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FOREWORD

THE REGIONAL AQUIFER-SYSTEM ANALYSIS PROGRAM

The Regional Aquifer-System Analysis (RASA) Program was started in
1978 following a congressional mandate to develop quantitative appraisals of
the major ground-water systems of the United States. The RASA Program
represents a systematic effort to study a number of the Nation’s most
important aquifer systems, which in aggregate underlie much of the country
and which represent an important component of the Nation’s total water
supply. In general, the boundaries of these studies are identified by the
hydrologic extent of each system and accordingly transcend the political
subdivisions to which investigations have often arbitrarily been limited in the
past. The broad objective for each study is to assemble geologic, hydrologic,
and geochemical information, to analyze and develop an understanding of the
system, and to develop predictive capabilities that will contribute to the
effective management of the system. The use of computer simulation is an
important element of the RASA studies, both to develop an understanding of
the natural, undisturbed hydrologic system and the changes brought about in
it by human activities, and to provide a means of predicting the regional
effects of future pumping or other stresses.

The final interpretive results of the RASA Program are presented in a series
of U.S. Geological Survey Professional Papers that describe the geology,
hydrology, and geochemistry of each regional aquifer system. Each study
within the RASA Program is assigned a single Professional Paper number,
and where the volume of interpretive material warrants, separate topical
chapters that consider the principal elements of the investigation may be
published. The series of RASA interpretive reports begins with Professional
Paper 1400 and thereafter will continue in numerical sequence as the interpre-
tive products of subsequent studies become available.

Dallas L. Peck
Director
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For readers who prefer to use SI units rather than inch-pound units, conversion factors for terms

used in this report are listed below:

Multiply By To obtain

feet (ft) - 0.3048 meters (m)

miles (mi) 1.609 kilometers (km)

square miles (mi?) 2.590 square kilometers (km?)

million gallons per day 0.04381 cubic meters per second
(Mgal/d) {m%s)

gallons per minute (gal/min) 0.06309 liters per second (L/s)

cubic feet per second 0.02832 cubic meters per second
(ft¥/s) (m%s)

inches per year (in./yr) 25.4 millimeters per year

(mm/yr)

square feet per day 0.0929 square meters per day

(ft2/d) (m?d)




REGIONAL AQUIFER-SYSTEM ANALYSIS

GROUND-WATER HYDRAULICS, REGIONAL FLOW, AND
GROUND-WATER DEVELOPMENT OF THE
FLORIDAN AQUIFER SYSTEM IN FLORIDA AND IN
PARTS OF GEORGIA, SOUTH CAROLINA, AND ALABAMA

By PETER W. BUSH and RICHARD H. JOHNSTON

ABSTRACT

The Floridan aquifer system is one of the major sources of ground-
water supplies in the United States. This productive aquifer system
underlies all of Florida, southeast Georgia, and small parts of adjoin-
ing Alabama and South Carolina, for a total area of about 100,000
square miles. About 3 billion gallons of water per day were withdrawn
from the aquifer system in 1980, and in many areas the Floridan is
the sole source of freshwater.

The Floridan aquifer system is a sequence of hydraulically connected
carbonate rocks (principally limestone with some dolomite) ranging
in age generally from late Paleocene to early Miocene. The rocks vary
in thickness from a featheredge where they crop out to more than 3,500
feet where the aquifer is deeply buried. The aquifer system generally
consists of an upper aquifer and a lower aquifer separated by a less-
permeable confining unit of highly variable properties. In parts of
north Florida and southwest Georgia, where little permeability con-
trast exists among the units, the Floridan is effectively one continuous
aquifer. The upper and lower aquifers, named the Upper Floridan
aquifer and the Lower Floridan aquifer, are defined on the basis of
permeability and their boundaries locally do not coincide with those
for either time-stratigraphic or rock-stratigraphic units.

Overlying much of the Floridan aquifer system are low-permeability
clastic rocks. The lithology, thickness, and integrity of these rocks
determine the degree of confinement and influence the distribution
of natural recharge, discharge, and ground-water flow in the Floridan.

The permeability of the Floridan aquifer system is derived from
small openings including fossil hashes and solution-widened joints as
well as large cavernous openings in karst areas. Diffuse flow
predominates where the small openings occur, whereas conduit flow
may occur where large cavernous openings are. Transmissivities are
highest (greater than 1,000,000 feet squared per day) in the uncon-
fined karst areas of central and northern Florida. Lowest transmissiv-
ities (less than 50,000 feet squared per day) occur in panhandle Florida
and southernmost Florida where the Upper Floridan aquifer is con-
fined by thick clay sections. The hydraulic properties of the Lower
Floridan aquifer are not well known; however, intervals of high trans-
missivity occur that have been attributed to paleokarst development.

Springs, nearly all of which occur in unconfined and semiconfined
parts of the Upper Floridan aquifer in Florida are the dominant feature
of the Floridan flow system. Before ground-water development, spring
flow and point discharge to surface-water bodies were about 88 per-
cent of the estimated 21,500 cubic feet per second total discharge, or
about 19,000 cubic feet per second. Diffuse upward leakage, which
occurs primarily in confined areas, accounted for the remaining 12
percent or about 2,500 cubic feet per second.

Most of the recharge necessary to sustain springflow and aquifer dis-
charge to streams and lakes occurs relatively close to springs and areas
of point discharge to surface-water bodies. Recharge to the Upper Flor-
idan is highest, averaging 10-20 inches per year, in unconfined or
semiconfined spring areas. The proximity of high recharge to high dis-
charge implies a vigorous and well-developed shallow flow system in
the unconfined and semiconfined parts of the Upper Floridan aquifer.

Ground-water flow is very sluggish in the parts of the aquifer system
that are deeply buried and tightly confined, primarily southeast
Georgia and northeast Florida, south Florida, and far-west panhandle
Florida. Discharge to springs, streams, and lakes is practically nonex-
istent in the tightly confined areas and natural discharge occurs almost
exclusively by diffuse upward leakage through thick overburden.

The regional flow system has not been appreciably altered by ground-
water development. However, increasing pumpage that reached 3
billion gallons per day by 1980 has resulted in long-term regional water-
level decline of more than 10 feet in three broad areas: coastal Georgia,
adjacent South Carolina, and northeast Florida; west-central Florida;
and panhandle Florida. Saltwater encroachment as a result of pump-
ing has occurred locally in coastal areas.

Pumpage from the Upper Floridan aquifer is supplied primarily by
reduction of natural discharge and by increased recharge rather than
by depletion of aquifer storage. About 20 percent is from reduced
discharge to springs, streams, and lakes, about 20 percent is from
reduced upward leakage, and about 60 percent is from increased re-
charge. Compared to predevelopment conditions, discharge to springs,
streams, and lakes is reduced by less than 5 percent, upward leakage
is reduced by about 30 percent, and recharge is increased by about
12 percent. Total recharge and, therefore, discharge increased from
a predevelopment rate of 21,500 cubic feet per second to about 24,100
cubic feet per second by 1980.

A considerable area remains of the Floridan aquifer system where
large ground-water supplies may be developed. This area is largely
inland from the coasts and characterized by high transmissivity and
minimal development prior to the early 1980’s. The major constraint
on future development probably is degradation of water quality rather
than water-quantity limitations.

INTRODUCTION

The Floridan aquifer system is one of the major
sources of ground-water supplies in the United States.
The aquifer system underlies an area of about 100,000
mi? including all of Florida, southeast Georgia, and
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small parts of adjoining Alabama and South Carolina.
The Floridan is comprised of several Tertiary carbonate
formations that hydraulically act as a regional hydro-
logic unit. However, locally there are significant differ-
ences in its water-bearing properties, water chemistry,
and flow.

The Floridan provides water supplies for many cities
including Daytona Beach, Jacksonville, Orlando, Talla-
hassee, and St. Petersburg in Florida and Brunswick
and Savannah in Georgia. In many areas it is the sole
source of freshwater. Industrial and agricultural pump-
age is even larger than pumpage for public supply.
Withdrawals for irrigation have increased sharply in
recent years.

In 1980 about 3 Bgal/d were withdrawn from the
Floridan. Although this stress has produced areas of
regional water-level decline and local cones of depres-
sion, more than one-half of the aquifer area has not ex-
perienced head declines exceeding 10 ft by the early
1980’s. However, despite the enormous amount of un-
tapped water available from the Floridan, water is not
always available where needed locally.

Development has proceeded unevenly with large
withdrawals concentrated in a few areas. For example,
extensive ground-water development along the coastal
strip from Savannah, Ga., to Jacksonville, Fla., where
the Floridan is deeply buried, has caused a regional
decline in artesian head and significant changes to the
flow system. In contrast little ground-water develop-
ment has occurred in northwest-central Florida, an area
with high rates of recharge and very large spring flows.

During 1978-83, the U.S. Geological Survey con-
ducted a regional assessment the Floridan aquifer
system that involved the review and synthesis of many
previous studies of the Floridan, the acquisition of new
data in selected areas, and the extensive use of
computer-based digital models to simulate ground-
water flow. The results of the Floridan study are
presented in USGS Professional Papers 1403-A
through 1403-1 including this report, Professional
Paper 1403-C.

PURPOSE AND SCOPE

This report describes ground-water hydraulics,
regional flow, and the effects of development on the
Floridan aquifer system. The hydraulic properties of the
aquifers and confining units comprising the Floridan are
described. The feasibility of using aquifer-test methods
and theory developed for flow in porous media to the
solution-riddled carbonate rocks of the Floridan aquifer
system is investigated. The history and current status
of ground-water development is summarized. Predevel-
opment water levels are compared to those of 1980 to

define changes in the rates and distribution of recharge
and discharge caused by development. This analysis
was accomplished by computer simulation of the
regional flow system. An evaluation of the potential for
additional ground-water development is presented.

SUMMARY OF PREVIOUS WORK

Hundreds of reports describing the hydrology,
geology, and water chemistry of the Floridan have been
published. Of these, many are referred to throughout
the report, but a select few that provided major con-
tributions to the knowledge of the Floridan aquifer
system are noted here.

Matson and Sanford (1913) in Florida and Stephen-
son and Veatch (1915) in Georgia provided the first com-
prehensive descriptions of the hydrogeology,
ground-water resources, and development of the aquifer
system on a county-by-county basis. Their interpreta-
tions, although based on limited data, provide the best
descriptions of the aquifer system prior to extensive
development.

The earliest known potentiometric surface map of the
Floridan (Gunter and Ponton, 1931) was based on water-
level measurements made in 1928 and covers most of
northern peninsular Florida. The pioneer work of
Stringfield in the early 1930’s identified a regional flow
system in Florida that included several Tertiary
limestone units. Stringfield (1936) presented a poten-
tiometric surface map of peninsular Florida that sug-
gested areas of natural recharge and discharge and
indicated general directions of ground-water movement.
A major area of high head and thus potential recharge
was shown to exist in central Florida. Later, Parker and
others (1955) concluded that this flow system
represented a single hydrologic unit (composed of
several Tertiary carbonate formations) and named the
unit the “Floridan aquifer.”

