oxygen saturation, due both to mixing with air and the production of oxygen by plant photo-
synthesis. As night falls, photosynthesis ceases and plants consume available oxygen, forcing
DO levels to decline (Friedemann and Hand, 1989). Cloudy weather may also cause surface
water DO levels to vary over short time periods, since reduced sunlight slows photosynthesis.
The DO levels in deeper parts of an estuary fluctuate according to the rate of oxygen diffusion
from the upper layer and the amount of mixing caused by storms, wind, currents, and the circu-
lation of water temperature differences between the layers. Strafification is quite effective in
blocking the transfer of oxygen and nutrents between the upper and lower layers. In a well-strat-
ified estuary, very little oxygen may reach the lower depths and the deep water may remain at a
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faidy constant lower level of DO until the stratification disintegrates with the changing of tides,
seasons, or a large storm (Friedemann and Hand, 1988). Although one may think of water as
homogeneous and non-changing, its chemical constitution does, in fact, vary over time. Oxygen
levels, in particular, may change sharply in a matter of hours, making it difficult to assess the sig-
nificance of any single DO value. Daytime and mean measurements of dissolved-oxygen may
have limited significance, since noctumnal respiration and other episodic instances of low dis-
solved-oxygen have a significant impact on aquatic biota. Diumal dissolved-oxygen studies are
a necessity for gaining a full understanding of the oxygen cycle in a particular body of water
(Friedemann and Hand, 1989). The consequences of a rapid decline in DO (less than 2.0 mgiL)
sets in quickly and animals must move to areas with higher levels of oxygen or perish. This
impact makes measuring the level of DO an important means of assessing the status of water
quality. This study investigated the hourly changes in DO mg/L for monthly periods at different
times of the year to determine the validity of the hypothesis that houry DO measurements bet-
ter reflect stresses within the bay than a one-time site-specific data-point measurement.

Estero Bay Aquatic Preserve

The study site was located within a large seagrass meadow in the tidal circulation area of
Big Carlos Pass within the Estero Bay Aguatic Preserve, Lee County, Florida (Figure 1). This
preserve was the first aquatic preserve to be established in Florida in 1966, and was brought
under standard management by the Florida Aquatic Preserve Act in 1975, The Preserve covers
an area of about 4,525 hectares (11,200 acres) with a drainage basin encompassing 758.5 km2
(293 mi2), located approximately 24 km (15 mi) south of Fort Myers and about 26 km (16 mi)
north of Naples, along the westem coastiine of, and entirely within, Lee County (Godschalk &
Associates, 1988). It has experienced significant urban growth surrounding the Preserve and
also receives sudden natural flood amounts of freshwater input in the northem, central, and
southern portions of the Bay related to stormwater runoff. Some of the human activities in the
Bay area responsible for decreased water quality include dredge and fill projects, nonpoint
source pollution, road runcff, septic systems (nearly all are on central sewer today, except for
some trailer parks and houses on the Estero River), fueling marinas, housing and dock devel-
opments, and scarring and turbidity from boat propellers. Along with these developments has
come a decline in seagrasses and an abundance of algae in the Bay, as noted in surveys per-
formed in 1972 by McNulty et al. (Estevez et al., 1981), in 1974 by Tabb et al., (1974), in 1981
by Lee County Environmental Laboratory (unpublished GIS maps available from Lee County Tax
Office in Fort Myers), and in 1996, 1997, and 1988 by Mitchell-Tapping et al. (1996; 1997; 1998).

The shallow surface water area of Estero Bay (Figure 2) is more than 38 km2 (15 mi2). The
estuary complex began to form approximately 5,000 years ago when a rise in sea level drowned
the Preserve area. The dastic sediment from ofishore were transported by the longshaore cur-
rents south to be deposited as barrier islands bounding the present Estero Bay and also filled
the bay to its present shallow depth. The strong tidal and storm influences formed a large tidal
delta inside of Big Carlos Pass and smaller deltas bayside of former and present-day inlets.
Within the bay, there are hundreds of low-lying islands and oyster bars, many coverad with man-
groves. These back-bay islands have no upland areas, except on Mound and Dog keys.
Mangrove trees are by far the most dominant vegetation in the estuarnine island complex and
extensive marne grassbeds are found only in certain protected well-circulated shallow areas of
the bay (Mitchell-Tapping et al., 1996, 1997, 1998, 1999).

