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POTENTIAL FOR SALTWATER INTRUSION INTO THE UPPER FLORIDAN
AQUIFER, HERNANDO AND MANATEE COUNTIES, FLORIDA

By Gary L. Mahon

ABSTRACT

Pumpage from the Upper Floridan aquifer has
caused a lowering of the potentiometric surface and has
increased the potential for saltwater intrusion into the
aquifer in coastal areas of west-central Florida.
Ground-water withdrawals are likely to increase
because of the expected population growth, especially in
coastal areas. To gain a better understanding of the
potential for and mechanisms of saltwater intrusion,
two sites were selected for study. Data were collected at
each site from a centrally located deep well that
completely penetrates the Upper Floridan aquifer.
Digital models, based on this and other information,
were developed to simulate ground-water flow and
solute transport.

The northern site is in Hernando County near the
town of Aripeka. The test well in the area was drilled
about 1 mile from the coast to a depth of 820 feet.
Freshwater was present in the carbonate rock aquifer to
a depth of about 500 feet, and saltwater occurred in a
low permeability zone from 560 feet to the base of the
aquifer at about 750 feet. Between the freshwater and
saltwater is the zone of transition, also referred to as the
freshwater-saltwater interface. At this site, the transition
zone is thin and the slope is fairly steep. Aquifer tests
indicated that high permeability occurs between 450
and 500 feet, which accounts for a transmissivity of
56,000 feet squared per day.

The southemn site is in Manatee County near the
town of Rubonia. Drilling of the test well was com-
pleted at 1,260 feet, just below the base of the Upper
Floridan aquifer. The transition zone in this well occurs
between 875 and 975 feet. Transmissivity in the study
area was determined to be about 8 500 feet squared per
day and is anomalously low, especially in contrast to
the transmissivity on the other side of Tampa Bay in
Pinellas County. Specific-capacity tests and flowmeter
logs indicate that more than 80 percent of the flow
comes from the upper 124 feet of uncased well between
462 and 586 feet.

The digital models show flow patterns that are
similar to the cyclic flow of seawater and interface
theory. Large ground-water withdrawals simulated in
the northern study area suggest that saltwater intrusion
could cause chloride concentrations to increase in
freshwater supply wells in coastal areas, depending
upon distance from the shoreline, well depth, and

pumping rate. In the southern area, saltwater is present
below Manatee County in the lower permeable zone
and could migrate farther inland and to upper
permeable zones as a result of pumpage for irrigation
and mining. The simulations have shown that saltwater
contamination of coastal wells would not be noticed as
quickly as water-level declines resulting from inland
pumpage. Similarly, improvements to water quality in
coastal wells will not be apparent as quickly as rising
water levels resulting from restoration of ground-water
resources.

INTRODUCTION

Seasonal and long-term ground-water withdrawals
from the Floridan aquifer system in west-central
Florida for agricultural, industrial, and municipal use
have caused a decline in the altitude of the potentio-
metric surface mostly in the mid- and southern parts
of the Southwest Florida Water Management District
(SWFWMD). The population within the SWFWMD
increased by 15 percent to 2.9 million during the
period 1980 to 1985 and is expected to increase to
5.1 million by the year 2020 (Southwest Florida Water
Management District, 1984). Population increases
have occurred mostly along the coast of the Gulf of
Mexico. Consequently, the increase in population
will increase the demand for water and stress the
ground-water system to a greater extent than at
present. Pumpage for public supply within the
SWFWMD increased by 13 percent, from 309 to
349 Mgal/d, between 1980 and 1985 due to population
increases (Southwest Florida Water Management
District, 1984).

Both freshwater and saltwater are present in the
ground-water flow system in west-central Florida.
The area where these two components meet and mix
is called the zone of transition and is commonly
designated as the freshwater-saltwater interface. In
nature, the interface is not sharp but is an area where
the two waters merge gradually. The width of the
interface is dependent on the pore characteristics of
the aquifer and the magnitude of hydraulic activity.

Increasing the stress on the ground-water system
results in a lowering of the potentiometric surface,
which, in turn, increases the potential for saltwater
intrusion into freshwater aquifers. Saltwater
intrusion is a problem in some coastal communities.



Increases in mineralization of ground water near
areas of heavy pumpage, especially in coastal areas,
has created concern among water managers and
planners. The problem of saltwater intrusion is
expected to increase as population rapidly increases
and greater demands are placed on the water
resources in west-central Florida.

The SWFWMD recognized the need to increase
their understanding of the response of the ground-
water flow system to increased pumping stress and, in
1976, initiated the Regional Observation and
Monitor-Well Program (ROMP). The objective of
the program is to construct and maintain long-term
ground-water observation wells. Many wells were
constructed along transects perpendicular to the gulf
coast in the freshwater-saltwater interface to gain a
better understanding of the ground-water flow system
and the hydrodynamics of seawater motion at the
interface in the subsurface. In 1980, the SWFWMD
entered into a cooperative agreement with the U.S.
Geological Survey to apply the information and
resources of the ROMP, to study saltwater intrusion,
and to predict movement of highly mineralized water
at selected sites under postdevelopment conditions.

The overall objective of the study is to define the
coastal ground-water flow systems more clearly.
More specifically, the objectives are to: (1) evaluate
the application of existing ground-water flow and
solute-transport models in cross section to simulate
the position of the freshwater-saltwater interface in
two areas of west-central Florida characterized by
distinctly different hydrologic conditions, and (2)
simulate the movement of the saltwater-freshwater
interface under various stress conditions using a
combination of models and evaluate the effect of
movement on inland freshwater sources.

Purpose and Scope

The purpose of this report is to present the analysis
of the hydrogeology and its effect on the potential for
saltwater intrusion. Water quality and water levels
have been monitored at two coastal well sites and are
compared with tidal fluctuations. The comparisons in
the report pertain to lag times and dampening effects
as a result of the environmental characteristics
between the wells and the gulf. Also described, as a
result of data collection at the well sites, are analyses
supporting flow in the zone of transition based on
equations in Hubbert (1969). The report also
describes the models that were developed to simulate
ground-water flow and the transport of solute in the
ground-water flow system. Solute-transport model
results are presented that show the position of the

freshwater-saltwater interface based on nonunique
sets of hydraulic conditions used as input data for the
model simulations.

The study area consists of two coastal sites:
(1) Aripeka in Hernando County, 40 miles northwest
of Tampa; and (2) Rubonia in Manatee County,
25 miles south of Tempa (fig. 1). Each site has a focal
point that consists of a ROMP well completed to the
base of the Upper Floridan aquifer. Each ROMP
well was tested to determine the hydraulic
characteristics of the aquifer, logged to determine
borehole characteristics and the nature of the
freshwater-saltwater transition zone, and finished
with several piezometers open to separate zones.

Previous Investigations

Reichenbaugh (1972) discussed some aspects of
saltwater intrusion and defined the freshwater-
saltwater interface in the Upper Floridan aquifer in
coastal Pasco County. A similar study was done by
Mills and Ryder (1977) for a coastal strip north of
Pasco County. Hickey (1982) made a detailed study
of the saltwater part of the Upper Floridan aquifer in
the Pinellas County area to test the feasibility of
injecting sewage treatment-plant effluent in saline
zones of the aquifer. Wilson (1982) estimated the
effects of projected pumpage on movement of the
saltwater front in the Upper Floridan aquifer in the
southern part of west-central Florida. Steinkampf
(1982) discussed the origin and distribution of saline
waters in the Upper Floridan aquifer for southwest
Florida. Causseaux and Fretwell (1982; 1983)
updated and expanded earlier studies that defined
chloride-concentration distributions and the nature
of the freshwater-saltwater interface in west-central
Florida. Brown (1982; 1983) made an assessment of
the hydrology and water resources in Manatee and
Sarasota Counties. CH2M Hill (1982; 1984) pre-
pared reports of their investigations concerning the
hydrogeology and practicality of deep well injection
in two areas within Manatee County. Fretwell (1985)
discussed the water resources and effects of
development in Hernando County. Ryder and
Mahon (1989) discussed the hydrology of coastal
Hernando County and the results of a
solute-transport model to represent saltwater
intrusion.

DESCRIPTION OF STUDY AREAS

Hernando County

The northern site is in Hernando County centered
around ROMP well TR18-2, just north of the Pasco
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County line and east of the town of Aripeka (fig. 1).
The area west of U.S. Highway 19 very nearly
coincides with the physiographic division known as
the Chassahowitzka Coastal Strip (Brooks, 1981).
Altitude in this area is generally less than 10 feet
above sea level and the area is characterized by lime-
stone occurring at or near the surface with large areas
of hardwoods and swamps. Marsh grasses and
mangroves occur in the tidal areas near the coast.
The area’s population is small and centers primarily
around Aripeka.

The area east of U.S. Highway 19 lies within the
physiographic division known as the Weeki Wachee
dunefield. It is characterized by paleontologic sand
dunes and solution basins with altitudes less than
90 feet above sea level and covered by sand pine and
longleaf turkey oak forests. Hunters Lake, east of
U.S. Highway 19, has a surface area of about
350 acres. Residential and commercial development
near the lake is proceeding rapidly and resulting in
increased demands on the ground-water resources of
the area.

Average rainfall for the period 1915 to 1976 at
Brooksville, about 15 miles northeast of the study
area, was nearly 57 in/yr (Palmer and Bone, 1977).
About 50 percent of the rainfall occurs from June
through September from thunderstorms and tropical
storms (Fretwell, 1985).

Manatee County

The southern site is centered around ROMP well
TR8-1 south of Interstate Highway 275 and west of
U.S. Highway 41 near the town of Rubonia in western
Manatee County (fig. 1). The site occurs within two
physiographic divisions: the Barrier Island Coastal
Strip and the De Soto Slope (Brooks, 1981). The
coastal strip is bordered by lagoons and islands and is
generally less than 20 feet above sea level. A sloping,
terraced plain occurs inland from the coastal strip at
an altitude of less than 90 feet above sea level. Both
areas are vegetated with pines and oaks. The coastal
areas also contain mangroves and saltwater marshes,
and inland areas contain wet prairies that have drain-
age systems disrupted by swamps. The area to the
north and east has been developed for agriculture
with crops of tomatoes, strawberries, and citrus.
Surface mining for phosphate occurs to the northeast
and east. The mining process at times requires large
quantities of water for its operation.

Average rainfall for the period from 1915 to 1976
at Bradenton, about 10 miles southeast of Rubonia, is
54 in/yr (Palmer and Bone, 1977). About 65 percent

of this precipitation occurs from June through
September.

HYDROGEOLOGIC FRAMEWORK AND
HYDRAULIC CHARACTERISTICS

West-central Florida is underlain by a thick
sequence of sedimentary rocks. The hydraulic
character of the sediments and the potentiometric
surface in each unit control the movement of fresh
and saline waters within them. Table 1 shows the
stratigraphic and hydrogeologic units and lithology
for the sites in Hernando and Manatee Counties. The
sequence of rocks has been divided into three
principal hydrogeologic units: the surficial aquifer
system, the intermediate aquifer system, and the
Floridan aquifer system. The Floridan aquifer system
includes the Upper Floridan aquifer, middle
confining unit, and the Lower Floridan aquifer
(Miller, 1986). The carbonate sediments of Tertiary
age and younger that compose the Upper Floridan
aquifer are of primary interest in this investigation.