Important contributions to the paleontology and
stratigraphy of the Tertiary limestones include those
by Applin and Applin (1944, 1964), Herrick (1961), and
Puri and Vernon (1964). Herrick and Vorhis (1963) first
recognized and named the “Gulf Trough,” an important
subsurface structural feature that affects the regional
ground-water flow and water chemistry in southeast
Georgia.

Saltwater intrusion has occurred locally near some
coastal pumping centers. Notable studies of this prob-
lem include an early statewide summary in Florida by
Black and others (1953); the documentation of lateral
intrusion of seawater near Savannah, Ga. (Counts and
Donsky, 1963); and an analysis of rising brackish water
at Brunswick, Ga. (Wait and Gregg, 1973).
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Ground-water hydraulics studies have proceeded from
simplified analytical approaches in the 1940’s to com-
puter simulation in recent years. A notable early study
was made by Warren (1944) who related widespread
changes in artesian head to variation in the pumping
rates at Savannah. Warren calculated head declines that
would occur with increased pumping. More recently,
Counts and Krause (1976) used a computer model to
analyze the effects of Savannah pumping. Wilson (1982)
used computer simulation to project water-level declines
resulting from proposed phosphate mining in west-
central Florida. Solute transport modeling was used
by Bredehoeft and others (1976) to simulate the move-
ment of brackish water in the Floridan at Brunswick,
Ga.

The definitive reference for the hydrogeology of
the Floridan aquifer system is by Stringfield (1966).
This 226-page volume presents areal hydrogeologic
descriptions (by county) with emphasis on the water-
bearing properties of the geologic units comprising
the Floridan aquifer system. Considerable hydraulic and
geochemical data and regional interpretation are
presented.

Hundreds of reports published primarily by the states
of Florida and Georgia and in the USGS Open-File and
Water-Resources Investigations series provide the basic
hydrologic data as well as interpretations of the local
hydrology without which this regional analysis could
not have been successfully made. Many of these studies
were made by the U.S. Geological Survey in coopera-
tion with various state, county, and municipal govern-
ments and Florida’s water-management districts.

HYDROGEOLOGY

GEOLOGIC SETTING

The Coastal Plain province of the Southeastern
United States is underlain by a thick sequence of un-
consolidated to semiconsolidated sedimentary rocks
that range in age from Jurassic to Holocene. Coastal
Plain sediments were laid down on an eroded surface
developed upon igneous intrusive rocks, low-grade
metamorphic rocks, mildly metamorphosed Paleozoic
sedimentary rocks, and graben-fill sedimentary deposits
of Triassic to Early Jurassic age (Barnett, 1975;
Neathery and Thomas, 1975; Chowns and Williams
1983). These sediments thicken seaward in the study
area from a featheredge where they crop out against
older metamorphic and igneous rocks of the Piedmont
and Appalachian provinces to a maximum measured
thickness of more than 21,100 ft in Mobile County in

southern Alabama and a projected thickness of more
than 25,000 ft in south Florida. Coastal Plain rocks
generally dip gently toward the Atlantic Ocean or the
Gulf of Mexico, except where they are warped or faulted
on a local to subregional scale.

The poorly consolidated Coastal Plain sediments are
easily eroded. Where they consist of carbonate rocks,
the strata are partially dissolved by downward-
percolating water, resulting in the development of karst
topography where such rocks are at or near the surface.
Accordingly, the topography developed in much of the
study area is characterized by extensive, slightly
dissected plains; low, rolling hills; and widely spaced
drainage. Karst topography of local to subregional ex-
tent occurs where limestone is at or near land surface.
A series of sandy marine terraces of Pleistocene age has
been developed in much of the area.

Coastal Plain sediments in the study area can be
separated into two general facies: (1) predominantly
clastic rocks, containing minor amounts of limestone,
that extend southward and eastward toward the Atlan-
tic Ocean and the Gulf of Mexico from the Fall Line that
marks the inland limit of the Coastal Plain and (2) a
thick continuous sequence of shallow-water platform
carbonate rocks that underlies southeast Georgia and
all of the Florida peninsula. In north-central Florida and
in southeast Georgia, where these clastic and carbonate
rocks generally interfinger with each other, facies
changes are both rapid and complex In general, the
limestone facies of successively younger units extends
progressively farther and farther updip, encroaching to
the northwest upon the clastic rocks in an onlap
relation—at least until the end of Oligocene time.
Miocene and younger rocks comprise-a predominantly
clastic facies that, except where removed by erosion,
covers the older carbonate rocks everywhere. The
various stratigraphic units within both the clastic- and
carbonate-rock areas are separated by unconformities
that represent breaks in sedimentation.

A generalized geologic map of the southeastern
United States (fig. 1) shows that Cretaceous rocks
generally crop out in a band adjacent to the crystalline
rocks and folded strata of the Piedmont and Ap-
palachian provinces. Rocks of Tertiary age, whose car-
bonate facies comprise most of the Floridan aquifer
system, crop out in a discontinuous band seaward of
the Cretaceous sediments and are also exposed in an
area in west peninsular Florida. Still farther seaward
is a band of outcrop of predominantly clastic rocks of
Miocene age, which forms an upper confining unit on
the Floridan aquifer system. Miocene rocks generally
separate the Floridan from Pliocene and Quaternary
strata that are mostly sands and comprise surficial (un-
confined) aquifers.
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FIGURE 1.—Generalized geologic map of the southeastern United States.

FLORIDAN AQUIFER SYSTEM

The Floridan aquifer system is defined (Miller, 1986)
as a vertically continuous sequence of carbonate rocks
of generally high permeability that are of Tertiary age,
that are hydraulically connected in varying degrees, and
whose permeability is generally several orders of
magnitude greater than that of the rocks that bound
the system above and below. The Floridan includes
units of late Paleocene to early Miocene age. Locally in
southeast Georgia, the Floridan includes carbonate

rocks of Late Cretaceous age. USGS Professional Paper

1403-B (Miller, 1986) presents a detailed geologic
description of the Floridan aquifer system, its compo-
nent aquifers and confining units, and their relation to
stratigraphic units.

Briefly, the top of the Floridan aquifer system
represents the top of highly permeable carbonate rock
that is overlain by low-permeability material—either
clastic or carbonate rocks. Similarly, the base of the
Floridan is that level having no high-permeability rock
below it. Generally, the underlying low-permeability
rocks are either fine-grained clastic materials or bedded
anhydrite. These sharp permeability contrasts at the
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top and base of the Floridan commonly occur within,
rather than at the vertical boundaries of a formation
or a time-stratigraphic unit (Miller, 1982b, 1982d, and
1986). Structure-contour maps of the top and base of
the Floridan and related hydrogeologic cross sections
are presented in USGS Professional Paper 1403-B
(Miller, 1986).

The Floridan aquifer system generally consists of an
Upper and Lower Floridan aquifer separated by a less-
permeable confining unit of highly variable properties.
In parts of north Florida and southwest Georgia, little
permeability contrast is within the aquifer system. Thus
in these areas the Floridan is effectively one continuous
aquifer. The upper and lower aquifers are defined on the
basis of permeability and their boundaries locally do not
coincide with those for either time-stratigraphic or rock-
stratigraphic units. The Floridan gradually thickens
from a featheredge at the outcrop area of Alabama-
Georgia-South Carolina to nearly 3,000 ft in southwest
Florida. Its maximum thickness is about 3,500 ft in the
Manatee-Sarasota County, Fla., area.

Overlying the Floridan aquifer system in much of its
area of occurrence are low-permeability clastic rocks
that are called the upper confining unit. The lithology,
thickness, and integrity of this confining unit has a con-
trolling effect on the development of permeability in the
Upper Floridan and the ground-water flow locally.

Plate 1 shows where the Floridan is unconfined or
semiconfined (upper confining unit is less than 100 ft
thick, breached, or both). Actually the Floridan rarely
crops out and the areas designated as ‘‘unconfined”
generally have either a thin surficial sand aquifer or
clayey residuum overlying the Upper Floridan.
Sinkholes are common in the unconfined and semicon-
fined areas and provide hydraulic connection between
land surface and the Upper Floridan. In the semicon-
fined and confined areas, the upper confining unit is
mostly the middle Miocene Hawthorn Formation con-
sisting of interbedded sands and clays that are locally
phosphatic and contain carbonates. In southwest
Florida, the carbonates locally form aquifers. USGS
Professional Papers 1403-E and 1403-B describe these
local aquifers in detail.

Two important surficial aquifers overlie the upper
confining unit locally: (1) the sand-and-gravel aquifer in
westernmost panhandle Florida and adjacent Alabama
and (2) the very productive Biscayne aquifer (limestone
and sandy limestone) of southeast peninsular Florida.
Both of these aquifers occur in areas where water in the
Floridan is brackish; hence, they are important sources
of freshwater in those areas.

The Upper Floridan aquifer forms one of the world’s
great sources of ground water. This highly permeable
unit consists principally of three carbonate units: the
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Suwannee Limestone (Oligocene), Ocala Limestone
(upper Eocene), and the upper part of the Avon Park
Formation (middle Eocene). Detailed local descriptions
of the geology and hydraulic properties of the Upper
Floridan were provided in many reports listed in the
references, especially in the summary by Stringfield
(1966). The large variation in transmissivity (up to three
orders of magnitude) within the Upper Floridan is
presented in the hydraulic properties section of this
report, and the geologic reasons for these variations
were presented in USGS Professional Paper 1403-B
(Miller, 1986).

Within the Upper Floridan aquifer (and the Lower
Floridan where investigated) are commonly a few highly
permeable zones separated by carbonate rock whose
permeability may be slightly less or much less than that
of the high-permeability zones. Many local studies on
the Floridan have documented these permeability
contrasts, generally by using current-meter traverses
in uncased wells. For example, Wait and Gregg (1973)
observed that wells tapping the Upper Floridan in
the Brunswick, Ga., area obtained about 70 percent
of their water from the upper 100 ft (approximately)
of the Ocala Limestone and about 30 percent from a
zone near the base of the Ocala. Separating the two
zones is about 200 ft of less-permeable carbonate rock.
Leve (1966) described permeable zones of soft lime-
stone and dolomite and less-permeable zones of hard
massive dolomite in the Upper Floridan of northeast
Florida.

The Upper and Lower Floridan aquifers are separated
by a sequence of low-permeability carbonate rock of
mostly middle Eocene age. This sequence, called the
middle confining unit, varies greatly in lithology, rang-
ing from dense gypsiferous limestones in south-central
Georgia to soft chalky limestones in the coastal strip
from South Carolina to the Florida Keys. Much of the
middle confining unit consists of rock formerly called
Lake City Limestone but referred to here as the lower
part of the Avon Park Formation.