The middle and lower reaches of all the rivers and creeks are tidal, while freshwater char-
acteristics of the bay vary in response to the daily, seasonal, and long-term forces, and the many
and varied conditions found in each of the minor streams from 10 watersheds flowing into the
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estuary. In the northemn portion of the bay, Cow Creek, sometimes called Cow Slough, and No
Name Slough both flow into small bays, while Hendry Creek and Mullock Creek and Ten-mile
Canal input waters from the southem and eastemn portions of the city of Fort Myers. In the cen-
tral area, Halfway Creek, a former Pleistocene swale between dunes, flows into the Estero River.
Spring Creek, also a Pleistocene swale area, flows into the south-central part of the bay and is
affected by nearby residential development. In the southernmost part of the bay, the Impenial
River drains the largest watershed in Lee County. The lower reaches of this river basin near
Bonita Springs have experienced large developments that have affected the watershed. In
October 1995, the Imperial River watershed measured a record runoff of 243 x 106 m3 (157,400
acre-ft) of water during a period of heavy rain-storms that recorded 444.75 mm (17.51 inches),
while long-term runoff (1940-19985) for this watershed averaged 87.2 x 106 m3 (70,540 acre-ft)
which includes past hurricane stormwater (USGS, 1996).

The tides in Estero Bay have a tidal range of approximately 0.94 times the open coast range
at Naples (based on calculations and a Suboceanic Consultants hydrographic tide observation
study of the Hickory Pass area in February 1978). EBML uses a tidal calculation computer pro-
gram called Tide Master for all its observations in the Bay. Suboceanic Consultants (1978)
recorded tidal data obtained at sites at Naples Pier and Little Hickory Island from tide gage
records, while the data from Estero Bay inlets were obtained from tide staffs cbservations at
approximately 15-minute intervals at each location (Table 1). The average bay tide range dur-
ing ebb on February B, 1978 was 1.77 ft., while the Gulf range was 1.87 ft (Suboceanic
Consultants, 1978). Tides in the area are of the mixed-type and have a period of 12.25 hours
(Suboceanic Consultants, 1978). Tidal range (0.54 m or 1.77 fi) is approximately, that is, 0.84
times the open coastal range (0.57 m or 1.87 ft) (Suboceanic Consultants, 1978). Area of cal-
culated tidal influence, which extends up rivers to US41, within the Bay is: 0.3 x 108 m2 (3.29 X
108 ft2) (Suboceanic Consultants, 1978).

TABLE 1. TIDAL RANGES, INLET SIZE, AND CURRENT VELOCITIES
(Suboceanic Consultants, 1978).

Inlet Tide range Flood tide Ebb tide
Big Carlos Pass 1.08m (3.56f) | 8.18x 10°fC 5.75x 10° ft°
New Pass 1.08m (3.56f) | 271 x10°#1" 202 x10° #°
Inlet Threat Width Hydraulic Cross-sectional area
Radius
Big Carlos Pass 494 m (1,620 | 3.9m (12.85f) | 1,933.3 m* (20,810 ft*)
¥ ft)
New Pass 250.7m (822 | 2.7m (BBBN) | B78.2 m® (7,300 ft)
ft)
Inlet Flood tide Ebb tide
Big Carlos Pass 0.75 m/s (2.46 Ips) 0.09 m/s (2.66 fps)
New Pass 0.78 m/s (2.57 ips) 0.65 m/s (2.12 fps)
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Estero Bay has had eight tidal inlets in the past (Littte Carlos, Big Hickory and Little Hickory
Passes have a historical record of periodic closure). These are from north to south:

Matanzas Pass (affects only the northwestemn area)

Hurricane Pass (closed) formerly lead to Hurricane Bay

Mid Island Pass (closed) formerly lead to Hell Peckney Bay

Big Carlos Pass (affects only the north and north-central central area)

Little Carlos Pass (closed) formerly affected the central-southern area.

New Pass (affects only the southem and south-central central area)

Big Hickory Pass (was reopened in 1988, affects only the southem local area)
Little Hickory Pass (closed) formerly affected the southem part.