Surficial deposits that make up the surficial aquifer
system in coastal Hernando County are discontinuous
and range in thickness from 0 to 15 feet. The aquifer
is comprised of sand, gravel, and clay of Holocene
and Pleistocene age. In Manatee County, the surfi-
cial deposits are generally less than 25 feet thick and
consist of Holocene and Pleistocene sand, sandy
limestone, and shell fragments. Probable origins of
surficial deposits are marine, estuarine, and alluvial.

Transmissivity of the surficial aquifer system is
controlled by the nature of the sediments and their
saturated thickness. Surficial aquifer well yields are
low in coastal Hernando County, and wells typically
do not yield sufficient water to make them
economically important. Several shallow wells
quickly became dewatered when pumped at rates of
less than 5 gal/min (Fretwell, 1985). Interconnection
with the underlying Upper Floridan aquifer varies
within the county.

Transmissivity values of the surficial aquifer system
in Manatee County range from a little to much greater
than those in Hernando County. Transmissivity
probably ranges from 100 to 10,000 ft¥/d (Brown,
1983). In western and coastal Manatee County, the
transmissivity is most likely within the upper end of
this range due to the coarser nature of the sand
interbedded with shelly limestone and shell
fragments. The base of the surficial aquifer system
retards vertical movement of water into and out of the
aquifer below. In eastern and central Manatee
County, it consists of a hardpan layer of sand and
carbonaceous and limonitic material, whereas in
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western areas, the base consists of sandy clay, clay,
and marl.

Below the surficial aquifer system in Manatee
County is the intermediate aquifer system. In the
northern part of the county, the system is composed
of a single aquifer with confining units above and
below, and in the southern part of the county, it
consists of one or two aquifers separated by confining
units. The aquifer system ranges in thickness from
200 to 375 feet. The confining units consist of sandy
clay, clay, and marl that retard the vertical movement
of water between the surficial aquifer system and the
Upper Floridan aquifer. Near Rubonia, the
intermediate aquifer system generally occurs within
the upper part of the confining units and is less than
50 feet thick. The aquifer consists of discontinuous
beds of quartz and phosphatic sand, gravel, shell, and
limestone. The intermediate aquifer and confining
units generally occur within the 215 feet of Miocene
age sediments of the Hawthorn Formation. The
intermediate aquifer system is absent in Hernando
County.

Transmissivity values for the intermediate aquifer,
based on aquifer tests in southwest Florlda, range
from less than 1,000 to about 10,000 ft%/d (Duerr and
Wolansky, 1987). In northwestern Manatee County,
the intermediate aquifer grades into sediments
similar to the confining units and is not easily
discernible, from lithologic data, as an aquifer.

Underlying the surficial aquifer system in
Hernando County and the intermediate aquifer
system in Manatee County is the Upper Floridan
aquifer (Miller, 1986). The top of the Upper
Floridan aquifer is defined as the top of the vertically
persistent carbonate rocks. The Upper Floridan
aquifer is composed of a thick sequence consisting of
the Tampa Limestone of Miocene age, the Suwannee
Limestone of Oligocene age, and the Eocene age
sediments of the Ocala Limestone and Avon Park
Formation. In coastal Hernando County, the Tampa
Limestone is absent. The thickness of the Upper
Floridan aquifer is about 800 feet in Hernando
County and ranges from about 1,200 to 1,300 feet in
Manatee County (Miller, 1982). The base of the
Upper Floridan aquifer is defined as the first
occurrence of vertically persistent, low permeability,
intergranular evaporites, generally within the Avon
Park Formation.

The Upper Floridan aquifer is composed of
alternate beds of limestone and dolomite that may be
discontinuous laterally. The layering and facies
changes result in vertical and horizontal permeability
variations not necessarily coincidental with formation

contacts. Although the aquifer is composed of many
discrete lithologic units, on a large scale, it behaves
hydraulically as a single unit. However, solutes
moving through the aquifer might not follow a
generalized, darcian flow path, but might follow
permeable pathways.

Sediments overlying the Upper Floridan aquifer
affect the vertical movement of water into and out of
the aquifer. Leakance to the U _6pper Florldan aquifer
probably ranges from 1x10® to 1x103 (ft/d)/ft
(Brown, 1983) based on aquifer tests. Water in the
Upper Floridan aquifer moves principally through
secondary porosity openings such as joints and
fractures enlarged by dissolution of the limestone. In
Hernando County, most flow occurs through porous
zones at the boundary between the Suwannee and
Ocala Limestones and between the Ocala Limestone
and the Avon Park Formation. Transmissivity values
for the Upper Floridan aquifer in Hernando County
have been determined for coastal and inland areas
based on aquifer tests and flow-net analysis. In areas
around large springs, the transmissivity of the aquifer
is gcnerally high, such as at Weeki Wachee Springs
(>1x10° ft¥/d) (Sinclair, 1978). Other estnmates of
transmissivity range from 9x10* to 2.1x10° fi¥/d
(Fretwell, 1985).

Hutchinson (1984, fig. 5) reported transmissivity
values from flow model simulations to range from
50,000 to 90,000 ft%/d in the Upper Floridan aquifer
for northern coastal Pasco County. Fretwell (1988)
extended Hutchinson’s (1984) model into Hernando
County. Transmissivity values of about 57,000 ft%/d
were applied to the Aripeka area nodes in the
Fretwell model (J.D. Fretwell, U.S. Geological
Survey, oral commun., 1987).

The hydrogeologic characteristics for the northern
site were derived for the present study from hydraulic
testing at ROMP well TR18-2. The well had been
drilled in 1981 but had not been hydraulically tested
before the casing was set to 447 feet. In 1983, ROMP
well TR18-2 was deepened to a depth of 820 feet from
its original depth of 498 feet, and an aquifer test was
run on the open-hole interval from 447 to 820 feet. A
flowmeter survey was run concurrently during the
pumping phase of the test to identify the producing
intervals. The flowmeter indicated that nearly all flow
was produced from the zone between the bottom of
the casing at 447 and 500 feet.

At a test site about 20 miles east-southeast of well
TR18-2 in Pasco County, it was determined that the
better water-bearing zones are located at formation
contacts between the Suwannee and Ocala
Limestones and the Ocala Limestone and the Avon



Park Formation. Major water-bearing zones are in
dolomite of the Avon Park Formation at altitudes of
400 feet and 500 feet below sea level (Ryder, 1978,
fig.3). Italso was determined at the Pasco County test
site that good vertical connection exists between the
more permeable zones and that the entire rock column
functions as a single aquifer down to the base, which
is the first occurrence of intergranular gypsum and
anhydrite.

The aquifer test analysis from ROMP well TR18-2
determined a transmissivity of 56,000 ft2/d (Ryder
and Mahon, 1989). Because testing was not per-
formed in the section that was cased, there is uncer-
tainty as to what the transmissivity value actually
represents. However, because testing of the Upper
Floridan aquifer indicates that the aquifer behaves as
a single hydraulic unit, it has been assumed that the
value is representative of the upper 500 feet of aqui-
fer. The transmissivity of the lower 235 feet was
estimated to be about 500 ft%/d.

The hydrogeology and hydraulic characteristics of
the Upper Floridan aquifer in Manatee County are
more complex than in Hernando County. In Mana-
tee County, the intermediate aquifer system overlies
the Upper Floridan aquifer and affects flow into and
out of the aquifer. Hydraulic conductivity variations
of one to two orders of magnitude are commonplace,
both horizontally and vertically. Transmissivity for
the total thickness of the Upper Floridan aquifer
ranges from 40,000 to 900,000 ft?/d (Brown, 1983).

Three main zones of relatively high transmissivity
exist in addition to smaller localized zones. The
upper zone occurs at the contact between the Tampa
Limestone and the overlying confining units in the
Hawthorn Formation. This zone underlies most of
Manatee County and generally has the highest
transmissivity in coastal areas of the county. The
upper zone is comparable to zone A (Hickey, 1982)
in Pinellas County, which was estimated to have a
transmissivity of 29,000 ft?/d. Specific-capacity tests
and flowmeter logs of ROMP well TR8-1 indicate
that more than 80 percent of the flow in the well
comes from the upper 124 feet of uncased well
between 462 and 586 feet. Specific-capacity testing
determined the transmissivity to be about 8,000 ft2/d
(J.L. Decker, Southwest Florida Water Management
District, written commun., 1984). In inland areas of
Manatee County, the thickness and transmissivity of
the upper zone decrease, and the zone yields less
water than the middle and lower major permeable
zones.

The middle zone occurs within the Suwannee and
Ocala Limestones and is comprised of thinner beds
of permeable rock than zones above and below. The
most permeable rock occurs near the contacts
between the Tampa and Suwannee Limestones and
between the Suwannee and Ocala Limestones.
Transmissivity of the middle zone in Pinellas County
is less than in the upper zone but is about 17,000 ft2/d
in central Manatee County (CH2M Hill, 1982). The
permeable units within the middle zone are
equivalent to zone B (Hickey, 1982) in Pinellas
County. Below the middle zone is the Ocala
Limestone that acts as a semiconfining unit between
the lower and middle zones.

The fractured dolomites of the Avon Park
Formation comprise the lowermost major permeable
zone within the Upper Floridan aquifer. Most
production inland in the county comes from this zone,
and water managers are concerned about the
potential for intrusion of seawater into the zone.
There have been few transmissivity determinations
for the lower zone in Manatee County.

William F. Guyton and Associates (1976)
determined the transmissivity about 25 miles east-
northeast of Rubonia to be from 100,000 to
135,000 ft*/d. Transmissivity about 10 miles from
Rubonia in southern Manatee County was
determined to be about 15,000 ft¥/d (CH2M Hill,
1984). Across Tampa Bay in Pinellas County,
transmissivity values have been reported in excess of
1x10° ft¥/d (Hickey, 1982). Specific-capacity testing
determined transmissivity of the lower zone in the
vicinity of the Rubonia well TR8-1 to be about
900 ft¥d (J.L. Decker, Southwest Florida Water
Management District, written commun., 1984).

The less transmissive rocks between the three
major permeable zones generally act as semiconfining
units, retarding vertical movement of water between
the zones. The hydraulic conductivity of the
semiconfining material is typically 2 ft/d (Hickey,
1982) in Pinellas County. Beneath the Avon Park
dolomite zone and above the evaporites of the middle
confining unit is a zone with low transmissivity. The
hydraulic conductivity of this semiconfining zone is
also estimated to be 2 ft/d based on laboratory tests
and aquifer testing at southwest St. Petersburg
(Hickey, 1982; J.J. Hickey, U.S. Geological Survey,
oral commun., 1982).



GROUND-WATER FLOW SYSTEM IN THE
UPPER FLORIDAN AQUIFER

Predevelopment Potentiometric Surface,
Recharge, and Discharge

Predevelopment hydrologic conditions are
considered to be those conditions that existed prior to
man’s influence on the system. Predevelopment
potentiometric-surface levels (Johnston and others,
1980) indicate that, generally, freshwater recharged
the ground-water system in inland areas and flowed
toward the coast where freshwater discharged
through springs or through diffuse upward leakage
(fig. 2). Ground water in coastal Hernando County
flowed from a closed high in the potentiometric sur-
face of the Upper Floridan aquifer 25 miles east-
southeast of Aripeka. Predevelopment water levels in
coastal areas were generally less than 10 feet above
sea level. Ground water in coastal Manatee County
flowed from a closed potentiometric-surface high
70 miles to the northeast along a 90-mile curved flow
path before reaching the coast at Tampa Bay (fig. 2).
The altitude of the potentiometric surface in Manatee
County ranged from more than 60 feet inland to about
25 feet near Tampa Bay and from 5 to 10 feet in
peninsular Pinellas County.