The Lower Floridan aquifer is less known geological-
ly and hydraulically than the Upper Floridan. Much of
the Lower Floridan contains brackish to saline water.
For this reason and because the Upper Floridan is so
productive, little incentive exists to drill into the deeper
Lower Floridan in most areas. The Lower Floridan con-
sists largely of upper Paleocene to early middle Eocene
carbonates but locally in southeast Georgia also in-
cludes uppermost Cretaceous carbonates. Two impor-
tant permeable units are within the Lower Floridan: (1)
a cavernous unit of extremely high permeability in
south Florida known as the Boulder Zone and (2) a part-
ly cavernous permeable unit that occurs in northeast
Florida and southeast coastal Georgia herein called the
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Fernandina permeable zone. These units are further
described in forthcoming USGS Professional Papers
1403-G and 1403-D, respectively.

Table 1 summarizes the geographic occurrence of
aquifers and confining units within the Floridan aquifer
system and hydrogeologic nomenclature used in forth-
coming USGS Professional Papers 1403-D through H.
The units given in the table are hydraulic equivalents
intended for use in describing and simulating the
regional flow system. No stratigraphic equivalency or
thickness connotation is intended in this table. For ex-
ample, the Upper Floridan aquifer in the western
Florida panhandle consists principally of the Suwannee
Limestone (Oligocene). However, in central Florida the
Ocala and Avon Park Formations comprise much of the
high-permeability rock in the Upper Floridan. Refer to
the USGS Professional Paper 1403-B (Miller, 1986) for
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stratigraphic equivalency or formation thickness within
aquifers and confining units.

HYDRAULIC PROPERTIES OF THE
AQUIFER SYSTEM

Carbonate rocks are nearly always characterized by
an uneven distribution of permeability. In general, car-
bonate aquifers can be characterized as having either
diffuse flow or conduit flow where flow occurs along a
few solution channels. Classifications of carbonate
aquifers based on the type of flow and associated
hydrogeologic control have been presented by White
(1969) and LeGrand and Stringfield (1971). White's clas-
sification emphasizes recent flow conditions whereas the
LeGrand and Stringfield classification emphasizes the

TABLE 1.—Aquifers and confining units of the Floridan aquifer system
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development of permeability. The two classifications
use the following similar threefold breakdowns:

Flow type
Hydrogeologic LeGrand and
control White (1969) Stringfield (1971)
Close network of small frac- Diffuse flow Fine textured
tures and solution openings
Ground-water flow Free flow Coarse textured

predominantly along major
conduits or solution channels;
adjacent rock has comparatively
low permeability

Confining beds limit flow Confined flow Reactivated
between aquifers; development

of solution permeability

occurred prior to confining

bed deposition

The “‘confined” or “‘reactivated” flow category is not
really a separate category because it may be character-
ized by either “free flow” or ‘‘diffuse flow”’ within a
confined zone.

LeGrand and Stringfield (1971) cite the Floridan as
an example of a “reactivated” aquifer system. This is
certainly true in the downdip areas of coastal Georgia
and Florida where several hundred feet of Miocene clays
form an effective upper confining unit. However, the
area of very large springs in northwest-central Florida
(where large solution channels occur in the limestone
and flow at or near the orifices is often turbulent) can
be characterized as coarse-textured flow or free flow.

Throughout much of the area where the Floridan oc-
curs, the water-bearing openings consist of one or more
of the following: (1) openings in loosely cemented fossil
hashes (composed of foraminiforal and bryozoan
fragments) that are similar to the interstices of sands,
(2) mosaics of many fractures and solution-widened
joints, and (3) solution cavities ranging in size from less
than 1 in. to tens of feet or more.

An important question in discussing the hydraulic
properties of the Floridan is whether methods of aquifer-
test analysis developed for porous media are applicable
to the fractured, solution-riddled Floridan aquifer
system or specifically at what scale do fractures and
other openings become sufficiently numerous so that
the rock can be considered as a porous media con-
tinuum. Bear (1972, p. 19-20) defined the smallest
volume of rock that can be assigned a single value of
any property as the representative elementary volume
(REV). An REV should be smaller than the size of the
entire flow domain; however, it must be larger than the
size of a single pore and it should be large enough to

contain a sufficient number of pores to permit the mean-
ingful statistical average required in the continuum
concept. Obviously in karst areas where very large
cavernous openings occur, the REV will be very large
and, in fact, will probably be impossible to define.
However, in the more typical Floridan terrain described
above (where diffuse flow occurs), the REV could be
smaller than the volume of aquifer involved in an aquifer
test (that is, less than several ten or hundreds of feet
in length).

Field evidence is provided by the response curves of
the many Floridan aquifer tests. Plots of drawdown ver-
sus time for multiwell aquifer tests of the Floridan
generally match the classic nonleaky, leaky, or delayed-
yield response curves. Many tests in the confined areas
are characterized by a Theis (nonleaky) response
throughout nearly the entire test duration. The stated
assumptions of the Theis and related methods of
analysis (homogeneous, isotropic conditions, and so
forth) are not met given the nature of the Floridan.
However, these assumptions are probably valid on the
scale of the typical field test where the response is
measured in an observation well hundreds of feet from
a pumping well and where the cone of influence is
thousands of feet across. At that scale, then, the
assumption of a porous media continuum appears
reasonable.

In contrast to multiwell tests, hydraulic data from
single-well aquifer tests yield questionable transmissiv-
ity values. As discussed in the following section,
transmissivities estimated from specific capacity data
generally bear little relation to transmissivities derived
from either multiwell tests or from digital simulations.
The reason is that in the vicinity of a pumping well,
where the size and spacing of individual openings are
important, conduit flow along a few discrete openings
predominates. Therefore, the test values probably repre-
sent test volumes less than an REV.

The question of whether diffuse or conduit flow
predominates is a matter of scale. On a regional scale,
diffuse flow predominates and the porous media con-
tinuum approach is probably justified. On a local scale
(close to springs and pumping wells), discrete openings
and conduit flow predominate and the porous media
continuum approach is probably invalid. The discussion
of transmissivity that follows is concerned with
‘“‘average regional values’’ that control diffuse flow on
a regional scale. Regional values of transmissivity have
been developed primarily for input to digital models for
simulating regional ground-water flow in the Floridan
aquifer system.

The discussion of transmissivity attempts to relate
values from aquifer tests and model-derived values to
areal differences in hydrogeology. The discussion of
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storage coefficient relies more on simulation than on
aquifer tests. The values of leakage coefficient obtained
from the aquifer tests reported here are considered
lumped parameters. The discussion of leakage coeffi-
cients is based principally on a consideration of the
regional geology and simulation results.

TRANSMISSIVITY

The following discussion of transmissivity is based
on 114 aquifer tests, most of which were selected from
the hydrologic literature and USGS data files plus three
tests conducted during this investigation. The test data
are summarized in table 2. The locations of the aquifer-
test sites and the transmissivity values are shown on
plate 2. These tests generally involve only the Upper
Floridan aquifer; however, in the updip area where the
Upper and Lower Floridan aquifers merge to form a
single hydraulic unit, the tests apply to the entire
Floridan aquifer system. In the downdip area of penin-
sular Florida and extreme southeast Georgia, very little
is known about the transmissivity of the Lower
Floridan aquifer.

AQUIFER TESTS

Aquifer tests in the Floridan aquifer system are often
complicated by highly varying permeability within the
tested limestone section and by complex boundary con-
ditions. Other factors such as anisotropy and partial
penetration may further complicate the tests.

Examples of permeability characteristics within the
Floridan include: (1) detrital units of the Ocala Lime-
stone made of foraminiferal remains and coarse sand-
sized particles that hydraulically act as sands or gravels;
(2) micritic limestone occurring in the Suwannee Lime-
stone of panhandle Florida that acts hydraulically as
a silt or clay; (3) networks of many small solution open-
ings along joints or bedding planes that on a gross scale
provide a uniform distribution of permeability; however,
locally the networks are characterized by discrete frac-
ture flow; and (4) a few large cavernous openings
developed in recent karstic or paleokarst areas.

For the first three examples cited, the probability
exists that the aquifer will act as a single-porosity con-
tinuum on a gross scale. Generally aquifer tests in the
Floridan outside the karstic terrains yield response
curves that match classical type curves (Theis, 1935;
Hantush, 1960; Boulton, 1963; and others) very well.
Where such curve matches are obtained, the assumption
of a porous media is probably valid within the area of
influence of the test.

For karstic terrains where flow is predominantly
through a few discrete openings or conduits, a porous-

media analytical approach is not theoretically justified.
Analytical methods that assume flow through discrete
fractures as proposed by Streltsova (1976) or methods
that assume flow in porous media combined with flow
through fractures (the double-porosity model) as de-
scribed by Barenblatt and others (1960) are presumably
more applicable. However, choosing a method for
analysis of karstic aquifer-test data to date has been an
academic concern because the logistical problems of con-
ducting tests in karst areas have been too difficult to
overcome.

Boundary conditions within the area of influence
require careful consideration and may rule out the pos-
sibility of obtaining meaningful results from an aquifer
test of the Floridan. Recharging boundaries include:
(1) very large solution cavities/conduits and (2) streams
and sinkholes in the unconfined and semiconfined areas.
Discharging boundaries include: (1) facies change from
permeable limestone to micritic limestone or limestone
to clastic beds within the area of influence, (2) faults jux-
taposing clastic rock against carbonate rock, or (3) sig-
nificant reductions in solutioning.

Aquifer-test response is dependent upon the nature
of the Floridan’s permeability, local boundary condi-
tions as discussed above, and the characteristics of the
associated confining beds. Boundary conditions caused
by conduits, streams, and sinkholes tend to be highly
localized. However, facies changes that affect the
permeability and thickness of the Upper Floridan and
the overlying confining unit tend to occur (in gross
fashion) on a more regional basis. Thus, large areas tend
to be characterized by similar degrees of confinement,
aquifer thickness, and solution development.

Assuming that the permeability distribution is suffi-
ciently uniform at a given site for application of porous-
media techniques, the selection of the appropriate
method for analyzing the response curves is largely
dependent on the nature and thickness of the overlying
confining bed. Where the aquifer is thickly confined or
where thinly confined by clays, nonleaky or leaky arte-
sian responses have been observed. True unconfined
conditions rarely occur in the Floridan. Within the
Floridan’s outcrop area, the limestone is invariably
covered by sandy to clayey residuum. Delayed-yield
responses have been observed where the residuum is
thin and sandy, and leaky to nonleaky responses ob-
served where clayey residuum exists.

Four aquifer tests are described here: Nilo Plantation
test, Doctortown test, Dunnellon test, and Green
Swamp test. The tests illustrate aquifer response under
different hydrogeologic conditions as follows:

1. The Nilo Plantation test represents conditions in

the updip outcrop area of Georgia where the Up-
per Floridan is thin and overlain by a thin cover

L 2N
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of sandy residuum. Test results indicate a
delayed-yield response.