Tidal current circulation is of utmost importance to Esterc Bay in that it plays a dominant role

in transporting, flushing, and diluting varicus contaminants from their sources to seaward loca-
tions. The understanding and quantitying of the circulation in an estuary is the first step toward
developing a management plan for estuarine rescurces. Estero Bay is characterized by areas
of strong currents that are very pronounced in and around the passes, and by null zones, that is,
areas of very low currents, located at dead-end zones or where two tidal waves propagating in
from different inlets meet (Figs. 3a, 3b, and 3c). Analysis of these currents show that the primary
null flow-tide zones are located north of Ostego Bay and south of Hell Peckney Bay, that is, in
the northem portion of Estero Bay, and near the entrance of the former Little Carlos Pass, that
is, between Big Carlos Pass and New Pass, in the central part of the bay. The amount of water
that flows through the various passes during each tidal cycle varies significantly. The locations
of the null zones within the system have a significant effect on the biota and the flushing char-
acteristics of the different segments within the bay and therefore the water quality (Fig. 4).
Residual circulation pattemns can have a significant effect on water quality within the bay through
the transport of material to areas not necessarily near the point of input origin.
Many hours have been spent investigating the current pattemns (Mitchell-Tapping et al., 1997)
and have determined that there are changes in the location of ebb and flow null zones in the bay
that have shown different flushing capabilities of the tidal currents. Tidal current circulation in the
Estero Bay system is forced by the tides at Matanzas Pass, Big Carlos Pass, New Pass and Big
Hickory Pass (when open, it is very restricted). Tides at the open boundaries are composed of
semi-diurnal and diumal components with relatively low tidal amplitudes (40-80 cm) and slight
shifts in the tidal phases. Tidal amplitudes and tidal phases do not vary significantly within the
Estero Bay. However, tidal currents show significant spatial vanation. The shallower depth and
more constricted geometry of the central part of Estero Bay result in more tidal dissipation.
During flood and ebb tides, water enters and leaves the bay through all the passes including the
Matanzas Inlet, creating strong flood and ebb currents on both sides of the inlets. EBML uses a
tidal calculation computer program called Tide Master for all its observations in the Bay.

Currents within the bay between the passes are generally much weaker than currents in the
passes, due to the presence of null zones. The interaction between the tidal waves entering in
the various bay inlets creates a complex circulation pattem characterized by areas of strong cur-
rents near the passes and null zones in the bay between inlets. The null zone is characterized
by near-zero water flow and direction. Null points may vary and actually be a wider zone at cer-
tain imes of the year due to changes in tidal height, stormwater runcff quantity, and opening and
closing of inlets. The location of the null zone also depends significantly on the location and con-
fiquration of the passes, and may shift dramatically if a new pass is opened or an existing pass
is closed, such as Big Hickory Pass. Changes in water-quality parameters are also affected by
residual flow and tidal flushing. There are four major segments in the Bay (Mitchell-Tapping et
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Figure 3a. Morthern portion of Estero Bay showing Matazas Pass tidal inflow
circulation patterns and null points.
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Figure 3b. Central Estero Bay Big Carlos Pass tidal inflow circulation patterns and null points.
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SEGMENTATIOM BASED ON
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Figure 4. Estero Bay segmentation.
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al., 1997) which are further divided into subdivisions. The major boundaries for each segment
of the bay have been mapped based on tidal current null-circulation pattemns by observing the
drift direction of buoys (Fig. 3a, 3b, and 3c). The following null points have been cbserved
(Mitchell-Tapping et al., 1997):

Segment 1 is influsnced by the circulation current pattern controlled by Matanzas Pass for
tide ingress and egress. This segment controls the main drainage flow input areas from
southwest and southern South Fort Myers, while each subdivision, although influenced by
the same tidal currents, control the seasonal water quality changes that are due fo differ-
ent drainage runoff areas. There are tidal current null points in Hurricane Bay and at the
meeting of Segments 1 and 2. This tidal current null point strefches across the bay
batween segments 1 and 2 and into Hell Peckney Bay as far as Dog Key. There is a bird
rookery island present nearby this null point in the Bay.

Segment 2 is influenced by the circulation current pattern controlled by Big Carlos Pass tidal
currents. These segments are influenced to a greater and lesser degree by runoff from the
nivers and creeks in this area. Another tidal current null point exists between segments 2
and 3, also with a nearby bird rookery.