Recharge occurred either directly into the Upper
Floridan aquifer or by downward percolation of water
through overlying semiconfining units. Principal
recharge areas for the Upper Floridan aquifer in
west-central Florida were in northeastern
Hillsborough and northern Polk Counties and central
Hernando and northern and central Pasco Counties
(Ryder, 1985, p. 1). The high recharge there
generally is associated with sand ridge areas. In both
areas, the intermediate aquifer system is generally
absent due to erosion, and the Upper Floridan aqui-
fer is recharged directly by downward percolation
through the surficial aquifer system.

In Hernando County, recharge occurs as down-
ward infiltration of rainfall through the surficial
aquifer system and runoff to closed depressions and
sinkholes. Generally, recharge areas are east of
U.S. Highway 19. Annual recharge rates to the
Upper Floridan aquifer were estimated by a regional
flow model (Ryder, 1982, fig. 16) to be from 10 to 20
inches. In coastal Manatee County, the potentio-
metric surface for the Upper Floridan aquifer is
considered to have been higher than the
predevelopment potentiometric surface of the
intermediate aquifer. Consequently, flow was
upward from the Upper Floridan aquifer to the
overlying aquifers under predevelopment conditions.

Natural discharge from the Upper Floridan
aquifer occurs as vertical flow across the overlying
confining layer or as discharge to springs. In
Hernando County, discharge areas generally occur
west of U.S. Highway 19 where water moves vertically
upward to discharge as springs or as diffuse upward
leakage to low-lying, coastal swamps. A cross-
sectional digital flow model developed to simulate
flow along section line A-A' (fig, 1) indicates an
average upward leakage rate of about 30 in/yr
(Ryder and Mahon, 1989). Greatest discharge rates
occur at springs near the gulf. Only about 10 percent
of the upward flow occurs as diffuse upward leakage
in coastal marshes and estuaries (Yobbi, 1989).

There are no springs in coastal Manatee County
and natural discharge occurs only as diffuse upward
leakage across the confining bed of the intermediate
aquifer system. Discharge rates, reported from a
regional flow model (Ryder, 1982, fig. 16), range from
0.1 to 1.0 in/yr in western Manatee County and
increase beneath Tampa Bay. Transfer of water
between the Upper Floridan aquifer and Tampa Bay
is dependent on differences between sea level and the
aquifer’s hydraulic head and on the thickness and
hydraulic characteristics of the confining unit
between Tampa Bay and the Upper Floridan aquifer.
Under the bay, poorly yielding strata of the
intermediate confining unit are thinner than in inland
Manatee County, allowing more water to leave the
Upper Floridan aquifer’s flow system than in inland
areas.

Downward migration of saltwater is associated
with the discharge from the Upper Floridan aquifer in
coastal areas. The saltwater entering the flow system
is more dense than the freshwater and, consequently,
flows beneath the freshwater. The opposing flow
directions of the freshwater and saltwater are part of
a convective flow system that develops in the
transition zone and will be described later. In
Hernando County, the entrance of saltwater into the
aquifer occurs seaward of the coast from the Gulf of
Mexico. Saltwater in deep zones beneath Manatee
County enters the aquifer from the gulf and flows
beneath Tampa Bay.

Effect of Water-Resource Development

The potentiometric surface in coastal Hernando
County has not changed substantially as a result of
ground-water development. Water levels have
declined slightly, but the general flow pattern has
been retained (figs. 3 and 4). In Manatee County,
pumping for agriculture and mining has caused a
lowering of the predevelopment surface (Yobbi,
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1983). Seasonal ground-water withdrawal for
irrigation causes depressions in the potentiometric
surface in coastal areas to levels below sea level near
the end of the dry season. These depressions have
resulted in changes in the flow pattern and have, in
some areas, caused temporary reversals in the
direction of ground-water flow.

Figures 3 and 4 show the potentiometric surface of
the Upper Floridan aquifer for May and September
1982, respectively. Compared to predevelopment
conditions, flow beneath Hernando County was still
coastward, but the contours have shifted landward
because of pumpage that reduced the potentiometric
surface. In Manatee County, the configuration of the
potentiometric surface has changed since pre-
development and also changes considerably between
May and September. In May, the configuration of the
potentiometric surface had changed as a result of a
decline in precipitation and increases in agricultural
pumpage. Consequently, less water is recharged to
the aquifer and greater amounts are withdrawn. The
net effects, as shown in the central part of the county
(fig. 3), are depressions in the potentiometric surface
and a resulting change in the flow pattern. In
September, the Upper Floridan aquifer is generally
near its highest potentiometric levels as a result of the
wet season and corresponding reduction of
agricultural pumpage in the summer. The shape of
the potentiometric surface is similar to the pre-
development surface, but the levels are lower, and
consequently, the flow rate toward the coast, which is
head dependent, is reduced.

Saltwater is present in the aquifer as a wedge
extending beneath the freshwater in most coastal
areas. As heads change inland due to fluctuations of
the potentiometric surface or reversals in the poten-
tiometric gradient, the saltwater will move in response

to the new conditions. Induced leakage from
overlying aquifers and semiconfining beds also occurs
as a response to decreased heads in the Upper
Floridan aquifer. When the heads decline below sea
level near Tampa Bay, saline water can move through
the semiconfining beds toward the aquifer.

WATER QUALITY IN THE UPPER FLORIDAN
AQUIFER

The quality of water within the rocks comprising
the Upper Floridan aquifer in west-central Florida is
largely controlled by the dissolution of minerals as
water flows from recharge areas toward the coast. In
coastal areas, saline water is mixed with freshwater
within the aquifer, resulting in higher concentrations
of some dissolved constituents. The extent of inland
migration of highly mineralized water is dependent on
the natural hydrogeologic conditions and man’s
alteration of the natural conditions.

Water within the Upper Floridan aquifer is
generally more mineralized than water from the
surficial and intermediate aquifer systems.
Dissolved-solids concentrations vary both vertically
and areally in both study areas. Concentrations
generally increase with depth and are highest near the
coast.

Water Quality In Hernando County

Specific values of some parameters used to define
freshwater and saltwater vary between reports.
Values used in this report to define freshwater,
brackish water, and saltwater are given in table 2.
Brackish water has chemical properties that are
transitional between freshwater and saltwater and is,
consequently, found in the transition zone. In
Hernando County, freshwater occurs throughout the
total thickness of the Upper Floridan aquifer except

Table 2. — Simple ground-water classification for freshwater, brackish water, and saltwater based on dissolved solids
and chloride concentrations

[mg/L, milligrams per liter; #S/cm, microsiemens per centimeter]

Chloride Fluid
Dissolved concen- specific
Category solids tration conductance
(mg/L) (mg/L) (uS/cm)
Freshwater 0-1,500 0-500 0-1,500
Brackish water 1,000-10000 ~ Approxmate 55 5500 1,500-15,000
Equivalent
Saltwater 10,000-100,000 5,000-50,000 15,000-150,000

10
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within 1 to 2 miles of the coast where intruding
seawater increases the chloride concentration of the
ground water. Saltwater generally is encountered at
greater depths away from the coast than near the
coast forming a wedge or a series of wedges where
saltwater occurs beneath freshwater.

Water samples were collected in coastal Hernando
and Pasco Counties (fig. 5) to define the freshwater-
saltwater interface within the Upper Floridan aquifer
(Mills and Ryder, 1977). Samples were collected
from wells open to various zones and from springs
discharging from the Upper Floridan aquifer. Except
for those taken near the coast or from a deep zone,
many samples had chloride concentrations of less
than 30 mg/L. The exceptions are wells 7 and 8 that
are relatively shallow and adjacent to saltwater
channels, three wells (11, 12, and 13) in Pasco County
that are at the coast, and two of the nested wells at
ROMP TR18-2 whose screens were placed below the
zone of transition between freshwater and saltwater.
Chloride concentration in well 7 varied between
measurements in 1965 and 1975, probably because of
tidal fluctuations in the Gulf of Mexico. Maximum
chloride concentration generally does not exceed
19,000 mg/L, which is the concentration expected for
seawater (Hem, 1985, p. 7, table 2).

Water samples taken at Boat Spring had fairly low
dissolved chloride concentrations (12-21 mg/L) even
though the spring is only a few hundred feet from an
estuary open to the Gulf of Mexico. It is possible,
however, that these samples were taken at low tide
when seawater had slightly retreated from the Upper
Floridan aquifer, resulting in discharge of fresher
water. Sampling during high tide might show higher
chloride concentrations, which indicates a mixing of
freshwater and saltwater. Itis also possible that these
springs are part of a relatively shallow flow system of
connected conduits, and these solution channels are
carrying fresher water than water in wells open to less
permeable rocks (Ryder, 1985).

Causseaux and Fretwell (1983) constructed cross
sections, including three in Hernando and Pasco
Counties, to show the regional distribution of chloride
using chloride concentrations for wells within 2 miles
of a line of section. Chloride concentrations are
shown in figure 6 for the bottom altitude of each well.
Section D-D’ (fig. 6) was constructed using data from
the ROMP TR18-2 test site and other wells within
1 mile of the line of section.

The slope and width of the freshwater-saltwater
interface varies between the lines of section.
Compared to section D-D’, the shape and position of
the interface in section B-B’ near Weeki Wachee

13

Springs may be explained by freshwater discharging
through the large springs. Consequently, the lower
hydraulic head for a given distance from the coast
allows for higher chloride concentrations at shallow
depths.

The difference between the interface orientation
in section C-C’' and D-D' is less clear. The areas
represented by these cross sections are very similar in
their topographic and hydrogeologic conditions and
relation of hydraulic head to distance from the coast.
It is possible that the difference in the slope of the
interface is a result of variations in hydraulic
properties of aquifer or possibly increasing ground-
water development in Pasco County. The dredging of
finger canals in coastal areas, a large rock-quarrying
operation, and ground-water withdrawals ranging
from 4.0 to 11.1 Mgal/d for municipal and rural use
(Duerr and Sohm, 1983) may have altered the
chloride-concentration distribution in the subsurface.

Water Quality in Manatee County

Background chloride concentrations of freshwater
in Manatee County range from 25 to 50 mg/L.
Causseaux and Fretwell (1983, fig. 11, H-H' and I-I')
show the distribution of chlorides in cross section for
the Upper Floridan aquifer above the Avon Park
permeable zone (fig. 7). Chloride data that are shown
in figure 8 were collected in May and September 1986
from available wells in coastal areas. The data agree
well with those data compiled by Causseaux and
Fretwell (1983). Wells in the area typically penetrate
the permeable zones of the Tampa and Suwannee
Limestones and are uncased throughout a large
section. Chloride concentrations of samples taken
from these wells may be diluted but are probably
representative of flow from the most highly
permeable zone in the well bore. Consequently,
samples are representative of a large percentage of
the flow into the well. Few wells near the coast
penetrate the Avon Park permeable zone.

Sulfate concentration in the Upper Floridan
aquifer in Manatee County is generally high and
increases with depth and toward the coast.
Concentrations range from less than 5 mg/L to about
900 mg/L (Brown, 1983). In the upper permeable
zone, sulfate concentrations of more than 250 mg/L
only occur in coastal regions. High sulfate
concentrations (exceeding 250 mg/L) occur landward
of coastal regions in both the middle and lower
permeable zones.