2. The Doctortown test is an example of conditions
further downdip in coastal Georgia and north-
east Florida where the aquifer is several hundred
feet thick and overlain by a thick, clayey con-
fining unit. Testing the thick, highly transmis-
sive carbonate section at this site yielded a
nonleaky response.

3. The Dunnellon and Green Swamp tests represent
conditions in central and northern Florida where
the Upper Floridan is semiconfined and contains
alternating beds of lesser and greater perme-
ability effectively forming a leaky, multilayered
system. The Dunnellon test shows the response
to pumping the entire thickness of aquifer in an
area where the Floridan is about 500 ft thick.
The Green Swamp test is an example of the
response to pumping a single permeable unit
within a multilayered sequence. At both test
sites, a leaky-artesian response was observed.

No aquifer-test examples are presented for the karstic

area of central and northwest peninsular Florida.
Within this area the Upper Floridan is either unconfined
or semiconfined and cavernous development is exten-
sive, especially in the vicinity of the major springs.
Conducting an aquifer test in this area is virtually im-
possible. A major logistical problem is the need to pump
several thousand gallons per minute to stress the
aquifer measurably and the consequent need to remove
pumped water from the site to prevent recycling. In ad-
dition, conduit flow and complex boundary conditions
prevent test analysis using porous-media techniques.
However, flow-net analyses using large springs as the
discharge control have been successfully used to deter-
mine transmissivity. Faulkner (1973, p. 93-98) deter-
mined an average transmissivity of 2,000,000 ft?/d for
the Silver Springs area and Sinclair (1978) determined
an average transmissivity of 1,200,000 ft?/d for the
Weeki Wachee Springs area.

NILO PLANTATION TEST

The Nilo aquifer-test site is in southwest Georgia
about 7 mi southwest of the city of Albany (site 24 on
pl. 2). The site is within the updip outcrop area of
southwest Georgia referred to as the Dougherty Plain
and locally characterized by sinkhole topography.
Limestone is commonly exposed in stream channels and
elsewhere occurs near the surface. In this area of
southwest Georgia, hydrogeologic conditions are
variable; however, the Upper Floridan aquifer and over-
lying confining unit are characteristically thin. Except
for stream cuts, the limestone is almost always covered

REGIONAL AQUIFER SYSTEM ANALYSIS

by 30-60 ft of residuum. Thus, the Nilo test provided
an opportunity to obtain aquifer coefficients in the out-
crop area where the aquifer is thin although locally
highly transmissive (due to solution features).

At the Nilo site, 165 ft of white, friable, fossiliferous
limestone is overliin by 50 ft of residuum (largely sand
with some clay). The test involved a pumping well (used
for a center-pivot irrigation system) and a single obser-
vation well (TW-2), located 190 ft away. Both wells were
cased in the residuum and left open to 87 ft of the
limestone aquifer (about 50 percent penetration).

The test was conducted on September 8-9, 1980, by
L. Hayes, W. Meeks, and G. Mitchell of the USGS. The
irrigation well was pumped at a rate of 1,700 gal/min
for 1,000 min during which water-level measurements
were made in well TW-2.

Figure 2 shows a plot of drawdown versus time for
observation well TW-2. Data for the first 10 min are
not shown because the pumping rate had not yet
stabilized at a constant rate of 1,700 gal/min. The time-
drawdown curve displays a Theis (nonleaky) response
for 10-50 min and then gradually departs below the
Theis curve. This later response could be interpreted as
delayed yield from storage, assuming that the sandy
residuum and limestone act together as a single uncon-
fined aquifer. Alternately the response could be con-
sidered as artesian with the residuum acting as a leaky
confining bed. Because the residuum is mostly sand and
the limestone is thin, the transmissivity of the two units
is probably comparable. Hence the assumption of a
single unconfined aquifer with delayed yield seems more
valid. Using the match point shown in figure 2, the
calculated transmissivity is about 12,000 ft2/d. The
storage coefficient of 0.004 is intermediate between that
of confined and unconfined aquifers—presumably this
value would be larger if the test proceeded until delayed
yield was complete.

DOCTORTOWN TEST

This aquifer test involved a large reduction in pump-
ing at the ITT Rayonier Inc., plant at Doctortown, Ga.
(site 12 on pl. 2). The hydrogeologic conditions at the
site typify much of the coastal area of southeast
Georgia and northeast Florida, namely a thick, highly
transmissive section of the Upper Floridan overlain by
a thick, clayey confining unit. A detailed description of
the data collection and test analysis is presented by
Randolph and others (1985).

At the site, the Upper Floridan is overlain by almost
500 ft of Miocene clay with interbedded sand and silt
that constitutes the upper confining unit. The test in-
volved 11 supply wells, all of which are open to the full
thickness of the Upper Floridan aquifer (500 to about
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FIGURE 2.—Logarithmic plot of drawdown versus time for observation well TW-2, Nilo Plantation aquifer test.

1,000 ft below land surface) and part of the middle con-
fining unit.

Figure 3 shows the location of the center of pumping
at Doctortown and the cone of depression produced by
an average withdrawal of 70-75 Mgal/d. Response to
the October 1977 shutdown was observed in four wells
(Mears 1 and 2, Johnson, USGS TW-3) tapping the Up-
per Floridan located about 5-14 mi from the pumping
center as shown in figure 3.

The shutdown was phased in during October 1-4,
1977, with a decrease in pumpage from about 72 Mgal/d
to about 6 Mgal/d. For the analysis of the recovery
period (October 4 to December 29, 1977), the average
decline in pumping rate is considered to be 66 Mgal/d.
Because the shutdown occurred over several days, the
early data are not useful for the analysis.

Figure 4 shows plots of recovery versus r?/t for the
four observation wells and the superposed Theis
(nonleaky) type curve. The later data either match or
closely approach the Theis curve. Using the match point
shown, transmissivity is calculated to be 240,000 ft%d
and the storage coefficient is 5X10-4.

The Doctortown test was successful in evaluating a

highly transmissive section of the Upper Floridan
primarily because a very large stress was imparted to
the aquifer by the 66 Mgal/d decrease in pumpage. As
a result, analyzable responses were obtained in obser-
vation wells located up to 15 mi from the center of
pumping. A Theis (nonleaky) response was anticipated
because the field hydrogeologic conditions {(clay overly-
ing highly transmissive limestone) suggested that
leakage would be minimal. The fact that the mass plot
of recovery versus r?/t for the four observation wells
closely follows the Theis type curve for late times sug-
gests that isotropic/homogeneous conditions are ap-
proached at the scale of the test.

Anisotropy in the Upper Floridan was investigated
by Randolph and others (1985) using the Doctortown
test data and a local aquifer test in the area. They used
transmissivity tensor analysis to compute directional
transmissivity values of 370,000 ft?/d and 180,000 ft2/d

" for the test described here. The computed ratio of
anisotropy is thus about 2:1 and is incompatible with
the occurrence of large directional variations in aquifer
transmissivity due to faults, major solution channels,
or facies changes within the 15-mi radius observed. The
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FI1GURE 3.—Potentiometric surface of the Upper Floridan aquifer and location of observation wells, Doctortown, Ga.

values of transmissivity required to calibrate the
regional flow model in this area (200,000-300,000 ft%d)
are consistent with the aquifer-test values.

DUNNELLON TEST

The Dunnellon aquifer-test site is in west-central
Florida about 10 mi northeast of the town of Dunnellon
(site 82 on pl. 2). The primary purpose of the test was
to determine the hydraulic characteristics of the Upper

Floridan aquifer in one of its thinner known areas of oc-
currence in peninsular Florida—on the Ocala uplift
where the generally permeable Ocala Limestone is miss-
ing. The occurrence of a localized ‘‘high’’ on the poten-
tiometric surface and associated steep gradients
suggested substantially lower transmissivity than
elsewhere in central Florida (pl. 2).

At the site, the Floridan is overlain by a surficial
sand aquifer (0-135 ft) and an upper confining unit
{135-214 ft) consisting of sand and clay beds (Hawthorn
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FIGURE 4.—Logarithmic plots of recovery versus r?/t for observation wells, Doctortown aquifer test
(Modified from Randolph and others (1985, fig. 4)).

Formation). The Upper Floridan extends from 214-706
ft and consists of dolomite and dolomitic limestone
(J.D. Fretwell, U.S. Geological Survey, written
commun., 1982). The test involved a pumping well and
an observation well 284 ft away, both of which fully
penetrate the Upper Floridan (completed as open hole
from 300-780 ft). In addition, two shallow wells in the
surficial aquifer were used for observation.

The test was conducted on September 14-17, 1981,
by J. D. Fretwell who provided the test data and anal-
ysis. A constant discharge of 2,150 gal/min was main-
tained from the pumping well, except for the first 5 min

during which the discharge was 1,500-1,600 gal/min.
Drawdowns were measured in the three observation
wells throughout the 72-hr pumping period and during
recovery. However, only data obtained from the obser-
vation well tapping the Upper Floridan were used for
analysis. The data from the two shallow wells were not
used because of uncertain construction of one well and
spillage of discharge water near the other well.
Figure 5 shows a plot of drawdown versus time for
the observation well tapping the Upper Floridan. The
plot closely matches the Theis (nonleaky) type curve ex-
cept for very early and very late times. J. D. Fretwell
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FIGURE 5.—Logarithmic plot of drawdown versus time for Tidewater-2 observation well, Dunnellon aquifer test.

(written commun., 1982) concluded that, if the very
early data (first 10 min) are ignored, the data are
most logically analyzed as a leaky confined aquifer
with no change in storage in the confining unit
(Hantush and Jacob, 1955, and Cooper, 1963). The
match point of a Cooper type curve with V value of 0.01
provides transmissivity of 20,000 ft2/d; storage coeffi-
cient of 5X10-4 and leakage coefficient of 1.0X10-* per
day.

GREEN SWAMP TEST

The Green Swamp test site is located in southwest
Lake County in central Florida (site 85 on pl. 2). The
site is within the major potentiometric surface ‘‘high”
of the Upper Floridan aquifer in peninsular Florida. The
aquifer test (Tibbals and Grubb, 1982, p. 2) was con-
ducted “to determine hydraulic properties of the
Floridan aquifer and overlying confining materials in
an area where additional downward leakage, or
recharge, can be induced.”

At the site, the Upper Floridan is overlain by 40 ft
of fine sand. The test well was constructed as an un-
cased hole open to the Upper Floridan from 66-200 ft.

Four observation wells were constructed similarly in the
Upper Floridan, and eight observation wells were in-
stalled at various depths in the surficial deposits. The
Upper Floridan at the site consists of about 60 ft of
highly permeable limestone underlain by at least 100 ft
of less-permeable clayey limestone. Thus, the Green
Swamp test involved a permeable limestone aquifer
overlain by a very leaky confining unit and underlain
by a confining unit of clayey limestone. The transmis-
sivity that was determined, therefore, represents the
60 ft of permeable limestone.

The test was conducted December 15-16, 1975, with
a constant pumping rate of 1,040 gal/min for 35 hr.
Drawdown was measured in the 12 observations wells.