Segment 3 is influenced by the circulation current pattern controfled by New Pass.

Segment 4 is influenced by the circulation cument patiern controlled by Big Hickory Pass.
This segment is divided into two divisions, 4a and 4b, based on the tidal current circulation
patterns in the Bay from Hogue Channel and the of input from the Imperial River into Fish
Trap Bay. There is a null point betwaen the waters of Wiggins Pass and Big Hickory Fass,
south of Bonita Beach Road bridge in Little Hickory Bay in Collier County.

Hourly Dissolved Oxygen Recordings

An autonomous, remote, continuous-recording device was used to measure pH, specific
conductance, dissolved oxygen (mg/), temperature (oC), depth (m), and salinity (o/oo) in crder
to determine changes in physical water-quality parameters. The study was started in June 1996
and continues to the present day. The instrument is calibrated according to the manufacturer’s
specifications both before and after each deployment. The continuous recording device has the
capacity to measure DO in both mg/L and %, but as the DO % readings are affected by local
changes in barometric pressure, it is very hard to calibrate, especially during a long-term deploy-
ment, therefore, although both were recorded, only the DO in mg/L, which is not affected by
changes in barometric pressure, was used in the analysis. The depth was calibrated in meters
below NAVD (North American Vertical Datum of 1988) using a survey marker of known NAVD
alevation. The instrument was programmed to measure the physical water quality parameters
every hour for at least a month at a time.

The chosen deployment site was located at Starvation Flats, a major seagrass meadow in
central Estero Bay, with abundant Thalassia testudinum (Turtle-grass), Syringodium filfforme
(Manatee-grassjand Halodule wrightii (Shoal grass), in a shallow (<1m) area in the central part
of the bay. This site was chosen not only for the presence of seagrass but also as the site is
affected by runoff from the eastern part of Hell Peckney Bay, Hendry Creek, Ten-mile Canal,
Mullock Creek, and Estero River, and the site is influenced by major inflow and outflow of tidal
water into the central part of the bay. Seagrasses are not true grasses, but flowering plants with
stems, leaves, roots and flowers, and are more closely related to lilies (Fonseca, 1995).
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Seagrasses serve as a good indicator of water quality because they are very sensitive to envi-
ronmental change (Vimstein and Morris, 1996).

At the site, the instrument was suspended about 5 cm above the seafloor inside a capped
(to prevent rainfall effects) protective perforated PVC pipe supported within a tripod and marked
with two mooring posts either side of the pipe (Figs. 5). At the end of each deployment, usually
for 2 or 3 months at a time, the instrument was recovered and the recordings downloaded into a
computer spreadsheet program. The data is then plotted and charted monthly in 24 hour time
penods.

A few problems with recordings did occur. Some records showed that during a period of
low-low tide the probes of the instrument had been exposed to air, while others showed that
sanding (re-suspended micro-sized quartz sediment during rough weather) of the probe had
occurred for a short period, thereby giving false readings for that pericd. In the analysis of the
data, these erroneous records were excluded. On one occasion during a deployment (late
August, September, and October 1996) the instrument recorded every 2 hours due to an error in
programming. Movember 1996 data was not recovered due to damage of the instrument in the
field requiring factory repairs. During 1998, the glass-tipped pH probe was damaged by a crab
thereby preventing further recordings of this one parameter.

The data results are presented monthly in 24-hour graphic chart form (Figs. €, 7 and 8), and
show curves of the concentration of dissolved-oxygen in central Estero Bay that increase rapid-
ly between the hours of 1000 and 2000 (10 am to 8 pm) and decrease to a near-dawn sag. Near-
dawn sags and daytime high DO concentrations are considered the most important indicators in
the assessment of the health of the bay. The charts of DO (mg/L) during the wet and dry sea-
sons show that the daylight maximum DO is sometimes less than 1 mg/L, and the near-dawn
saq is well below 0.5 mg/L.