Chloride

Date Well Casing concentration
Well number (month/year) depth depth (milligrams
(feet) (feet) per liter)
1 12/75 - - 5
2 12/75 180 - 30
3 12/75 170 - 7
4 9/81 580 445 5
5 12/75 373 210 6
6 12/75 101 64 17
7 10/65 195 176 13,600
11/75 18,000
8 8/84 70 51 8,200
Metered 9a 6/84 480 447 3
wells at { 9% 5/84 547 505 10,000
site TR18-2 L 9¢ 6/84 800 750 18,200
10 12/75 250 81 2
11 ) 73 - 254
12 ™ 100 - 35
13 9/78 111 - 50
Discharge Chloride
Date (million concentration
Spring(s) (month/year) gallons per (milligrams
day) per liter)
Bobhill 11/64 24 5
8/65 29 4
12/72 13 8
Boat 2/62 39 -
5/62 - 21
4/64 1.0 -
10/64 - 12
82°40' 82°35'
28°30' T
EXPLANATION
@2 WELL SAMPLE
AND NUMBER
QlB SPRING SAMPLE &
autf
OF :unte <
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%169 Lake <
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Figure 5. — Chloride concentrations in wells and springs in Hernando and Pasco Counties.
(Modified from Mills and Ryder, 1977.)

14




ALTITUDE, IN FEET ABOVE OR BELOW SEA LEVEL

EXPLANATION

. 83°00' 45' 30' 15' 82°00' o __ o LINE OF SECTION--Letters
28745 ! ! L 7 B—B indicate sections shown
GULF L -
OF HERNANDOC CO. LINE OF EQUAL CHLORIDE
MEXICO B \ ~ =25 —— CONCENTRATION, in milligrams
lit
30'} Wee i Wachee _ per fiter
P"’ngs I OPEN HOLE OR SCREENED
Is INTERVAL--Chloride
© 5 !0 ISMLES PASCO CO. . concentration, in milligrams
0 5 10 15 KILOMET! . per liter
ox g | c \ A ,—I 6 SAMPLE POINT--Chloride
28°15 concentration, in milligrams
per liter
B BI
200 T T T T T T T T
o e e D N— .
L[T====33 - 6 :
600 40 ~ ]
200 - 360 4, 400 ‘\ .400 \~\‘_25 76  TOP OF UPPER FLORIDAN AQUIFER ]
400 \7’000 7]
600 |- -1
800 |- -
C 1 ] ] 1 ] 1 1 1 Ny
1,000 1 2 3 4 5 6 7 8 9
DI
200 T T T T v d T T
SEA L ROMP_.TR18-2 TOP OF UPPER FLORIDAN AQUIFER~—___ -
LEVELL ., \ 117 4
200 /\\ |2 l -
a00 L8200 A 5 14 h
_,8000\\,3 1oooo B i
600 -
800 18, 200‘. 70;‘000 ! I | 1 1 1
0 1 2 3 4 5 6 7 8 9
C c
200 ' ' ' OF “LORIDAN AQUIFER - ' -
SEA : __________ 1-40.‘ r73 TOP UPPER FL D Q —— I
g Ty e T :
-7, 2oof”/"'/'-~1-1 100 =="=2 0 12400 .
400 =47 000% 13,500 “’WO’O“W 100 .
600 L 18,0007 | | 19,800 ) 1 )
0 1 2 3 4 5 6 7 8 9

DISTANCE FROM THE COAST, IN MILES
VERTICAL EXAGGERATION 10x

Figure 6. — Chloride concentrations in the coastal margin of Pasco and Hernando Counties.
(Modified from Causseaux and Fretwell, 1983.)
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Figure 7. — Chloride concentrations in the coastal margin of Manatee County.
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Casing Total Specific Hydro-
Well depth depth conductance Chloride Sulfate geologic
number Date (feet) (feet) (uS/em) (mg/L) (mg/L) zone
1 5-20-86 44 460 1,970 240
9-29-86 1,950 240
3 5-22-86 142 405 1,420 130
9 5-22-86 57 350 1,030 64
13 5-23-86 276 453 805 25 Upper permeable
18 5-20-86 63 385 2,830 510 Upper permeable
9-29-86 2,800 510
19 5-22-86 65 416 2,580 3%0 Uppet permeabe
9-29-86 2,469 369
21 5-22-86 202 600 2,410 300 Upper permeable
9-29-86 2,389 309
39 5-23-86 90 926 1,980 330
66 5-20-86 200 525 2,090 240 Upper permeable
9-29-86 2,130 250
68 5-20-86 18 450 1,920 240 Upper permeable
9-29-86 1,920 240
TR8-1 5-31-84 462 800 1,120 59 410
8-20-86 900 940 4,500 1,100 544 Lower permeable
4-05-87 1,130 47,800 18,875 3,303 Lower permeabe
Southwest
St. Petersburg  6- -77 920 1,120 52,000 20,000 2,800 Lower permeable
injection site 6- 77 250 389 600 2,200 540 Upper permeable
Manatee
injection 2-22-82 806 1,140 636 18 133 Lower permeable
well 2-18-82 390 700 632 18 162
82°45' 40' 35' 30' 25' 82°20'
1 1 1 v
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Figure 8.--Chloride concentrations in wells in Manatee and southern Pinellas Counties.
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The origins and distribution of chloride and sulfate
concentrations in the Upper Floridan aquifer are
described by Steinkampf (1982). The chemistry of
water within the aquifers in Florida is a result of the
physical and chemical interactions between water and
the aquifer medium. Mineral solution and
precipitation are among the natural regulators of
dissolved solids in the ground water. Dissolution of
minerals accounts for increases in the sulfate
concentration of ground water as it flows seaward,
whereas interaction of seawater with ground water
increases the concentration of chlorides in coastal
areas.

The chloride-sulfate ratio varies in ground water
that flows from central Manatee County to Pinellas
County, depending on depth and proximity to Pinellas
County (table 3). Both chloride and sulfate
concentrations at the Lake Manatee injection well
(CH2M Hill, 1982) (fig. 1) are low and result in a
chloride-sulfate ratio of about 0.1:1 in both the upper
and lower permeable zones. At ROMP well TR8-1
near Rubonia, chloride-sulfate ratios reach a
maximum of 5.7:1 in the lower part of the lower
permeable zone (1,130 feet, equivalent to zone C in
Hickey (1982). Chloride concentrations are near sea-
water values, and sulfate concentrations are greater
than that of seawater (Hem, 1985). In the upper and
middle permeable zones, the chloride-sulfate ratio is
lower than in the lower zone and is about 1.3:1.

Water quality in the lower zone deteriorates
between the Manatee injection test well and the
southwest St. Petersburg injection site where the
chloride-sulfate ratio is 7.1:1 (fig. 8) as a result of a
greater influence of seawater near the coast.
Chloride and sulfate concentrations in zones C and D
within the Avon Park Formation exceed those of sea-
water (Hem, 1975), most likely because of dissolution
of evaporite beds within the middle confining unit

over long periods of time. Chloride-sulfate ratios for
zone C at the St. Petersburg well most closely
resemble average seawater ratios, 7.2:1 (Davis, 1972).
Water in the upper permeable zone of the Upper
Floridan aquifer remains fairly fresh throughout
Manatee County but becomes more saline at the
southwest St. Petersburg injection site where a
4.1:1 chloride-sulfate ratio is observed.

Vertical Variation of Specific Conductance

Trends in dissolved solids can be inferred from the
specific conductance of water, which is proportional
to the amount of dissolved solids in the fluid. Fresh-
water has a low dissolved-solids content and,
consequently, has a low specific conductance.
Samples taken from wells inland at shallow depths
typically have specific conductance values less than
300 uS/cm, which indicates freshwater. Specific
conductance of seawater in the eastern Gulf of
Mexico ranges from about 45,000 to 53,000 xS/cm
(Goetz and Goodwin, 1980).

Water samples were collected from the bottom of
the hole as well TR18- 2 was being deepened from 498
to 820 feet in 1983 and were analyzed for specific
conductance and selected water-quality constituents.
A fluid specific conductance log was run upon
completion of the drilling and stabilization of the
water column.

Figure 9 shows that freshwater occurs in the
aquifer to 480 feet below land surface where a large
increase in specific conductance occurs. The specific-
conductance log suggests that the transition zone
between freshwater and saltwater is between 480 feet
and about 550 feet; this is confirmed by analysis of a
sample pumped from the 2-inch monitor well. The
sample had a specific-conductance value of 26,400
uS/cm, which is midway between the values of fresh-
water and saltwater. Below 550 feet, specific

Table 3. — Chloride-sulfate ratios within two permeable zones in selected wells in Manatee and Pinellas Counties

Regional
Southwest Observation
St. Petersburg and Monitor Lake Manatee
injection well Well Program injection well
well TR8-1
Upper permeable zone
(Hickey’s zone A) 4.1:1 131 0.1:1
Lower permeable zone
(Hickey’s zone C) 7.1:1 571 0.111
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conductance of the water increased, as indicated by
the specific-conductance log and the specific
conductance of the sample taken from the 3-inch
monitor well open to a zone beneath the transition
zone.

A similar data-collection program was conducted
at the TR8-1 well in Manatee County when the well
was deepened in 1984. Water samples collected from
the bottom of the hole during drilling were measured
for specific conductance. Results agree well with the
specific-conductance log that was run after the well
was allowed to stabilize (fig. 10). The aquifer
contains freshwater to about 825 feet, below which
specific conductance increases to that of seawater in
about 150 feet. The specific conductance log also
suggests a change in permeability at about 825 and
another change at 950 feet. The changes are
indicated as sharp breaks in specific conductance
where permeable zones with lower specific
conductance contact less permeable zones with
higher specific conductance. Highly mineralized
water in the deposits from previous seawater
inundations or from evaporites is not flushed from the
less permeable zones as readily as water in the more
permeable zones adjacent to them.

Water-Quality Response to Water-Level
Fluctuations

The potentiometric surface of the Upper Floridan
aquifer in the coastal areas of Hernando and Manatee
Counties fluctuates as a result of seasonal changes in
discharge and recharge, tidal fluctuations in the Gulf
of Mexico and Tampa Bay, and man’s influence from
seasonal pumping and irrigation return on the
ground-water system. Fluctuations in atmospheric
pressure also can cause minor water-level changes
within an aquifer. Changes in water quality may
result from the water-level variations.

As previously mentioned, seasonal variation of
water levels in Hernando County is minimal,
especially in coastal areas (figs. 3 and 4). Reduced
pressure in the subsurface during low water-level
periods allows for an increased influx of seawater into
the aquifer. Water levels show a great seasonal
variation in Manatee County, which implies that a
large amount of water can enter and exit the ground-
water system in coastal areas.

Mean diurnal tidal fluctuations in the Gulf of
Mexico at Bayport and lower Tampa Bay (fig. 1) are
34 and 2.3 feet, respectively (U.S. Department of
Commerce, 1986). Water-level fluctuations
associated with tidal changes occur with a greater
frequency than seasonal changes and produce oscilla-

tions within the ground-water system near the coast.
There is a dampening of the magnitude and a delay in
the time of occurrence of the tidal fluctuation inland,
depending on the distance of the observation well
from the gulf or bay and the hydraulic nature of the
aquifer and confining units. Magnitude of fluctuation
decreases when water levels are measured in lower
permeability rock or in deeper zones because of the
dampening effect of additional aquifer material. Lag
times also increase with a less permeable aquifer
medium. The movement of water through the aquifer
or across confining units induced by tides carries
solutes into and out of the aquifers, thereby increasing
the opportunity for mixing to occur between
freshwater and saltwater.