Tibbals and Grubb (1982) analyzed the drawdown
data using both the transient-leakage artesian method
of Hantush (1960) and the steady-state leakage method
of Cooper (1963). Figure 6 shows plots of drawdown ver-
sus t/r? for the four Upper Floridan observation wells.
The match-point coordinates for the two solutions are
identical. The calculated transmissivity is 13,000 ft?/d
and the storage coefficient is 2.5X10-4. The leakage co-
efficient of the overlying confining bed is about 0.02 per
day. Tibbals and Grubb (1982, p. 14) noted that these
calculated values are based on two assumptions: (1) all
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FIGURE 6.—Logarithmic plots of drawdown versus t/r? for observation wells, Green Swamp aquifer test (modified from Tibbals
and Grubb (1982)).

leakage takes place through the overlying confining unit
and (2) the head remains constant in the overlying sur-
ficial aquifer. They further stated (p. 14) that the first
assumption may not be valid because, during the test,
the potential existed for upward leakage into the
pumped zone from the clayey limestone below; there-
fore, the leakage coefficient determined may incorporate
leakage from below as well as from above. The second
assumption was not met because measurable drawdown
occurred in the surficial aquifer. As noted by Tibbals
and Grubb (1982, p. 14), the effect of this drawdown is
to yield slightly higher values of drawdown (s) and t/r?
at the match point than if the surficial-aquifer head re-
mained constant. -

SPECIFIC-CAPACITY DATA

Transmissivity was estimated from specific-capacity

data for about 200 wells tapping the Upper Floridan
aquifer using a hand calculator programmed to solve
the Theis (1935) equation (H. B. Counts, U.S. Geological
Survey, written commun., 1979). Figure 7 shows
transmissivities calculated from the programmed Theis
equation with transmissivities from the calibrated
regional model at the same locations, respectively. The
plot shows that only a minimal relation exists between
transmissivities calculated from specific-capacity data
and the model-derived transmissivities. Most values of
transmissivity from specific-capacity data are general-
ly much lower than the values required to calibrate the
digital models because of well loss and the dominant
effect of aquifer material near wells.

For comparison purposes, values of specific capacity
are sometimes adjusted by dividing by depth of well
penetration (see for example, Walton, 1962). How-
ever, the uppermost part of the Floridan is generally
the most transmissive—especially where the aquifer is
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FIGURE 7.—Comparison of transmissivities estimated from specific capacity with model-derived transmissivities.

semiconfined and karstic. Thus, comparing the specific-
capacity per foot of penetration of shallow wells with
deep wells has little meaning. In preparing figure 7, we
arbitrarily decided to include all wells with more than
25-percent aquifer penetration.

Figure 8 compares transmissivities determined from
multiwell aquifer tests (in which the pumping the well
penetrates at least 25 percent of aquifer) with model-
derived transmissivities at the same locations, respec-
tively. The relationship between transmissivity values
obtained from aquifer tests and from simulation is con-
siderably better than the relationship between
transmissivities from specific-capacity data and from
simulation. A least-squares regression line fitted to
these data shows that transmissivity from aquifer tests,
like transmissivity from specific-capacity data, is in
general lower than transmissivity from simulation, but

not a great deal lower. The line of regression is not far
from the line of equal value.

Specific-capacity data are dominated by two effects:
(1) the size and spacing of water-bearing openings in the
rock adjacent to the well bore and (2) well losses due
to turbulent flow within the well bore or immediately
adjacent to it. These two factors are probably major
reasons for transmissivity values from specific-capacity
data being lower than model-derived values. Specific
capacity is thus not a particularly good basis from
which to estimate transmissivity in most parts of the
Floridan aquifer system. These problems are minimized
on the scale of multiwell aquifer tests. As previously
discussed, scale is apparently a key to understanding
the hydraulics of the Floridan. Transmissivities ob-
tained from aquifer tests (where pumping and observa-
tion wells are hundreds of feet apart) more nearly
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FIGURE 8.—Comparison of transmissivities from multiwell aquifer tests with model-derived transmissivities.

approach the transmissivities that control flow on a
regional basis.

AREAL DISTRIBUTION OF TRANSMISSIVITY

UPPER FLORIDAN AQUIFER

The areal distribution of transmissivity of the Upper
Floridan aquifer is shown on plate 2. The map portrays
the most probable ranges of transmissivity based on
the aquifer-test values, model-derived values, and
geology. At sites where test wells are fully penetrating,
the field-test values and the model-derived values
generally are in good agreement. However, where test
wells do not fully penetrate the Upper Floridan, the field
values are generally less than model-derived values.

Finite-difference modeling requires that the aquifer
system be divided into blocks in which the hydraulic
properties are assumed to be uniform. Each block in the
regional model grid represents an 8-mi by 8-mi area.

Thus, the model-derived transmissivities are average
values for a 64-mi? area and do not reflect the varia-
tions in transmissivity that may occur locally due to
solution features in the carbonate rock—variations
which may produce transmissivity changes of an order
of magnitude or more within a few miles. The field-test
values in part reflect these changes and thus differences
among transmissivity values from closely spaced test
sites can be seen on plate 2. The contrast between field-
test values and model-derived values is evident in the
Jacksonville area. There the model suggests a range of
transmissivity from 100,000-250,000 ft?/d. However,
field values for six fully penetrating well tests range
from 13,000-200,000 ft/d. ‘
The field-test data tend to be concentrated in the
areas of heavy withdrawals. Where ground-water devel-
opment has been little or none, the transmissivity
estimates used to prepare plate 2 are based primarily
on model calibration. This includes the area of very large
spring flows in central and northwest Florida. Within
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this area, simulation indicates transmissivities ranging
from 250,000 ft?d to as much as 10,000,000 ft?/d. As
discussed in the previous section, performing aquifer
tests in the highly transmissive, unconfined, karstic
areas of the Upper Floridan aquifer is virtually impossi-
ble. However, flow net analyses in the vicinity of ma-
jor springs have yielded average transmissivities
ranging from about 1,000,000-2,000,000 ft%d.

A qualitative assessment of the reliability of the
transmissivity map was made based on the availabil-
ity of field-test data and the sensitivity of the regional
flow model to transmissivity. As indicated on the inset
mabp on plate 2, transmissivities shown for those areas
where aquifer-test data are available and where the
model is sensitive to the transmissivities are considered
to be most reliable. Areas where little or no aquifer-test
data exist and the model is insensitive to the
transmissivities are considered to be the least reliable.
Unfortunately, nearly one-half of the area of the
Floridan is in the “least reliable’’ category.

The transmissivity of the Upper Floridan is directly
related to the thickness and lithology of its upper con-
fining unit (principally comprised of the Miocene
Hawthorn Formation). Removal of the Hawthorn dur-
ing Pleistocene time is largely responsible for the distri-
bution of current karst (Stringfield, 1966) and, thus, for
the occurrence of high transmissivity in the Upper
Floridan. Comparison of plate 2 with the map showing
confined/unconfined conditions for the Upper Floridan
(pl. 1) shows that the confined areas generally have
lower transmissivity than the semiconfined or
unconfined areas. The relationship among confining-
unit thickness, development of solution cavities, and
transmissivity in various geographic areas underlain by
the Upper Floridan is summarized in table 3. High
transmissivity is closely associated with thin con-
finement and solution-cavity development. Conversely,
lower transmissivity is always associated with thick
confinement and lack of solutioning. Thus a 500-ft
section of thickly confined aquifer in western panhandle
Florida may have a much smaller transmissivity than
a 100-ft section of semiconfined aquifer in southwest
Georgia.

Another factor that affects transmissivity is the oc-
currence of paleokarst at unconformities. For example,
a very permeable zone is near the top of the Upper
Floridan in the thickly confined area of coastal south-
east Georgia. This zone occurs just below the uncon-
formable contact between the Upper Eocene Ocala
Limestone in the Floridan and the overlying clays of
the Miocene Hawthorn Formation. Other factors affect-
ing transmissivity include the original environment of
deposition and diagenetic processes, especially
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dolomitization, as described in Professional Paper
1403-B (Miller, 1986).

The highest transmissivities (greater than 1,000,000
ft?/d occur in the karstic areas of central and northern
Florida where the Floridan is generally unconfined or
semiconfined. In these areas the upper part of the aqui-
fer contains numerous caves, sinkholes, pipes, and other
types of solution openings which account for the high
transmissivity. Where the Floridan is confined, its
transmissivity is generally less than 250,000 ft?/d, and
transmissivity variations are due to variations in the
lithology, aquifer thickness, and occurrence of
paleokarst.

Transmissivities are lowest (less than 50,000 ft?/d in
the Florida panhandle, southernmost Florida, and the
updip areas of Alabama, Georgia, and South Carolina.
In the updip areas, the decreased transmissivity results
simply from thinning of the aquifer. However, the devel-
opment of karst in the outcrop area of southwest
Georgia (Dougherty Plain) causes a sharp increase in
transmissivity just downdip from the featheredge of the
aquifer. A band of low transmissivity extends north-
eastward across south-central Georgia downdip of the
outcrop area. This elongate strip of low transmissivity
is associated with a series of small northeast-trending
grabens (Miller, 1986, pl. 26). These grabens, taken
together, are known as the Gulf Trough (Herrick and
Vorhis, 1963). The lower transmissivity there is related
to a reduction in the thickness of limestone by faulting
(Gelbaum, 1978). This low transmissivity band has a
marked control on the flow system, discussed in the sec-
tion on predevelopment flow. The low transmissivity in
the thick downdip sections of panhandle Florida and
southernmost Florida results from a facies change in
the carbonate rock. As discussed in Professional Paper
1403-B (Miller, 1986), the aquifer in this area contains
large amounts of micritic limestone that has very low
permeability.

The distribution of transmissivity in the Upper
Floridan can be summarized as a continuum; from less
than 1,000 ft%d in the confined micrite-rich limestones
of the Fort Walton Beach area in western panhandle
Florida to more than 1,000,000 ft?d in the unconfined
karstic areas of central and northern Florida.

LOWER FLORIDAN AQUIFER

The lack of aquifer-test data precludes any areal defini-
tion of transmissivity in the Lower Floridan aquifer. In
most areas, wells obtain sufficient supplies from the Up-
per Floridan, and little reason exists to drill into the
Lower Floridan even where it contains potable water.
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TABLE 3.—Transmissivity and hydrogeologic conditions of the Upper Floridan aquifer and the upper confining unit in various localities

UPPER FLORIDAN AQUIFER| UPPER CONFINING UNIT

Florida, coastal area

LOCALITY TRANSMISSIVITY Thick Thin (less than | . Thin (less than
(feet squared 200 feet) 100 feet)
per day)
Solution cavities|Solution cavities| Some Sandy or
- - - - clayey | Clayey breached
Minor | Major | Minor | Major | beds che
Western Florida panhandle 1000 - 25,000
Southwest Georgia (Dougherty Plain) 10,000 - 200,000
Florida, south of Lake Okeechobee 10,000 - 60,000
Savannah, Georgia, to Jacksonville, 25,000 - 250,000

Major springs
area

Greater than

Central Florida, 1,000,000

northern Florida,

and adjacent

Georgia Elsewhere

Mostly 20,000 - 250,000
locaily 250,000 - 1,000,000

1Aquit‘er test example described in text.