Lewis and Estevez (1988) have reported a maximum DO low in June to August, but had a
maximum high during January in a study of Hillsborough Bay. Lewis and Estevez (1988) also
reported ranges of DO (mg/L) for other Florida west-coast bays (Tables 2, 3, and 4). None of
the recorded DO ranges of these bays (Table 2) are as great as that experienced in Estero Bay
(Table 3) which show a range from 0.4 to 13.12 mg/L during the wet and dry seasons of 1999-
2000. Lewis and Estevez (1988) state that Hillsborough Bay has the most oxygen stress of all
the bays and that the DO levels violate existing State standards 60-80 days a year. Based on
these conclusions and as Estero Bay DO levels exhibit a greater range and have more than 220
days a year violating State standards (=4.0 mg/L)(Table &), one could conclude, based on this
dissolved oxygen data, that Estero Bay may be more stressed than Hillsborough Bay, which may
also account for the loss of seagrasses within the bay (Mitchell-Tapping et al., 1996; 1987, 1998;
1999, 2000).

Charts were also constructed to show the effect of rainfall precipitation on DO (mg/L) during
the wet season. An analysis shows that heavy rainfall appears to have only a dampening effect
on dissolved-oxygen production over the seagrass beds and this may be due to a lowering of
temperature and increase of cloud cover during rainstorms (Fig. 9). Further analysis of the
charts shows that daytime one-time DO sampling gives both over-optimistic values and erro-
neous assessments of existing water quality. Studies of Estero Bay in 1995 and 1996 (Mitchell-
Tapping et al., 1996), taking daytime site-specific one-time weekly samples at more than 15 loca-
tions within the bay and also offshore Lovers Key in the Gulf of Mexico, showed higher DO con-
centrations that gave an over-optimistic view of the health of the bay. However, using a contin-
uous recording device, programmed for hourly sampling over the seagrass meadow in the cen-
tral portion of the bay, measurements show DO concentrations that show some reason for con-
cem (Table 4).

From these recordings, it can be seen that the one-time daytime sampling cannot take into
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Table 2. Florida West Coast Bay Rangess of DO (mg/L)

(as recorded in the literature)
Location Range (mg/L) |

Hillsborough Bay 0.9-11.6

Old Tampa Bay 2.7-10.6

Upper TampaBay | 1.1- 8.1

Lower Tampa Bay 1.4- 85

Boca Gi&gﬂ Bay 1.6-10.6

Table 3. Central Estero Bay dissolved oxygen (mg/L)
= X Location ﬁ?nvg- {mg/L)

_Eslam Bay 1996 wel season 0.05 - 11.91
Estero Bay 1996-7 dry season 0.33 - 11.32
| Estero Bay 1997 wet season 0.31-12.85
Estero Bay 1997-8 dry season 0.81 - 17.50
| Esterc Bay 1998 wet season 0.28 - 13.08
Estero Bay 1998-9 dry season 1.08 = 15.06
| Estero Bay 1999 wet season 0.40 - 10.77
Estero Bay 1999-2000 dry saason 0.76 = 13.12

Table 4. Hourly dissolved oxygen concentration (mg/L) statistical data 1996-2000.

— e p————
Saason 1095 | Wel 1999 | Dry 1996-0 | Wel 1998 | Dry 1997-8 | Wet 1987 | Dry 19967 | Wet 1996
2000
Average .97 282 Bz 518 5.17 488 484 228
Medien IKE 263 7.30 2,67 520 367 466 1,68
Maximum 13.12 10.77 15,86 13.08 12,50 12.95 11.32 11.91
Minimim 0.7T6 0.40 1.08 0.28 o.rF .84 0,33 005
StDeviation 1.5 .71 131 221 1.50 25T Z01 ZIr |
¥ sampies 2,721 372 3,305 1,889 1,508 1,523 1,528 1,260 |
Table 5. The range of Estero Bay data as compared 1o
typical water quality percentile values for Florida's estuaries.
[ [FDEP caia irom Friegemann o al. 1583] Tomp 0] pH 00 [mg] ] Conduotance
FDEP Flawics Esiuaries & 18.4 7.0 q QLBS mGhem
FOEP Flords Estusries 50 peroaftiss 280 B.O 5 AT 128 mfem
FOEP B Pt cEn i 0.8 [ ] B5 Af 05 mStem
Efllro N ok Searan 2087 - FRIS 7.04 - L&D 2.2 - B QET - 48 |
Eslerao 1 7 Rifige HhAG - 37T .06 - L1 208 - 5916 P
1967 Wel Saason Range 15,88 - 37.20 515 - AED .27 - 1474 26.30 - E4.B0
Exinro 188TR Cehmiin 1213-328 TTH - AR 090 = 1260 2220 - 45,70 mSom
L] 19588 Wel EATT = AT A5 759 - 508 038 - 13.08 80 - 80,10 mSlem
Eabesc Bay 19989 1087 - 3215 P clsta 1,0 = 15.90 N6 B - 5550
Eatero Bay 1999 Wet T3.56 - 95.95 o daia 0.40 - 10.77 16,70 - 6l B0 miuiem
Eatara Bay 109982000 108F - 15 o daia 1.08 - 15.90 15,90 - B0.50 mevers
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account near-dawn sags or daytime highs which are the most important indicators of the health
of the Bay. However, it may be mathematically possible to extrapolate the one-time data, by
using constructed monthly averaged-hourly curves and the time of the sampling, o cbtain the
comect minimums and maximum DO concentrations.