In Hernando County, continuous water-quality and
water-level data were collected to observe their rela-
tion. Hydrographs in figure 11 compare the water
levels in wells TR18-1 and TR18-2 and the tidal level
in the gulf at Bayport. The wells are 11,000 and
3,700 feet, respectively, from the gulf. Water levels in
well TR18-2 show a lag time of about 90 minutes and
a magnitude dampening of about 89 percent. The
water level in well TR18-1 shows a greater lag time of
268 minutes and a dampening effect of 96 percent as a
result of the greater distance between the shoreline
and the well.

A temperature and specific-conductance monitor
was installed in well TR18-2 on March 29, 1984, to
record specific conductance simultaneously with
water level in the well, which is open to the transition
zone. The sensing probe was placed in the uncased
interval between 505 and 547 feet (fig. 9). Water
levels in well TR18-1, specific-conductance data for
well TR18-2, and tidal fluctuations at Bayport are
shown in figure 12.

As the tidal waters receded on March 29, following
an unusually high tide of nearly 5 feet, a fairly stable
diurnal tidal pattern was reestablished and was
reflected in the water levels in the well. Associated
with the high tide was a specific conductance of at
least greater than 29,000 uS/cm, which was observed
when the minimonitor was installed. Following the
unusual tide, specific conductance established a fairly
uniform pattern that was coincident with, but lagging
behind, the tidal pattern. Average amplitude of the
specific-conductance fluctuation for the period
March 30 through April 3, 1984, was about
1,250 #uS/cm. The average specific-conductance
fluctuation for well TR18-2 was about 3,500 xS/cm.
The value probably would have been higher had the
monitor been installed prior to the unusually high
tidal peak.
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In Manatee County, at well TR8-1, continuous
water-quality and water-level data were collected
from the open interval between 900 and 940 feet to
record specific-conductance changes within the
transition zone. Specific-conductance and water-
level data from well TR8-1 and tidal data from Tampa
Bay near Ruskin are illustrated in figure 13. Periodic
fluctuations of the specific-conductance values with
respect to time suggest that there is a tidal influence
on the water quality in the well (fig. 13).
Unfortunately, a more precise relation between water
quality and water levels could not be made because of
well-construction problems.

Tides in Tampa Bay are generally semidiurnal but
are diurnal a few days each lunar month. Tidal
fluctuations at Ruskin (fig. 1) for the period of record
shown have a maximum amplitude of 2.5 feet. Water-
level fluctuation in well TR8-1 due to tides is about
0.25 foot, indicating a dampening effect of the
subsurface medium of about 90 percent.

Compared to the Hernando County site, the
concept of tides affecting water levels in the
subsurface at the Manatee County site is more
complicated. Tidal pressures that influence the sub-
surface have two sources to consider: (1) at the
submarine outcrop where there is a direct exchange
of water with tidal changes, and (2) beneath Tampa
Bay where the tidal response is due to loading
changes and the compressibility of the aquifer.

Interface Theory and Cyclic Seawater Flow In
the Zone of Transltion

In the transition zone between freshwater and
saltwater, two important processes are occurring.
One is advection, the process by which nonreactive
solutes are transported by flowing ground water at a
rate equal to the average linear velocity of the water
(Freeze and Cherry, 1979, p. 389). The other process
is hydrodynamic dispersion that causes dilution and
spreading of the solute because of physical mixing
(mechanical dispersion) during fluid advection and
because of molecular diffusion. Mechanical disper-
sion is caused by (1) velocity differences among water
molecules in individual pore channels; (2) differences
in pore sizes along the flow paths of water molecules;
and (3) the tortuosity, branching, and interfingering
of pore channels (Freeze and Cherry, 1979, p. 75).

Cooper and others (1964) stated that the
reciprocative motion of the saltwater front that results
from tidal fluctuations or from water-level
fluctuations caused by variations in recharge or
pumpage could provide a powerful enough
mechanism to create a zone of diffusion. He also

postulated that, wherever there is a zone of diffusion
in a coastal aquifer, the seawater is not static but flows
in a perpetual cycle from the sea floor, into the zone
of diffusion, and back to the sea floor. Cooper and
others (1964) also stated that head losses in the salt-
water environment may be caused by this cyclic flow
of saltwater. Field evidence supported by solute-
transport modeling indicates that variable density
fluid is indeed in motion.

Hubbert (1969, p. 102-104) gives the following
expression for determining the altitudes of a point on
an interface that separates two nonhomogeneous
fluids:

_1 P2 _ P
‘T [(m—pl) ®2) (Pz - px] (¢1)} @

where

z = elevation of point on interface (feet);

g = acceleration due to gravity (feet per
second squared);

p = density of the liquid (grams per cubic

centimeter); and
¢ = gh = potential at a point i a liquid flow
system with head, h (feet), measured
relative to standard datum.
The interface represents a configuration of dynamic
equilibrium, which means that it will adjust itself to a
new position of equilibrium for each change in the
state of flow of either of the fluids. Substituting the
expression for ¢ into equation 1 and reducing the
equation yields:

_ P2 _ P1
z= [(pz—m) (h2) [pz - px] (hl)]- @

Head and density data were collected at well
TR18-2 and substituted into equation 2:
_ 1.0210 g/mL _
2= [(1.0210 g/mL — 1.0101 g/mL) (=340)

1.0101 g/mL
(1.0210 g/mL — 1.0101 g/mL) (254) ]

z = —554 feet

where subscript 1 data are from the well open to
the transition zone, subscript 2 data are from the well
open to the saltwater zone, and datum is sea level.
The calculated interface depth of 561 feet below land



surface is within a few feet of where the saltwater zone
is estimated to begin based on chemical and
geophysical log data (fig. 9, 550 feet). Head and
density data collected from the 1-inch freshwater well
and substituted into equation 2, in lieu of the 2-inch
transition-zone well data, yield virtually the same
result. If the well known Ghyben-Herzberg principle,
which determines the altitude of the saltwater zone
under static conditions, had been applied, saltwater
would have been determined to be about 200 feet
higher.

Data collected at well TR8-1 was also applied to
Hubbert’s (1969) equation:

_ 1.0250 g/mL
“= [(1.0250 Sl — 10008 g/mL) (=485

1.0008 g/mL
- (1.0250 g/mL — 10008 g/ml..) (1667) ]

z = —895 feet

Land-surface altitude is about 15 feet, and the
calculated interface depth is 910 feet below land
surface, which is very near the depth estimated from
geophysical and water-quality data (980 feet, fig. 10).
Although calculations based on the field data and the
above equation support the concept of cyclic saltwater
flow, convective circulation is not the only mechanism
contributing to saltwater flow and creative values of
saltwater heads in coastal Manatee County. Saltwater
heads also may be depressed below sea level because
of pumpage of saltwater at phosphate mines north of
the study area.

SIMULATION OF THE GROUND-WATER
SYSTEM WITH NUMERICAL MODELS

Modeling a ground-water system involves a
multistep process. A conceptual model is first
developed that represents a transition between the
physical system and numerical model representation.
The conceptual model generalizes the hydraulic and
physical characteristics that are known about the
ground-water system. The generalized parameters
are then transferred to an existing ground-water flow
model data base to simulate constant-density flow.
The assumptions and values of the parameters used to
describe the subsurface are adjusted within
reasonable limits until the simulated results generally
match observed values. After the flow model has
been developed, the density dependent, solute-
transport model can be developed using the
previously tested and confirmed hydrogeologic
parameters.

Ground-water flow and solute-transport models
were developed for the Hernando and Manatee
County areas to aid in understanding how saltwater
intrusion relates to the hydraulics and hydrogeology
in the subsurface. A ground-water flow model for
simulating constant-density flow for the Hernando
County area was developed and is described in the
following section. A model code separate from the
subsequent solute-transport model was used to test
and confirm hydraulic values that were then applied
to the solute-transport model. Ground-water flow in
the Manatee County area was simulated using only a
solute-transport model in a constant-density mode,
and fluid density and concentration were equivalent
to freshwater.

In development of any model, certain assumptions
are made about the system, and certain circumstances
place limitations on the model. The general
assumptions and limitations for both study areas are
listed below:

1. Flow is parallel to the section line of the two-
dimensional model.

2. The base of the Upper Floridan aquifer is
impermeable and is a no-flow boundary.

3. Flow is through a porous media.

4, Hydraulic properties within a node or an
element are uniform.

5. The rate of freshwater inflow is constant during
a timestep.

6. Boundaries are placed at a sufficient distance
such that conditions at the boundary do not change
with time.

7. The seawater boundary in the solute-transport
simulations is hydrostatic.

Hernando County

The Hernando County modeled area extends
laterally from Indian Bay inland about 8,000 feet to a
point that approximately separates the aquifer
discharge area from the aquifer recharge arca
(fig. 1, A-A’). The modeled area extends vertically
from sea level to a depth of 735 feet (fig. 14).

Ground-Water Flow Model

Prior to applying the solute-transport model, the
U.S. Geological Survey ground-water flow model
described by Trescott (1975) and Trescott and Larson
(1976) was used to aid in estimating input parameters
to the transport model and in quantifying steady-state
fluxes entering and leaving section A-A’ (fig. 1). The
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flow model was developed within a conceptual
framework and calibrated as follows:

1. A sharp interface location was estimated from
the data in figure 5. The interface is defined as a
no-flow boundary. (Saltwater was assumed to be
static, and the transmissivity on the saltwater side of
the interface was set equal to zero.)

2. A constant-head boundary of 12 feet (Barr and
Schiner, 1982a; 1982b) was imposed at the inland
boundary and was assumed uniform with depth.

3. A transmissivity of 50,000 ft%/d was used for the
upper 500 feet of aquifer, and the lower 235 feet of
aqulfcr was estimated to have a transmissivity of
500 ft¥/d based on the previously discussed aquifer
testing. Anisotropy (lateral to vertical ratio of
hydraulic conductivity) was estimated to be 3:1.

4, Upward leakage was simulated with imaginary
pumping wells in the upper layer of grid blocks.
Leakage rates were adjusted by trial and error until
heads were simulated to within a few tenths of a foot
of observed values (Barr and Schiner, 1982a; 1982b).

5. A head-dependent sink function (Ryder, 1982,
p. 32), where land surface behaves as constant-head
boundary, was then substituted for the imaginary line
of wells.

6. Upward leakage rates were divided by
grid-block area so that the flux per unit area could be
adapted to the solute-transport model.

Solute-Transport Model

Solute transport was simulated using the U.S.
Geological Survey saturated-unsaturated transport
(SUTRA) model described by Voss (1984). The
SUTRA model is a complex computer program that
employs a two-dimensional, hybrid finite-element and
integrated finite-difference method to approximate
the equations that describe the two interdependent
processes that apply in the study areas: (1) fluid
density-dependent saturated ground-water flow and
(2) transport of a solute in the ground water. Voss
(1984) provides complete documentation of the
SUTRA model, including physical-mathematical
fundamentals and numerical methodology.

The SUTRA finite-element model (Voss, 1984)
was developed in cross-section along A-A’ (fig. 1) to
include 899 nodes and 840 elements. Element size is
uniform, each with dimensions of 262.5 feet and
26.25 feet horizontally and vertically, respectively.
Thickness of the grid is 3.281 feet.