Aquifer-test data or well-performance information are
thus very minimal. At Orlando and Jacksonville, water-
supply wells tap the Lower Floridan, however. An
aquifer test on an Orlando supply well provided a trans-
missivity value of more than 500,000 ft?/d (Lichtler
and others, 1968, p. 138), but this value is uncertain
due to a very small response in a single observation
well.

In the regional and subregional models, the Lower
Floridan was simulated where it contains freshwater
(less than 10,000 mg/L chloride). Model transmissiv-
ity values were assigned based partially on thickness
of section and primarily on qualitative estimates of
permeability inferred from geophysical log patterns
and lithologic logs (J. A. Miller, U.S. Geological Survey,
oral commun., 1980). Simulated Upper and Lower
Floridan heads were insensitive to changes in Lower
Floridan transmissivity values (Krause, 1982, p. 22;
Tibbals, 1981, p. 21; Bush, 1982, figs. 11 and 12).
Therefore, the flow models provided little basis for im-
proving the initial areal distribution of Lower Floridan
transmissivity.

The Lower Floridan aquifer in south Florida includes
a highly permeable cavernous unit known as the
“Boulder Zone” (see further discussions in Professional
Papers 1403-B and 1403-G). This zone contains saline

water and has been used for the underground dis-
posal of treated sewage and industrial waste via deep
injection wells. Because pressure buildup has been very
small or insignificant in injection wells or nearby obser-
vation wells, analysis for aquifer properties has been
difficult. However, an estimate of the transmissivity of
the Boulder Zone was obtained by Meyer (1974) based
on an analysis of natural water-level fluctuations
(caused by earth tides and ocean tides) in a disposal well
near Miami. This analysis provided an estimated trans-
missivity of 3,000,000 ft?/d. This value is for a 15-ft
thickness of aquifer and suggests that the Boulder Zone
has an extremely high transmissivity. More recently,
an aquifer test on a fully penetrating well in the Boulder
Zone near Miami gave a transmissivity of 25,000,000
ft?d (Singh and others, 1983). The occurrence of such
highly permeable solution-riddled zones in the Lower
Floridan has been attributed to paleokarst development
(Stringfield, 1966, p. 200-201).

STORAGE COEFFICIENT

Storage coefficient is generally reported along with
transmissivity to describe hydrogeologic properties of
aquifers. But the importance of storage coefficient in
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predicting the aquifer system’s response to pumping is
less straightforward than that of transmissivity. The
importance of storage coefficient varies with the hydro-
geologic characteristics of the area of interest and the
assumed pumping conditions.

The storage coefficients calculated from aquifer-test
data in table 2 range from a low of 1X10-% to a high of
0.02 with most values in the 0.001-1X10-* range. In
theory, storage coefficient in confined aquifers is direct-
ly proportional to aquifer thickness. But in the Floridan
aquifer system, reported storage coefficients bear no
discernible relation to thickness of aquifer tested on a
regional basis. The higher values, 0.01-0.001, reflect the
unconfined or semiconfined nature of parts of the
system, particularly southwest Georgia, where the
aquifer is very close to land surface.

An initial assumption was that an areal distribution
of storage coefficient could be developed from a tran-
sient calibration of the digital flow model. But it became
apparent that available data were insufficient to allow
a transient calibration of storage coefficient. Figures 9
through 12 illustrate the relative importance of storage
coefficient in different hydrogeologic areas. In each of
the transient simulations that produced the data
plotted in the four figures, the initial head condition
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from which pumping began was predevelopment—an
average steady-state condition. The figures suggest
that, depending on hydrogeolgic conditions and the
value of storage coefficient, the time required from the
start of a new pumping period for the system to reach
a new steady-state condition can range from days to
years. Unless pumping is constant for a period longer
than the time it takes to reach equilibrium and natural
stresses are minimal, the aquifer system is never at
steady state. Without a known steady-state initial con-
dition, any transient simulation of the aquifer system
will produce heads different from measured heads un-
til such time as the transient effects of the unknown
stresses that caused the system to be in a nonequilib-
rium state die out. Therefore, unless the history of
pumping (and other stresses due to climatic changes)
with time is known for a period longer than that neces-
sary for the effects of unknown initial stresses to cease,
a digital model is little help in determining storage coef-
ficient. This is because the modeling calibration process
requires varying storage coefficient in a series of simula-
tions until the simulated heads match the measured
heads.

The data plots in the four figures also show that near-
ly continuous water level and accurate pumping data
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FIGURE 9.—Simulated drawdown versus time for different storage coefficients and pumping rates, Polk County, Fla.
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FIGURE 12.—Simulated drawdown versus time for different storage coefficients and pumping rates, Fort Walton Beach, Fla.

during a pumping period, particularly the early part,
are necessary for comparison with simulated time-
drawdown plots to estimate storage coefficient with
confidence. Such data for major pumping centers
almost never exist. A realistic example of the dilemma
occurs in Polk County, Fla. (fig. 9), a heavily stressed
area where agricultural pumping is appreciable. Primari-
ly because of the uncertainty in estimating agricultural
pumpage, confidence in the estimate of total pumpage
is only about plus or minus 30 percent. Storage coeffi-
cients are known from aquifer tests to fall into the
0.001-1X10* range. The time-drawdown plots for
transient simulations using combinations of the
estimated limits of pumping and storage coefficient
show that during the first 30 days or so, many combina-
tions of realistic storage coefficient and pumping rate
would produce drawdown values in the 30-50-ft range.
Thus, to use a model to estimate storage coefficient ac-
curately, nearly continuous time-drawdown data and
more precise estimates of pumpage would be needed
before a match of measured and simulated time-
drawdown plots could be made.

Thus, because of the lack of steady-state initial
conditions and historical pumping and associated

water-level data, an areal distribution of storage coef-
ficient was not derived by digital modeling.

However, digital modeling has provided useful insight
about storage and storage coefficient in the aquifer
system. The time-drawdown data in the four figures im-
ply, considering the hydrogeologic characteristics of the
four areas represented, that the time needed from the
start of a new pumping period for the system to reach
steady state in confined areas depends on the fraction
of water pumped that must come from storage. If the
water necessary to sustain a given pumping rate is
readily available from vertical leakage (induced
recharge) or adjacent areas within the aquifer (diversion
of natural discharge), then only a small part of the water
pumped will come from storage and a steady-state con-
dition will be achieved relatively quickly. With each of
the two storage-coefficient values tested, the aquifer
system will come to steady state in less time in the two
central Florida locations than in the Savannah, Ga.,
area; and the system in Savannah will achieve a steady-
state condition more quickly than the system in the
Fort Walton Beach, Fla., area.

The Polk County, Fla., location has an estimated
transmissivity of 130,000 ft?/d and an estimated
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leakage coefficient of 2.8X10-5 per day. Estimated
transmissivity and leakage coefficient at the Orange
County, Fla., location are 200,000 ft2/d and 1.3X10-°
per day. Near Savannah, Ga., estimated transmissiv-
ity and leakage coefficient are 40,000 ft?/d and
5.4X107 per day. Near Fort Walton Beach, Fla,
estimated transmissivity and leakage coefficient are
2,000 ft*d and 2.4 X107 per day.

Figures 9 and 10 imply a roughly comparable and
relatively low dependence on water from storage in Polk
and Orange Counties during transient pumping. At
Savannah (fig. 11), where water available from leakage
and from adjacent parts of the aquifer is considerably
less, proportionately more water must come from
storage, thus increasing the time required to reach
equilibrium. At Fort Walton Beach (fig. 12), the most
tightly confined, least transmissive of the four areas
proportionately even more water must come from
storage, thus further increasing the time to reach the
steady-state condition.

The figures also show, not surprisingly, that, as
dependence on water from storage increases, the
system’s sensitivity to the value of storage coefficient
also increases. After 120 days of simulated pumping at
the same average annual rate at each of the two cen-
tral Florida locations, both storage-coefficient values
result in heads less than 2 ft apart. At Savannah the
difference in computed heads after 120 days pumping
at the average annual rate using storage coefficients of
0.001 and 1X10, respectively, is about 30 ft. And at
Fort Walton Beach, the simulated head after 120 days
pumping at the average annual rate using a storage
coefficient of 0.001 is almost 70 ft higher than the head
computed using 1X10-.

Storage coefficient is of interest in situations where
the transient response to pumping is desired; that is,
in predicting how heads will change during pumping
before steady state is achieved. Because tightly con-
fined, low-transmissivity areas are relatively slow to
reach equilibrium, prediction of water-level response to
pumping in these areas is more dependent on accurate
storage-coefficient estimates than in other areas. For
example, assume storage coefficient in both panhandle
Florida and west-central Florida is estimated to be 0.001
when the true value is 1X10-. If four 120-day pump-
ing periods are simulated with digital models of pan-
handle Florida and west-central Florida, clearly the
cumulative head error at the end of the simulations
would be considerably greater at Fort Walton Beach
than at Polk County.

An areal distribution of storage coefficient is difficult
if not impossible to obtain in practice. If evaluation of
transient pumping response in the Floridan aquifer
system is needed, the relative importance of, or the need
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to know storage coefficient, depends primarily on the
hydrogeologic characteristics of the area of interest.

LEAKAGE COEFFICIENT

UPPER CONFINING UNIT

The term ‘“‘leakage coefficient”” when associated with
the upper confining unit of the Floridan aquifer system
refers to the quantity of water that flows to (or from)
the upper Floridan aquifer from (or to) the surficial
aquifer, per unit surface area, per foot of head difference.

Leakage coefficient of the upper confining unit deter-
mined from aquifer-test data is reported for 15 of the
114 tests documented in table 2. These data were
selected from among a larger group of leaky aquifer
tests to represent the best available field-determined
values of leakage coefficient. The values range from
88 (in./yr)/ft (0.02 per day) to 0.44 (in./yr)/ft (1X10* per
day).

In most areas the rocks that compose the upper con-
fining unit vary greatly in lithology and are complexly
interbedded; thus, little is known about their hydraulic
characteristics. For this reason simulated values of
leakage coefficient for the upper confining unit in most
areas were obtained by dividing estimates of predevel-
opment recharge and discharge rate (developed from
regional model calibration) by estimates of predevelop-
ment head difference between the surficial aquifer and
the Upper Floridan aquifer (Bush, 1982, p. 23). Simu-
lated leakage coefficients in most areas are thus the
result of adjusting recharge and discharge rates dur-
ing calibration, rather than adjusting estimates of ver-
tical hydraulic conductivity and (or) thickness of the
upper confining unit.