CONCLUSIONS

Dissolved-oxygen (DO) is an essential component in the aquatic environment. Of all the
parameters that characterize an estuary, the level of dissolved-oxygen in the water is one of the
best indicators of estuarine health. An estuary with little or no oxygen in its waters cannot sup-
port healthy levels of animal or plant life. The health of an estuary can, to a large degree, be
determined by cbserving the hourly DO concentrations. Usually waters with DO concentrations
of 5.0 mg/L or higher can support a well-balanced, healthy biological community. However, some
species cannot tolerate even slight depletion in DO, and when concentrations fall below this level
the result is often a complete alteration of the biocommunity and ecosystem structure.

The DO (mg/L) continuous recordings in central Estero Bay (Table 4) show DO levels that
range from 0.05 to 15.86 mg/L, during both wet and dry seasons, from 1996 to 2000, and that
for more than 120 days a year the waters are violating State standards (>4.0 mg/L). From this
data, it would appear that central Estero Bay may be more stressed than Hillsborough Bay (Table
5).

MNear-dawn DO sags are probably the most important water quality variable affecting both
the general health of the Bay and species abundance and diversity. Daylime or one-time sam-
pling gives both over-optimistic values and erroneous assessments of existing water quality. If
continuous recording devices are not readily available, then hourly 24hr DO curves should be
constructed for each month of the year and then the daytime or one-time values can be plotted
on the curves to determine by extrapolation the near-dawn DO sags for water quality evaluation.
Although this hourly diel study is still ongoing, further future investigations are considered nec-
essary to determine the DO patterns that may be helpful for long-term bay management deci-
gions as to the health of Florida's first Aquatic Preserve.
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THE LEE COUNTY ABANDONED WELL PROGRAM

Jack McCoy
Lee County Natural Resources Division, Post Office Box 358, Fort Myers, Florida 33302

ABSTRACT

The Lee County Abandoned Well Program started in 1989 in cooperation with the South
Florida Water Management District. The purpose of the program was 10 protect the quality of
ground-water resources by plugging approximately 5000 unused large diameter (usually six
inches or larger) wells in the District’s 13 county area. The number of abandoned wells in Lee
County was thought to be about 1000. It was anticipated that the vast majority of these wells
were old farm wells with corroded steel casings or wells with insufficient casing depths. Most of
these wells tapped aquifers containing salty water under enough pressure 1o cause the water 10
move up the borehole and into fresh-water aquifers with lower pressures.

Initially, the District funded the program, which paid for both the plugging of the wells and
the salaries of County well inspectors while they are searching for and assisting with the plug-
ging of the wells. Lee County funded a similar program for small diameter wells. The cost for
plugging a large-diameter well ranged from about $600 to $55,000; the cost for the small diam-
gter, from about $300 to $1500.

The District halted the program near the end of 1991 after plugging about 2000 wells, 115
of which were in Lee County. Since the beginning of 1992, Lee County has funded both pro-
grams. To date, about 50 more wells have been plugged under the large-diameter program and
more than 1000 under the small-diameter program.

Lee County requires the water well contractor to collect a water sample from a well during
development and the water is analyzed for chloride concentration. The comparison of the chlo-
ride concentration of water from wells drilled before and after plugging a nearby deep well indi-
cates that the abandoned well programs are successful and will be continued depending on the
availability of funds.