Boundary conditions for the Hernando County
SUTRA model simulations include a hydrostatic

pressure boundary at the shoreline. The position of
the boundary implies that no movement occurs in its
vicinity; however, data suggest that ground-water flow
is occurring inland near well TR18-2. It is assumed
that the western boundary is positioned sufficiently
far from the mixing zone so that model results are
acceptable. If data become available that indicate
there is movement in the vicinity of the boundary,
placement of the boundary farther seaward from the
shoreline would be warranted. The boundary
condition at the top and landward edge of the model
is specified flux. The solute-transport model
simulates leakage out of the aquifer along the top with
rates determined from the flow model, as previously
described. Along the landward edge, for the nodes at
A’ (fig. 1), the total influx approximates the total rate
of upward leakage across the upper surface. The
base of the aquifer at 735 feet below sea level is
simulated as a no-flow boundary.

Other SUTRA model input parameters, as defined
by Voss (1984), are as follows:

Anisotropy: = F =3:1 [dimensionless],

PMIN
Porosity: POR = 0.15 [dimensionless],
Base fluid density: RHOWg = 1,000 kg/m3,

Fluid coefficient of density change w1th concentra-
tion: DRWDU = 700 kgZ/kg- m>,

Base fluid solute concentration: URHOWGg - 0.00
[dimensionless],

Solute concentration of saltwater entering the
aquifer: UBC = 0.0318 [dimensionless],

Fluid viscosity: VISCp = 1x10-3 kg/m s,
Gravitational acceleration: GRAVY = -32.2 ft/s2,

Upstream weighting factor: UP = 0.00
[dimensionless],

Specified pressure boundary condition factor:
GNU = 0.033ft-s,

Longitudinal dispersivity: ALMAX = 65.6 feet,
Transverse dispersivity: ATAVG = 13.1 feet.

Anisotropy (ratio between lateral and vertical
hydraulic conductivity) was estimated to be
3:1 (Ryder and Mahon, 1989). Porosity values were
obtained from borehole geophysics estimates of bulk
porosity for the permeable zones. The value of fluid
coefficient of density change with concentration pro-
vides a numerically stable solution of saltwater den51ty
based on a freshwater density of 1,000 kg/m and a
seawater salinity of 35.7 mg/L (from Voss, 1984,
p. 198). The value of fluid viscosity was taken from
Weast (1972) for freshwater. Upstream weighting



factor and specified pressure-boundary factor are
suggested by Voss (1984). Dispersivity values are
dependent on and were calculated by a relation
between dispersivity and element length to produce a
stable, nonoscillating solution of the concentration
field (Huyakorn and Pinder, 1983).

Pressures and concentrations within the matrix
were set equal to zero to begin the simulation. The
initial timestep length was set equal to 122 days, and
the model was run until the pressure and concentra-
tion distribution came to equilibrium. With the
exception of slight oscillations of computed solute
concentrations (in time and space), equilibrium
conditions were achieved after about 1,500 years. To
eliminate the oscillations, the timestep length was
reduced to 14 days and the model was rerun until
changes in the concentration distribution over time
and space were negligible. Results of the steady-state
model simulation are shown in figure 15.

Chloride data (as percent seawater measured and
simulated) are shown superimposed on the
pore-velocity field computed by the model. The
concentration distribution was calibrated against data
from observation wells until they closely matched.
Flow velocities computed at the centroid of each
element show the saltwater moving inland from the
coast, mixing with freshwater in the area of the
interface, and moving back toward the sea floor,
simulating a zone of diffusion similar to that
postulated by Cooper and others (1964). The highest
velocity simulated, 3.6 ft/d, occurs in the uppermost
row of elements near the seaward side of the model.
Velocities are lowest in the deeper, low-permeability
zone, averaging less than 0.01 ft/d. There is a distinct
break in the velocities and in the salinity contours at
the 500-foot altitude, which is the contact between
zones of differing transmissivity,

Because a calibration is not a unique solution for
the ground-water system, there is a degree of
uncertainty in any simulation of a hydrogeologic
system. Therefore, it is desirable to test the sensitivity
of the model to changes in input parameters. The
following parameters were changed uniformly over
the modeled area based on reasonable ranges of
values as follows:

Longitudinal dispersivity ..... =25 percent
Transverse dispersivity .......... +50 percent
Hydraulic conductivity .......... +100 percent
ANISOLIOPY .cvveveeerreesrareenssssenens 11

A steady-state solution was computed for each
changed parameter while other parameters remained
unchanged from their original values. The results of
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most of these computations are shown in figures 16
and 17,

The change in position of the 5- and 50-percent
seawater-salinity contours was chosen to show model
sensitivity to the changed parameters. Five-percent
saltwater salinity is equivalent to a chloride concen-
tration of about 900 mg/L. Contours for the *=25-
percent change in longitudinal dispersivity (not
shown in figs. 16 and 17) plotted almost directly on
the calibration contour, thus indicating that the model
was not very sensitive to this range of changes in
longitudinal dispersivity. The contour shifted land-
ward a few hundred feet when the dispersivity was
reduced and seaward when it was increased. The
change from anisotropic to isotropic conditions made
little difference in the position of the contour.
Doubling the hydraulic conductivity caused the
S-percent contour to shift landward a maximum
distance of 1,700 feet and the 50-percent contour to
shift landward a maximum distance of 1,300 feet.
Decreasing the influx of freshwater caused the
interface to move inland, with greatest changes
occurring near the low-concentration areas. For
nearly all sensitivity simulations, the maximum
differences in the positions of the contour occurred at
about 500 feet below sea level where the contact
between zones of differing transmissivity occurs.

Because the flux rates used in the model
simulations were derived from flow-model simula-
tions, it is also necessary to test the sensitivity of the
model to changes in flux rates. These results can be
interpreted from figure 18, which shows movement of
the line of equal salinity as a result of reducing the
steady-state influx based on hypothetical ground-
water withdrawals as described later. A steady- state
solution also was computed for each reduction of
influx while other input-parameter values remained
unchanged.

A regional ground-water flow model developed by
Ryder (1982) was used to simulate effects of a
hypothetical ground-water withdrawal at a total rate
of 60 Mgal/d from two points eastward of U.S.
Highway 19. The hypothetical location and distribu-
tion of pumpage (fig. 19) were chosen because they
result in a parallel orientation of the new equipoten-
tial lines to the coast near section A-A’. Since the
cross-sectional model is oriented perpendicular to
the coast and the equipotential lines, it is necessary to
preserve the orientation of the simulated
equipotential lines so that flow will be parallel to the
cross section, therefore not violating one of the limita-
tions of the model. Figure 19 shows that the
hypothetical pumpage simulated by the regional
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model caused about 2 feet of head decline at A’. The
new head of about 10 feet at A’ was used to define a
new constant-head boundary in the cross-sectional
flow model to simulate changes resulting from
pumpage of 60 Mgal/d.

While applying the new head conditions to the
cross-sectional flow model, upward leakage rates
were allowed to adjust by using a head-dependent
sink function (Ryder, 1982) for the steady-state simu-
lation. The sharp-interface boundary was assumed
not to have moved significantly during the short
period of time (several days) that would be required
for the flow field to reach equilibrium. However, over
a 100-year simulation period, the freshwater flow field
will decrease in size and, consequently, the fluxes
would be redistributed. An incorrect distribution of
fluxes in the flow model might minimize the landward
movement of the interface in the transport model by
allowing freshwater to leave the system too near the
coast.

Simulated flux was reduced by 25 percent within
the cross-sectional flow model due to the 60-Mgal/d
pumpage. Specified flux in the SUTRA model was
reduced by that percentage, and the model was run
until simulated salinity contours did not change. This
required a simulated timespan of about 100 years.
The maximum lateral and upward displacement of
the 50-percent salinity contour was 450 feet and 75
feet, respectively.

Pumpage in the regional areal-flow model was
then doubled, at the same two points as previously
mentioned, to rates of 40 and 80 Mgal/d. This run
resulted in an additional 2 feet of head decline at A’
and a new head of 8 feet. Flowlines were still parallel
to the plane of section A-A’ The new pumpage
resulted in a 44-percent reduction of the original
predevelopment flux based on the cross-sectional
flow model. The SUTRA model was then run with
this percentage of reduced flux; after a 100-year
period simulation, salinities had nearly stabilized.
The maximum lateral and upward displacement of
the 50-percent salinity contour was 900 feet and
115 feet, respectively.

When pumping 120 Mgal/d, the maximum lateral
displacement of the 5-percent salinity contour was
significantly larger than the 50-percent contour—
1,200 feet compared to 900 feet (fig. 18). The same is
true for maximum upward displacement—250 feet
compared to 115 feet. The S-percent contour was
displaced landward fairly uniformly in the upper,
more permeable zone in contrast to the 50-percent
contour. Landward displacement of both contours is
relatively small in the lower, less permeable zone.

Manatee County

The Manatee County model area extends in cross
section along E-E’ (fig. 1) from southern Pinellas
County, under Tampa Bay, and inland under Manatee
County for about 15 miles. The modeled area is a
confined, multilayered aquifer system extending
horizontally for a total of 23 miles. The modeled area
extends vertically 1,083 feet to the base of the
permeable rock within the Upper Floridan aquifer.

Conceptual Model

Although there are discontinuous zones of
relatively high and low transmissivity, the section can
be considered conceptually as having four layers.
From top to bottom, the section consists of the
intermediate aquifer system and three layers within
the Upper Floridan aquifer. The three layers of the
Upper Floridan aquifer consist of a relatively high
transmissivity layer (Tampa Limestone) on top, a
relatively low transmissivity layer (Suwannee and
Ocala Limestones) in the middle, and another
relatively high transmissivity layer (Avon Park
Formation) on the bottom, following Hickey’s (1982)
zonation of the Upper Floridan aquifer at southwest
St. Petersburg.

The conceptual model (fig. 20) assumes that
freshwater enters on the inland side of the system and
flows along a flow path that ends in Tampa Bay on the
Gulf of Mexico. Some of the freshwater in the upper
layer is lost as discharge to the intermediate aquifer
system, and the remainder of the flow continues
beneath Tampa Bay and partially mixes with
moderately saline water beneath Pinellas County.
Horizontal flow and freshwater are largely main-
tained within the upper aquifer layer. Freshwater
entering the lower layer also flows mainly toward the
coast. Freshwater flowing in this layer encounters
seawater much sooner than in the upper layer.
Insufficient water-quality data preclude a precise
cross-sectional definition of the interface; however,
because brackish water was obtained during pumping
of the 900- to 940-foot interval at well TR8-1 and
saline water was encountered in the 1,130- to
1,170-foot interval and because Hickey reported
saline water in zone C in Pinellas County, it is
presumed that the lower permeable zone becomes
totally saline somewhere between Manatee County
and Pinellas County beneath Tampa Bay. When
freshwater encounters the saltwater wedge, the flow
direction turns upward as the less dense freshwater
rises above the higher salinity water.
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Solute-Transport Model

A solute-transport model was developed for the
Manatee County transect utilizing the SUTRA code
(Voss, 1984). However, calibration of the solute-
transport model in Manatee County was not possible
due to insufficient water-quality data from permeable
zones within the lower layer and the lack of data from
all zones beneath Tampa Bay, where substantial
water-quality and permeability changes occur. These
data are necessary during calibration for comparison
with model-derived concentrations. It is possible to
use the model to enhance the understanding of the
subsurface by observing changes to the concentration
distribution and pore-velocity fields that result from
simulations using boundary conditions that are
appropriate for field conditions and assuming
reasonable ranges of various input parameters. The
model includes 1,617 nodes (21 rows and 77
columns) and 1,520 elements. Element size is uni-
form (except in the upper confining unit) with a
horizontal dimension of 1,601 feet and a vertical
dimension of 49.21 feet. The vertical dimension of the
elements that compose the intermediate aquifer
system is 147 feet. Thickness of the grid is 3.281 feet.