Plate 3 shows the values of leakage coefficient for the
upper confining unit required to deliver simulated rates
of vertical flow between the surficial aquifer and the
Upper Floridan aquifer. The ranges of values shown
vary from greater than 1.00 (in./yr)/ft (2.28 X10-* per
day) in semiconfined areas to less than 0.01 (in./yr)/ft
(2.28X 106 per day) in tightly confined areas.

The field-determined values of leakage coefficient are
also plotted on plate 3. Comparison of field-determined
values with simulated values in the same locations
generally shows a marked discrepancy between the two.
The leakage coefficients calculated from aquifer-test
data are in general very much larger than those ob-
tained from the simulation. At most test sites, leakage
coefficients from aquifer-test data are too large to
realistically represent the exchange of water between
the surficial aquifer and the Upper Floridan. For
example, in the vicinity of the Green Swamp aquifer test
(site 85 on pl. 3), simulation of current average aquifer



C26

conditions results in a leakage rate of about 6 in./yr in
the vicinity of the test site. Average head difference be-
tween the surficial aquifer and the Upper Floridan at
the test site is probably less than 1 ft. The field-
determined leakage coefficient of 88 (in./yr)/ft (0.02 per
day) is clearly too large to produce leakage in a range
close to 6 in./yr.

Workers reporting leakage coefficients obtained from
aquifer-test data (Tibbals and Grubb, 1982, p. 14; Miller
and others, 1978, p. 96; Bentley, 1977, p. 43) have
observed that values can reflect not only downward
leakage from the surficial aquifer, but upward leakage
from permeable rocks beneath the pumped interval, and
leakage from beds of relatively low permeability that
might exist within the pumped interval. Wells in the
Floridan aquifer system are usually partially pene-
trating and often intersect local low-permeability units.
Thus, in most leaky Floridan test situations, the leakage
coefficients of the upper confining unit from test data
probably characterize leakage from all sources, not just
downward leakage from the upper confining unit or the
surficial aquifer.

Throughout northwest-central Florida (the area
designated as unconfined on pl. 3), confined, semicon-
fined, or unconfined conditions may occur locally. A thin
layer of surficial sand usually overlies the Upper
Floridan aquifer; however, this sand section can be thick
or clayey locally. At the site of the Dunnellon, Fla.,
aquifer test within this area (number 82 on pls. 2 and
3), the aquifer is overlain by a layer of sand about 200 ft
thick that becomes clayey in the lowermost 80 ft or so.
When pumped, the aquifer at the site definitely exhibits
leaky confined behavior, and a leakage coefficient was
determined.

A largely unanswered question (because of a lack of
shallow-well water-level data) about the area designated
as unconfined is whether or not a regional water table
exists at an altitude appreciably different from the
potentiometric surface of the Upper Floridan. A distinct
and separate water table would imply at least some
degree of confinement in the area. Relatively high rates
of recharge in northwest-central Florida determined
from simulation suggest that, on the average areally,
confinement is minimal to nonexistent.

The Dougherty Plain in southwest Georgia and ad-
jacent Jackson and Washington Counties, Fla., is
another area where the Floridan locally is confined,
semiconfined, or unconfined; however, semiconfined
conditions probably predominate. The aquifer is over-
lain by a thin (30-60-ft thick) layer of clayey residuum
that generally provides effective confinement where it
is continuous; but locally the residuum can be mostly
sand or breached by sinkholes, characteristics that tend
to make the aquifer behave as unconfined. Much of the
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area in southwest Georgia and Jackson and Washing-
ton Counties, Fla., is labeled ““‘unconfined or semicon-
fined”’ on plate 1.

Plate 1 primarily reflects a geologic interpretation of
aquifer conditions based on geologic maps of Georgia
(Georgia Geological Survey, 1976) and Florida (Puri and
Vernon, 1964, pl. 2). For purposes of simulating the flow
system, the area was considered semiconfined with a
water table distinct from the potentiometric surface of
the Upper Floridan aquifer. Therefore, the areal
distribution of simulated leakage coefficient values for
the upper confining unit extends throughout this area.
Not unexpectedly, the largest concentration of high
leakage-coefficient values for the upper confining unit
occurs in the southwest Georgia-northwest Florida area.

The small inset map on plate 3 shows the sensitivity
of the simulated predevelopment head in the Upper
Floridan to changes in simulated leakage coefficient for
the upper confining unit. This map provides at least an
indirect way to evaluate the range of leakage-coefficient
values shown on the large map. Where heads are ex-
tremely sensitive to changes in the leakage coefficient,
the presumption is that only a narrow range of leakage
coefficient values will allow correct simulation of heads.
Thus, the values shown on the large map in the area
that is coincident with the ‘‘extremely sensitive’’ area
of the inset map are considered most likely to approx-
imately represent true values of the leakage coefficient
for the upper confining unit. Where heads are insen-
sitive to changes in leakage coefficient, a wide range of
leakage-coefficient values permits accurate simulation
of heads. Therefore, accurate head simulation provides
much less of a basis for judging whether or not leakage-
coefficient values are correct in areas of the aquifer
labeled “insensitive.” This judgment must be made
using factors other than simulated heads; for example,
the distribution of recharge and discharge.

MIDDLE CONFINING UNIT

The leakage coefficient of the middle confining unit
is the quantity of water that flows from (or to) the Up-
per Floridan aquifer to (or from) the Lower Floridan,
per unit surface area, per foot of head difference.

No quantitative field data on the water-transmitting
characteristics of this unit exist. Miller, in his hydro-
geologic discussion of the unit in Professional Paper
1403-B, uses lithology and thickness to qualitatively
assess the degree of confinement offered by each of
seven low-permeability units of subregional extent that
together compose the middle confining unit. Parts of
three of these seven subunits separate aquifers contain-
ing freshwater and were simulated by the regional flow
model. Leakage-coefficient values for simulation were
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arbitrarily assigned based on Miller’s geological assess-
ment of the degree of confinement. Subregional and
regional simulation showed that predevelopment heads
in the Upper and Lower Floridan were very insensitive
to changes in values of middle-confining-unit leakage
coefficient (Krause, 1982, p. 22; Tibbals, 1981, p. 21;
Bush, 1982, figs. 11 and 12). Thus, as was the case with
Lower Floridan transmissivity, the flow models could
not be used to refine the initial areal distribution of the
leakage coefficient values for the middle confining unit.
For this reason and because of the lack of quantitative
field data, no regional map showing an areal distribu-
tion of middle-confining-unit leakage coefficient is
presented in this report.

THE REGIONAL FLOW SYSTEM

REGIONAL FLOW MODEL

The principal tool used to study the regional flow
system was a three-dimensional finite-difference model
{Trescott, 1975; Trescott and Larson, 1976). The model
simulates head and flow response of a multilayered
aquifer system to natural and manmade stresses.
Simulation is achieved by solving finite-difference ap-
proximations of the three-dimensional ground-water
flow equation (Trescott, 1975, equation 4, p. 4) using
the strongly implicit method. This iterative-solution
algorithm is discussed in detail in Remson and others
(1971), and Trescott and others (1976).

In a true three-dimensional multilayered simulation,
aquifers and confining units are treated as individual
layers. Head distribution and flow in each layer and ver-
tical exchange of water between adjacent layers are
computed simultaneously. This type of simulation re-
quires a large amount of computer storage and time,
as well as field data on all layers. Because field data are
commonly lacking and true three-dimensional simula-
tion is not practical, Trescott (1975) made a quasi-three-
dimensional variation of his model. This model assumes
that horizontal flow in confining units is negligible and
only vertical flow occurs between adjacent aquifers
through confining units. This assumption is generally
valid since the contrast in permeability between the
aquifer and confining layers is usually large (Hantush,
1960, in Bredehoeft and Pinder, 1970). Storage within
the confining layers is neglected and a Darcy-type ex-
pression for steady vertical leakage is incorporated into
the finite-difference equations as a source term. This
term provides for the exchange of water between
aquifers and at the same time simulates a confining
layer’s resistance to vertical flow because a leakage coef-
ficient is incorporated in the term. In some aquifer
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systems the contribution of water from confining-layer
storage is significant. Several investigators (Posson and
others, 1980; Leahy, 1982; Torak and Whiteman, 1982)
have modified the Trescott quasi-three-dimensional
model to simulate the effects of transient leakage from
confining-layer storage. However, during this investiga-
tion, the storage in the confining units is neglected.

The model of the regional flow system is a quasi-three-
dimensional four-layer model structured within a 65-row
by 80-column finite-difference grid. The model design,
assumptions, and application to simulating the regional-
predevelopment-flow system has been described by
Bush (1982). Each node, or grid block, is 8 mi on a side
and thus represents a 64-mi? area. For simulation, the
properties of an aquifer layer are averaged and assumed
to be constant within each grid block. The value of a
particular aquifer property in a grid block is an average
over the grid-block area.

A major assumption in applying the model on a
regional scale is that flow in the Floridan behaves as
flow in a porous medium. In the hydraulics section, the
authors indicate that this assumption is probably valid
on a scale of several hundred feet (the scale of a typical
Upper Floridan aquifer test) except in the karstic areas.
In the karstic areas of central and northwest Florida,
especially near major springs, conduit flow occurs on
a local scale (hundreds to thousands of feet). At the scale
of the regional model (with 8-mi grid-block spacing), flow
in the karstic spring areas can also be treated as porous-
media flow.

Figure 13 is a plan view of the simulated area show-
ing the grid and layer boundaries, and figure 14 is a
cross section showing the model’s vertical structure.
The surficial aquifer, where present, is simulated as a
constant-head layer. As such, it provides a source or
sink for water flowing vertically into or out of the Upper
Floridan aquifer. A disadvantage of designating the sur-
ficial aquifer as a constant-head layer is that the heads
in the surficial aquifer are assumed to be unaffected by
pumping from the Upper Floridan, which may not be
the case. But the slight gain in accuracy that might be
attained by actually simulating the surficial aquifer was
judged to be offset by the added complexity and poten-
tial problems (lack of knowledge of surficial-aquifer
properties; difficulty in realistically simulating the
unknown evapotranspiration and runoff) associated
with that alternative.

The Upper Floridan aquifer in most of northwest-
central Florida is considered unconfined and the surficial
aquifer is not part of the model there (figs. 13 and 14).
The Upper Floridan receives direct recharge and direct-
ly discharges water in this area. The recharge rate varies
areally but remains constant with time. Considering the
prevailing hydrologic conditions in northwest-central
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FIGURE 13.—Regional model grid and layer boundaries.

Florida, this approach was judged reasonable. Through-
out most of the area, water recharges the Upper
Floridan at or near the maximum rate available (see end
of the following section on components of the hydrologic
budget); transmissivity is high; ground-water discharge
through springs is high; and surface runoff is non-
existent. No appreciable pumping presently occurs in
the area, but, if heavy pumping were to occur, little ad-
ditional recharge would be induced under the existing
hydrologic conditions.