DISCUSSION

An artesian well is defined in Florida Statute 373.203 (2) as A...an artificial hole in the ground
from which water supplies may be obtained and which penetrates any water-bearing rock, the
water in which is raised to the sudface by natural flow, or which rises to an elevation above the
top of the water-bearing bed. An abandoned artesian well is defined as one that taps an arte-
sian aquifer and has one or more of the following:

1) Does not have a properly functioning valve;

2) Use has been permanently discontinued;

3) Does not meet current well construction standards;

4) Is discharging water containing greater than 500 milligrams of chlorides into a drink-
ing water aquifer;

5) Is in such a state of disrepair that it cannot be used for its intended purpose without
having an adverse impact upon an aquifer which serves as a source of drinking
water or which is likely to be such a source in the future; or

6) Does not have a proper flow control on or below the land surface.

Florida has attempted to regulate uncontrolled flowing wells since the eary 1950's. State
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legislation in 1953 required working valves or caps on all flowing wells. In 1957, Florida Statute
Chapter 373.021 - 373.061 was passed, which provided for the plugging of all artesian waells that
were in violation of the law.

The regulation and control of abandoned flowing wells was the responsibility of various state
and local agencies until the formation of the five water management districts in 1972. In 1974,
rules and regulations goveming water wells were adopted. The Florida Department of
Environmental Regulation (now Environmental Protection) and the water management districts
ware given the regulatory responsibility for the implementation of the rules and regulations.
Abandoned wells were addressed in the rules by 1) the implementation of a pamitting system
by the districts to regulate the plugging of abandoned wells, 2) the elimination of wells that allow
interchange of water between aquifers or the uncontrolled loss of artesian pressure, and 3) the
establishment of minimum criteria for the plugging of abandoned wells.

The South Florida Water Management District implemeanted its own well plugging program
in 1978. The District decided that only one county would be selected so that the program could
develop from the results of the initial project. Several conditions were considered in selecting
the county: 1) the type and extent of the problem caused by the abandoned wells, 2) the num-
ber of offending wells available for plugging, 3) the availability of an accurate inventory, and 4)
selecting an area where the program would give the maximum social and economic benefit.

One report estimates 2500 to 3000 deep artesian wells in Lee County (Sproul et al., 1972).
The U.5. Geological Survey statewide inventory of uncontrolled flowing wells (Healy, 1878) iden-
tified five counties in the South Florida Water Management District with more than 200 uncon-
trolled wells and listed 742 in Lee County. A later report suggested that 1850 flowing wells gccur
in Lee County (Bums, 1983). Several reports have documented the adverse effects of saline
water from offending wells on three fresh-water aquifers in Lee County (Sproul et al., 1972,
Boggess, 1973; 1974; Boggess et al., 1977). Because of the foregoing and the projected rapid
growth in southwest Florida, Lee County was chosen for the initial well plugging program. Under
the cooperative program with the District, Lee County inventoried additional large diameter (over
three inches) wells qualifying for plugging. The total number was increased to over 500.

The vast maijority of these wells were abandoned farm (mostly gladiolus) wells with corrod-
ed steel casings or wells with short casings. Almost all of these wells tapped aquifers contain-
ing salty water (chloride concentration greater than 500 milligrams per liter) under enough pres-
sure to cause the water to move up the borehole and into fresh-water aguifers. The program
paid for both the plugging of the wells and the salaries of County well inspectors while they were
searching for and assisting with the plugging of the wells. Lee County funded a similar program
for plugging abandoned small-diameter residential wells. The cost for plugging a large-diameter
well ranged from about $600 to $55,000 and for a small diameter well from about $300 to $1500.

Chapter |V of the AWater Quality Assurance Act of 1983" legislation calls, in part, for the
water management districts to accomplish the plugging of all known abandoned wells before
January 1, 1992,

About 115 wells were plugged in Lee County from 1979 through 1991, Since then, Lee
County has continued the program and about 50 additional wells have been plugged under the
large-diameter program and more than 1000 under the small-diameter program.

Lee County requires the water well contractor to collect a water sample from a well during
development and the water is analyzed for chloride content. The comparison of the chloride con-
tent of water from wells drilled before and after plugging a nearby deep well indicates that the
abandoned well programs are successful and will be continued depending on the availability of
funds.
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