Predevelopment conditions were used to develop a
solute-transport simulation because, since about
1950, the potentiometric surface and flow paths
change seasonally due to ground-water pumpage for
irrigation, thus violating a limitation of two-
dimensional, cross-sectional modeling. Although
there is only a limited amount of water-quality data,
the available data are from the 1970’s and 1980’s. Itis
certain that localized water-quality changes have
occurred since predevelopment times, but the
assumption is made that the chloride-concentration
distributions have not changed substantially since
predevelopment time. Therefore, comparisons can
be made between observed data and
simulation-derived concentration distributions based
on predevelopment flow conditions.

Boundary conditions for the model simulations
include a specified pressure and concentration
boundary on the saltwater side. The values were
determined using a pressure boundary generator and
then modified to alleviate oscillations in the flow field
in the vicinity of the boundary (C.I. Voss, U.S.
Geological Survey, oral commun., 1986). Concentra-
tion values on the saltwater side of the model were
obtained from data collected at the southwest St.
Petersburg injection well (Hickey, 1982). The
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boundary at the top of the model is also specified
pressure and concentration with values determined
from the altitude of the potentiometric surface of the
intermediate aquifer system (Duerr and others,
1988). Where the intermediate aquifer system is
absent, pressure is determined from the mass of the
water column above the node. Along the landward
edge is a specified flux boundary with freshwater
influx values that are determined from the potentio-
metric gradient and transmissivity values that are
appropriate for the various scenarios being tested.
The base of the aquifer is simulated as a no-flow
boundary because permeability is very low beneath
the lower layer (Hickey, 1982).

The model is comprised of four generalized layers
that represent laterally persistent permeable and
semipermeable zones in the subsurface. However,
the boundaries of the zones and the model layers do
not necessarily coincide because of the discontinuous
nature and the structural orientation of the perme-
able zones. The uppermost model layer represents
sediments within the intermediate aquifer system and
is simulated as a confining unit to limit the vertical
flow of fluid out of the model. The second layer,
consisting of four rows of elements, represents the
uppermost permeable zone (the Tampa Limestone)
in the Upper Floridan aquifer. In layer three, there
are nine rows of elements that represent a large
sequence of semipermeable rock (the Suwannee and
Ocala Limestones) that separates the upper and
lower permeable zones. The permeable zones within
the Avon Park Formation are represented by the
fourth layer, which contains the lower six rows of
elements in the model.

A preliminary steady-state, constant-density model
was run and pressures were determined for a freshwa-
ter flow field. From these data, an initial pressure
distribution was developed so that the flow field was
stable in the early simulation time. Transport simula-
tions were then begun using the pressure distribution
from the steady-state, freshwater run. The initial con-
centration of solutes in the aquifer fluid was equivalent
to freshwater. Saltwater was allowed to enter the sys-
tem during the model run using the previously
described boundary conditions. Simulations were ter-
minated when the position of the freshwater-saltwater
interface stabilized from one timestep to the next.
Several thousand years of simulated flow were needed
for the interface to move inland somewhere beneath
Manatee County and to stabilize in time and space.



SUTRA model input parameters (unchanging
between simulations), as defined by Voss (1984), are
as follows:

PMAX
PMIN

Porosity: POR = 0.15 [dimensionless],
Base fluid density: RHOWg = 1,000 kg/m?,

Fluid coefficient of density change with
concentration: DRWDU = 700 kg3/kg - m3,

Base fluid solute concentration: URHOWg =
0.00 [dimensionless],

Anisotropy: = = 1:1 [dimensionless],

Solute concentration of saltwater entering the
aquifer: UBC = 0.0357 [dimensionless],

Fluid viscosity: VISCg = 1x1073 kg/m s,
Gravitational acceleration: GRAVY = -32.2 ft/s2,

Upstream weighting factor: UP = 0.00
[dimensionless],

Specified pressure boundary condition factor:
GNU = 0.033ft"s,

Longitudinal dispersivity: ALMAX = 200.1 feet,
Transverse dispersivity: ATAVG = 20.0 feet.

Anisotropy (ratio between lateral and vertical
hydraulic conductivity) was estimated to be 1:1.
Porosity values were obtained from borehole
geophysics estimates of bulk porosity for the
permeable zones. The value of fluid coefficient of
density change with concentration provides a
numerically stable solution of saltwater density based
on a freshwater density of 1,000 kg/m° and a seawater
salinity of 35.7 mg/L (C.I. Voss, U.S. Geological
Survey, oral commun., 1986). The value of fluid
viscosity was taken from Weast (1972) for freshwater.
Upstream weighting factor and specified pressure
boundary factor are suggested by Voss (1984).
Dispersivity values are dependent on and were
calculated by a relation between dispersivity and
element length to produce a stable, nonoscillating
solution of the concentration field (Huyakorn and
Pinder, 1983).

Three model simulations were made to simulate
the effects of contrasting scenarios of transmissivity
and freshwater influx. In the first simulation, a simple
distribution of transmissivity is used. In all simula-
tions, leakance between the intermediate aquifer
system and the Upper Floridan aquifer is simulated
using a value of mtrmsxc permeablllty equivalent to a
leakance value of 10 (ft/d)/ft in layer 1, whlch
corresponds to the field estimate of between 10 and
10° (f/d)/ft (Brown, 1983). The second layer is 51mu-
lated with a transmissivity value of 70,000 fe/d.

Within the Suwannee-Ocala semipermeable layer
(layer 3), the Suwannee Limestone has a relatively
high transmissivity and is horizontally continuous;
however, the zone is thin and is masked by the
hydraulic character of the much thicker Ocala rock of
much lower transmissivity. The third laycr is
simulated with a transmissivity value of 900 ft>/d. The
transmissivity in the lowar layer was simulated using a
value of 750,000 ft/d on the seaward side and
changed at an arbltrary position beneath Tampa Bay
to a value of 20,000 ft%/d (fig. 21).

The simulated lateral position of the
freshwater-saltwater interface is affected by the fresh-
water head in the aquifer, which is determined by
several factors. These factors include the relation
between the freshwater influx rate, the permeability
of the matrix into which the freshwater is entering, the
permeability of the upper confining unit, and the
pressures on the seawater side of the model. The
initial gradient that was used to determine the influx
rates on the freshwater side of the model is based on
the predevelopment potentiometric surface
determined by Johnston and others (1980) (fig. 2).
Values of influx based on this gradient in the
simulation were too high and restricted the inland
migration of the leading edge of the interface to
somewhere beneath Tampa Bay, as shown in figure
21. Subsequent simulations were made using influx
rates that were reduced from the original rates to
allow heads to be about 10 percent lower than
predevelopment heads. The lower rates allowed the
interface to move inland to a new position farther
beneath coastal Manatee County (figs. 22 and 23).

The need to use reduced influx rates for the
computer simulations can be explained. The influx
rate was determined by calculating the quantity of
water that passed a given area based on the hydraulic
characteristics of the matrix and the hydraulic
gradient in the area. Predevelopment water levels in
southernmost Pinellas County (fig. 2) are actually
lower than the water levels in recent years (figs. 3 and
4), which suggest that southern Pinellas County data
used for predevelopment potentiometric surface
maps were somewhat low. Consequently, the
specified pressure boundary values used on the
seawater side of the model for numerical simulations
also will be low. Increasing the pressures at this
boundary results in a decrease in the quantity of
freshwater necessary to maintain reasonable values of
head on the freshwater side of the model. Increasing
the pressures on the saltwater boundary allows the
interface to move farther inland.
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A second explanation is simpler. Preliminary
information (W.B. Smith, Southwest Florida Water
Management District, oral commun., 1987) suggests
that predevelopment data collected in inland areas
may have been based on water levels that were
unusually high as a result of above average
precipitation in central Florida in the mid-1900’s.
Less precipitation would reduce recharge into the
Upper Floridan aquifer and, consequently, reduce
the hydraulic gradient portrayed by the
predevelopment potentiometric surface map.

The second model simulation differed from the
first simulation only by the decrease in freshwater
influx. In the third simulation, the transmissivity was
adjusted to observe the relation of flow and solute
transport resulting from a more complex
transmissivity distribution (fig. 23). The
transmissivity in layers 2 and 3 changes abruptly at an
arbitrary distance of about 15 miles from the seaward
boundary. Inlayer 2, the transmnssmty is 30,000 ft/d
on the seaward side and 5,000 ft%/d on the inland side.
In layer 3, the transmissivity is lower on the seaward
side than on the freshwater side and increases from
900 ft%/d to 25,000 ft%/d, respectively.

Velocity vectors shown in figures 21 through 23 are
plotted at the centroid of each element. The velocity
of the fluid in an element is a function of the perme-
ability, the pressures at the cornering nodes, and the
porosity of the medium. The highest velocities that
result from these simulations occur in the upper layer,
and the lowest velocities occur within the confining
unit that represents the intermediate aquifer system.
There are distinct contrasts in the magnitude and
direction of the velocities at the contacts between
layers where permeability changes occur.

Plots of the simulated velocity flow fields (figs. 21-
23) indicate that incoming freshwater moves coast-
ward in the Upper Floridan aquifer. The simulated
confining unit at the top of the model regulates
vertical flow out of the system. Horizontal flow is
maintained within the upper permeable zone except
for slight vertical components in the area above the
front of the interface. Flow in the middle
semipermeable layer is directed vertically in the vicin-
ity of the convection cell according to this conception
and lends an explanation for the presence of low
salinity water in the upper permeable zone in south-
ern Pinellas County. A convection cell develops in
the lower layer as a result of fluid density contrasts
between the saline water flowing inland and the fresh-
water flowing seaward. These simulated flow
conditions, like those at Aripeka, are similar to
Cooper’s theories (Cooper and others, 1964). The
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convection cell extends from the seawater boundary
about 10.5 miles based on the hydraulic parameters of
the model simulation.

A change in the flow pattern of the convection cell
develops as a result of the permeability change within
the lower layer. It is not known whether the true
permeability change is sharp or gradual or exactly
where it occurs. For simplicity, it is simulated as a
sharp change. In the model, this change causes
pressure differences between nodes that result in
deflections in the direction of flow within the lower
layer and also in the middle semipermeable layer
above (figs. 21 and 23).

The velocity-vector plot for the third simulation
illustrates the effect of the transmissivity break in the
upper and middle layers on the freshwater side of the
model. This change in transmissivity does not have a
dramatic effect on the solute distribution, but
illustrates that solute could be transported vertically
as a result of lateral transmissivity contrasts in the
subsurface, depending on where the transmissivity
contrasts occur.

The ability to match the field data from both
screened intervals at well TR8-1 to the simulated
concentration distribution in the simulations was
poor, probably as a result of small-scale lateral and
vertical transmissivity contrasts not accounted for in
the model. In particular, the concentration of the
water sampled from the lower interval is near
seawater salinity, whereas the modeled solute
concentration is very low. Simplifying the
hydrogeology for modeling purposes resulted in a
high transmissivity adjacent to the position of the
lower screen. A very steep interface in the lower layer
results from this condition, yielding virtually the same
concentration adjacent to both screens (figs. 21, 22,
and 23). Other sources of highly mineralized water,
such as evaporites or unflushed highly saline water
and a nonequilibrated, prepumping condition, are
other explanations for the inability to match the
existing field data. Since limited field data exist,
assumptions can be made only about the input
parameters, and consequently, a very detailed model
is not justified.

POTENTIAL FOR SALTWATER INTRUSION

Saltwater intrusion has occurred and will probably
continue to occur as population growth increases and
additional ground water is withdrawn to meet the
demands for water in west-central Florida. Under
predevelopment conditions, there were fluctuations
in the potentiometric surface that resulted from
seasonal variations in precipitation. These



fluctuations maintained a zone of dispersion along the
freshwater-saltwater interface. Present-day pumpage
has increased the degree of fluctuation, as shown in
the middle graph of figure 13, and probably has
increased the size of the zone of dispersion. On a
regional level, the areas most susceptible to saltwater
intrusion will be those along the coast where the
freshwater-saltwater interface migrates inland in
response to a general lowering of the potentiometric
surface over time. On a local scale, increases in
chloride concentrations occur when individual or
groups of wells pump sufficient quantities of water at
rates high enough to cause upconing of brackish or
saline water from permeable or semipermeable
zones below.

In Hernando County, there is a potential for
saltwater intrusion because of residential and
commercial development east of U.S. Highway 19.
As mentioned previously, this development will
probably result in greater use of the ground-water
resources, which, in turn, will lower the
potentiometric surface of the Upper Floridan aquifer
and potentially allow saltwater to move inland from
the Gulf of Mexico. Computer simulations have
shown, however, that the response of the interface to
lowering of the potentiometric surface does not occur
in the same timeframe as water-level changes.
Equilibration of the concentration field is a much
slower process than that of the flow field because
during concentration equilibration the process of
water replacement actually occurs, whereas pressure
transfers within the aquifer account for rapid
flow-field reequilibration. During the model simula-
tions, the flow field reequilibrated within days as a
result of large ground-water withdrawals inland. The
solute concentration, however, took about 100 years
to reach a new equilibrium for the same pumpage.
On a regional scale, this implies that, although water
levels may decline slightly, large-scale changes in
water quality may not occur until years later. On a
smaller scale, local deterioration of water quality
might occur as a result of pumpage near the coast or
where permeable zones in the limestone associated
with secondary permeability act as conduits for move-
ment of saline water. These local effects may be
noticed much sooner than the regional effects.

The potential for saltwater intrusion problems in
Manatee County are just as severe as in Hernando
County because of increasing industrial and
agricultural withdrawal of ground water. Mining in
eastern Manatee County and in Polk County requires
large quantities of water that are pumped
predominantly from the lower permeable zone of the
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Upper Floridan aquifer (layer 4, fig. 20) where
transmissivity is high. A decline in the potentiometric
surface of the lower zone can result in a reversal of the
flow direction in central Manatee County. The
potential for inland flow of saline water, therefore, is
increased in coastal regions. Mining use has declined
recently in eastern areas because of more efficient
reuse of process water, thus alleviating some of the
stress on the ground-water system.

Hickey (1982) supported the theory that saltwater
is flowing inland below Pinellas County and Tampa
Bay by constructing three-point problems that
represent the plane of the top of the saltwater
interface within the lower permeable zone. The
problems were constructed using both May and
September water levels. The results of the problem
showed that the dip of the plane is directed away from
Pinellas County toward southern Hillsborough and
Manatee Counties at an azimuth of about 110 degrees
(cast-southeast). The plane had a gradient along the
azimuth of about 0.2 ft/mi during both the wet and dry
seasons.

In coastal and central areas of Manatee County,
the upper permeable zone (layer 2, fig, 20) is pumped
for irrigation. Figure 3 shows the potentiometric
surface in May 1982 where irrigation during the dry
season and reduced recharge have caused gradual
declines in water levels. Most notable are the
depressions in the potentiometric surface only a few
miles inland from the Tampa Bay coast. Water levels
depicted by the potentiometric surface maps are
derived largely from wells open to the upper
permeable zone of the Upper Floridan aquifer in
coastal areas. Lowering of the water levels in the
upper zone not only induces flow eastward beneath
the bay but also may induce downward flux of saline
water across the confining units beneath Tampa Bay.
Obviously, the potential for saltwater intrusion is
greatest during the dry season. The saltwater
intrusion potential decreases during the wet season as
the potentiometric surface approaches levels similar
to predevelopment. However, seasonal fluctuations
increase the size of the zone of diffusion between
freshwater and saltwater.

Computer simulations in Manatee County have
shown maximum saltwater influx rates of about
0.5 ft/d in the lower permeable zone based on the
input parameters used. Hydraulic response of the
system to new conditions is very quick compared to
the response of the solute distribution. These results
are similar to Hernando County where the maximum
saltwater influx rate is about 1 ft/d, whereas the return
of the solute distribution to steady state is measured



in tens or hundreds of years depending on the stress
to the system. The simulations have shown that salt-
water contamination of coastal wells might not be
noticed as soon as water-level declines that result
from pumpage inland. Similarly, improvements to
water quality in coastal wells will not be apparent as
quickly as rising water levels that would result from
reduction of pumpage.

Some relief from saltwater intrusion may occur in
Manatee County due to the phosphate industry’s
water conservation program that has resulted in a
decrease in pumpage of water from deep permeable
zones. Withdrawals for agriculture may also decrease
as more efficient irrigation methods are implemented.

SUMMARY AND CONCLUSIONS

" Two sites in west-central Florida were selected to
study the phenomenon of saltwater intrusion because
of their contrasting hydrologic conditions and their
potential for saltwater intrusion resulting from
increased residential, agricultural, and industrial
development. Movement of the freshwater-saltwater
interface at the Hernando County site was simulated
in a two-dimensional solute-transport model. Coastal
freshwater supplies can be contaminated by saltwater
intrusion resulting from ground-water withdrawals
several miles inland, but the movement of saltwater
will be slow in response to changes in pumping. The
impact of such contamination depends on rate and
distribution of pumpage, well depths, and proximity
to the coast. Seawater contamination of coastal
Manatee County wells might also occur under similar
conditions; however, specific rates of contamination
could not be predicted by computer simulation during
this investigation due to uncertainties concerning the
hydrologic system.

Each site is centered around a ROMP well that
had been deepened and completed with a cluster of
monitor tubes open to the freshwater-saltwater
transition zone and to the permeable zones above and
below. The wells were developed and the hydraulic
characteristics of the aquifer were tested. They were
logged for geologic and water-quality information
and monitored to observe the relation between
water-level fluctuations and water-quality changes.
The following well data resulted from these
evaluations:

ROMP TR18-2 in Hernando County

e Hydraulic testing showed a permeable zone from
the bottom of the casing at 447 feet to 500 feet. The
estimated transmissivity of 56,000 f2/d probably

includes permeable zones above the bottom of the
casing.

e Freshwater with chloride concentrations of a few
milligrams per liter was present to a depth of about
500 feet. A freshwater-saltwater transition zone
occurred between 500 and 560 feet, below which
saltwater was present with chloride concentrations
of about 18,000 mg/L.

e From March 29 to April 3, 1984, specific
conductance in the transition zone ranged from
25,500 to 29,000 uS/cm, changing in response to
tidal fluctuations in the Gulf of Mexico.

ROMP TR8-1 in Manatee County:

¢ Hydraulic testing indicated transmissivity is lower
in coastal Manatee County than in eastern Manatee
County and across Tampa Bay in southern Pinellas
County. Specific capacity tests indicated that the
transmissivity of the Upper Floridan aquifer near
Rubonia is about 8,500 ftzld, and more than 80
percent of the flow comes from the uncased interval
between 462 and 586 feet below land surface. Part
of this flow might be derived from permeable zones
above the bottom of the casing that are
hydraulically connected to the production zone.

e Background chloride concentrations of the fresh-
water in Manatee County range from 25 to 50 mg/L.
The freshwater-saltwater transition zone is present
in the permeable unit between about 875 and
975 feet, below which chloride concentrations
quickly approach 19,000 mg/L.

o Water-level fluctuations in the monitor tube open
to the transition zone result from both tidal
fluctuations and water-level fluctuations caused by
pumping from the aquifer. Specific conductance of
the water in the zone fluctuated in response to
changes in water level. The specific conductance
did not fluctuate as much as in the Hernando
County well, possibly because the conductance
probe at the Manatee well was set in the upper part
of the interface.

Freshwater was found in the well at both sites at a
depth greater than would be expected if the saltwater
were static and the Ghyben-Herzberg theory was
applied. The lower position of the interface might
result from the cyclic flow of saltwater. In Manatee
County the lower interface position may also reflect
saltwater pumping in nearby mines or by contrasts in
the hydraulic conductivity of the rock.

The freshwater-saltwater transition zone in
Hernando County is only a few hundred feet thick,
and the slope of the transition zone from the shoreline



inland is steep relative to coastal areas a few miles to
the north and south. In Manatee County, the
transition zone is considered to be several hundred
feet thick and the interface slope is very gradual.

Ground-water flow and solute-transport models
were developed in cross section to simulate the
ground-water system in both study areas. The
Hernando County models were calibrated to 1982
steady-state flow conditions and to the 1982 position
of the freshwater-saltwater transition zone. The
solute-transport model closely matched observed
salinity data. A simulated pore-velocity plot shows
that velocities are about two orders of magnitude
higher in the upper zone than in the basal, less
permeable zone. The Manatee County model was
developed to represent predevelopment flow
conditions as present-day heads and flow paths vary
from one season to the next. Simulations in Manatee
County were run to test conceptual models of the
system, but due to insufficient water-quality and
hydraulic data in the coastal area and beneath Tampa
Bay, simulation results are tentative. Simulated
pore-velocity plots suggest that saltwater might enter
the aquifer in the lower, high permeability layer and
is transported to the upper permeable zone across the
semiconfining unit between them. Maximum
simulated saltwater influx rates are about 0.5 ft/d
based on the input parameters used. Using this
concept, the interface within the permeable layers
would be nearly vertical, whereas it is horizontal at the
top of the Suwannee-Ocala semiconfining unit and
becomes more vertical with depth. In the
solute-transport simulations of both areas, flow within
the aquifer resembles flow theorized by Cooper and
others in 1964 of the cyclic flow of seawater where
saltwater flows into the aquifer, mixes, and is diluted
with the freshwater moving coastward, then returns
back to the sea.

Following the calibration of the Hernando County
solute-transport model, incoming freshwater flux was
reduced by 25 and 44 percent based on hypothetical
pumpages of 60 and 120 Mgal/d applied to a
previously developed areal flow model. The
transport model indicated that, based on these condi-
tions, freshwater supply wells in the area could
experience increases in chloride concentrations,
depending upon distance from the shoreline, well
depth, and pumping rate. In the models, reaction of
the flow field to changes in influx occurred within
several days, whereas the movement of solute took
hundreds of years to reach equilibrium.

Further studies utilizing data collection and
numerical modeling could be made with orientation
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toward movement of the freshwater-saltwater
interface that results from seasonal fluctuations of the
potentiometric surface. A more precise definition of
the hydrogeology and water quality is necessary to
build conceptual models that will enable matching of
the simulated data with the field data. Additional test
wells also are needed to define the hydraulic
characteristics of the aquifers and confining units,
especially in the Manatee County study area. Data
collection also would benefit from continuous
monitoring of water level and water quality of at least
two wells along a flow path and open to the same
permeable zone. These data could then be used to
develop transient solute-transport models to simulate
movement of the interface over a seasonal cycle.

The potential for saltwater intrusion increases in
coastal areas as ground-water development expands
to meet the needs of the growing population in west-
central Florida. The effects of saltwater intrusion
probably will be noticed first in coastal arers where
local pumpage causes upconing of saline water or
where heads within the Upper Floridan aquifer
continue to decline and saline water penetrates
permeable zones that contain freshwater.
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