The Upper Floridan and the Lower Floridan are

simulated as active layers; that is, heads are computed
for each model grid block. Faults, joints, fractures, and
other solution-related features in the carbonate system
cause heterogeneity and anisotropy. No regional prin-
cipal directions of anisotropy have been identified. Only
lateral flow can be simulated in the aquifers. The model
simulates anisotropy and heterogeneity indirectly
through areal variation of transmissivity. (Because each
model grid block has only one transmissivity value
associated with it, the model has no intra-block

anisotropy and heterogeneity.)
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FIGURE 14.—Vertical structure of the regional flow model.

Unless otherwise indicated, the boundaries shown for
each layer in figure 13 are no-flow boundaries. In coastal
areas, the boundaries on the Upper and Lower Floridan
aquifers correspond to the estimated lateral extent of
the predevelopment freshwater flow system in the two
aquifers. A basic assumption about the Floridan aquifer
system in and near coastal areas is that a stable
freshwater-saltwater interface exists at depth, rises
seaward, and ultimately intersects the top of the
aquifer. Beneath the interface, static saltwater exists;
flowing freshwater occurs above the interface. Thus, a
no-flow boundary condition was used to simulate the
interface.

The term ‘“interface” is used loosely; generally it
refers to a transition zone of usually undetermined
thickness. Therefore, the boundary of the freshwater
flow system is placed at the estimated midpoint of the
transition zone between freshwater and seawater, which
would correspond to a chloride concentration of about
10,000 mg/L. Thus, all water of less than 10,000 mg/L
chloride is considered part of the freshwater flow
system, even though for water-supply purposes fresh-
water is generally defined as water containing less than
250 mg/L chloride. The seaward extent of freshwater
flow in the Upper and Lower Floridan aquifers is based
on the estimated altitude of the predevelopment fresh-
water head on the interface and available chloride-
concentration data in unstressed areas. The method
used to locate the coastal boundaries has been explained
by Bush (1982, p. 24-25).

The boundary of the Upper Floridan aquifer along the
southeast Florida coast is simulated with constant-head
nodes to allow for submarine discharge of ground water
offshore from Miami. Interpretations of recent offshore
seismic data indicate outcropping limestone along

submerged terraces as described in Professional Paper
1403-G (Meyer, in press). Constant-head values were
obtained by computing the freshwater head equivalent
to the saltwater head at the submerged outcrop area.

The northern no-flow boundary of the Upper Floridan
aquifer shown in figure 13 coincides with the approx-
imate updip limit of the Floridan aquifer system. Fur-
ther discussion of this boundary, the east (South
Carolina) and west boundaries (Alabama), and the ra-
tionale for simulating them as no-flow is in Bush (1982,
p. 3, 5, 23-24).

The flow system was simulated in four subregional
flow models with finer mesh grids than that of the
regional model. Each subregional-model grid block is
4 mi on a side. Each subregional model grid is aligned
the same as the regional-model grid (fig. 15). Thus, each
regional grid block exactly overlies four subregional grid
blocks where the regional and subregional models are
coincident. In addition, two finer mesh models (1-mi by
1-mi grid blocks) were used for simulating flow in two
heavily developed areas: the Fort Walton Beach area
of Florida and the Dougherty Plain area of southwest
Georgia.

The four subregional models were intended to provide
more detailed simulations in areas where appreciable
ground-water development has occurred. To the extent
feasible, subregional-model boundaries were aligned
with predevelopment ground-water basin boundaries so
that mostly no-flow boundary conditions could be ap-
plied during subregional-model calibration.

In the northern part of its occurrence, the Lower
Floridan aquifer grades into clastic rocks that are gener-
ally less permeable than the carbonate rocks. These
clastic rocks are considered part of the lower confining

unit in the regional-hydrogeologic framework of the
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EXPLANATION

—— Boundary of Upper Floridan aquifer

SUBREGIONAL MODELS

Southwest Georgia, northwest Florida,
south Alabama

Southeast Georgia, northeast Florida,
south South Carolina

West central Florida
East central Florida
0 50
0 50

SCALE 1:7,500,000 AT
100 MILES

100 KILOMETERS o\

FIGURE 15.—Relation among subregional and regional flow-model grids.

Floridan as defined by Miller (1986). However, these
clastic rocks contain permeable sands that are
hydraulically connected to the Lower Floridan. Thus,
an analysis of the flow system must consider the Lower
Floridan and its updip sandy equivalents as one con-
tinuous “aquifer.” Therefore, the regional model as well
as the Georgia subregional model (Krause and
Randolph, in press) simulate a Lower Floridan aquifer
all the way to the updip limit of the carbonate system
in the area coincident with the southeast Georgia
subregional model. And, as in the subregional model,

part of the regional model’s northern Lower Floridan
boundary is simulated as constant head (fig. 13) to allow
for lateral inflow from hydraulically connected Lower
Tertiary sand aquifers.

Although the Lower Floridan exists in parts of
panhandle Florida and south Alabama (see Miller, 1986,
pl. 32), it is thin (generally less than 200 ft thick) and
occurs only in a small area. Ground-water flow in the
Upper Floridan overlying it is minimal. Thus, the Lower
Floridan was excluded from the regional flow model in
that area.
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The lowermost layer of the regional model, designated
the Fernandina permeable zone, occurs only in the
Jacksonville-Fernandina Beach-Brunswick area. The
need to include this locally permeable zone near the base
of the Lower Floridan aquifer became apparent during
subregional simulation of heavy pumping from the
Floridan in this area. Simulated heads under pumping
conditions in the Upper and Lower Floridan aquifers
were below observed heads because vertical leakage
from above the pumped intervals was insufficient. The
Fernandina permeable zone was considered to be the
most logical source of the additional required leakage
‘and is simulated as a constant-head layer. The lateral
extent of the zone, as well as the simulated leakage coef-
ficient of the local confining unit between the Lower
Floridan and the Fernandina permeable zone, is based
on interpretation of a limited amount of lithologic and
geophysical log data (see Krause and Randolph, in
press).

Spring discharge and direct Upper Floridan discharge
to surface-water bodies together compose the major
component of flow out of the Floridan aquifer system.
This component is simulated in the regional model by
a generalized head-dependent source-sink function (J. V.
Tracy, U.S. Geological Survey, written commun., 1979)
that can be used to simulate any process where dis-
charge is a linear function of head gradient. (Basically
the same modification to the finite-difference model was
later documented in a report by L. J. Torak, 1982.) This
application in the regional flow model is discussed in
detail by Bush (1982, p. 31).

The approach in applying the model to the regional
flow system was basically a two-phase process. The first
phase was calibration, in which areal distributions of
transmissivity, recharge, discharge, and leakage coef-
ficient were estimated initially, then adjusted so that
simulated heads and aquifer discharges closely matched
the estimated steady-state predevelopment potentio-
metric surface of the Upper Floridan aquifer (pl. 4) and
the observed or estimated aquifer discharge to springs
and surface-water bodies. Calibration of the steady-
state predevelopment flow model has been documented
by Bush (1982). The second phase simulates the 1980
flow conditions in the aquifer system. As in the pre-
development calibration phase, the simulation of 1980
conditions was a steady-state simulation. For the
reasons discussed in the storage-coefficient section, a
transient calibration was not feasible.

The intent of the second modeling phase was to
superimpose average 1980 pumping on the calibrated
predevelopment model to see how closely the observed
May 1980 potentiometric surface of the Upper Floridan
aquifer could be simulated. If the match between
simulated and observed potentiometric surfaces in the
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areas of pumping stress (the areas where the May 1980
potentiometric surface was different from the predevel-
opment potentiometric surface) was acceptable without
adjusting initially calibrated transmissivity and leakage
coefficient, then the areal distributions of transmissiv-
ity and leakage coefficient in the areas of pumping
stress could also be considered acceptable. If the match
could be improved upon and a hydrologic basis existed
for changing the hydraulic properties to cause the im-
provement, then changes were made. In areas outside
the influence of pumping, where 1980 aquifer conditions
are essentially the same as predevelopment, transmis-
sivity and leakage could not be tested by simulating the
1980 conditions.

What constitutes an ‘“‘acceptable’”’ match between
simulated and observed 1980 heads is not always clear.
Unlike regional error statistics (mean and standard
deviation of head residuals) computed for predevelop-
ment (calibration) conditions, regional error statistics
computed for 1980 conditions are misleading because
there is little or no pumping in much of the regional
area, and the 1980 simulation is the same as the
predevelopment simulation. The errors associated with
the predevelopment simulation are small (Bush, 1982,
p. 33). Thus, the errors for the 1980 simulation will also
be small because more than one-half of the area has ex-
perienced no appreciable head decline. Calibration has
therefore emphasized matching observed head declines
and simulated head declines. Observed head declines are
based on the difference between the estimated predevel-
opment potentiometric-surface map of the Upper
Floridan aquifer (pl. 4) and the observed 1980
potentiometric-surface map (pl. 5). The difference is por-
trayed on plate 6 as the long-term regional water-level
decline in the aquifer.

Figure 16 shows net head decline between simulated
predevelopment and simulated 1980 heads. Comparison
of figure 16 with plate 6 indicates that, except for the
band of unrealistic decline across south Florida, the
match between simulated net decline and observed net
decline is acceptable.

Where the regional model is coincident with one of
the subregional models, the grid-block values of the
hydrologic parameters in the regional model are four-
block arithmetic averages of subregional-model grid-
block values. In each of the three areas of regional
water-level decline due to pumping, the respective
subregional model more closely simulates 1980 condi-
tions than the regional model. Resolution of the simu-
lated flow system is lost when grid-block area is
quadrupled.

The west-central Florida subregional model (Ryder,
1985) actively simulates an intermediate (Hawthorn)
aquifer between the surficial aquifer and the Upper
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FIGURE 16.—Net decline between simulated predevelopment potentiometric surface and
simulated May 1980 potentiometric surface of the Upper Floridan aquifer.

Floridan in the area of water-level decline (see pl. 3 for
Hawthorn location). The regional model does not active-
ly simulate the Hawthorn but includes it as part of the
regional upper confining unit. This compromise con-
tributes to some of the inaccuracy in regional simula-
tion of 1980 conditions in west-central Florida.
Inherent inaccuracies and (or) inconsistencies exist in
the two observed potentiometric-surface maps used as
the basis for comparison with the simulated poten-
tiometric surfaces. The predevelopment map is a

composite of many maps; as such, it represents the best
estimate of the ‘‘average’’ potentiometric surface as it
existed prior to development. In contrast, the May 1980
map is a potentiometric surface at a single time. May
is the seasonal low water-level period in peninsular
Florida; however, May is nearer the average water-level
period in the northern part of the regional area. Thus,
the May 1980 potentiometric surface does not represent
‘“average’’ heads regionwide in 1980.

Simulated ‘“‘current” pumpage (2,700 ft¥/s) is a
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composite of average annual pumpage estimates for dif-
ferent parts of the regional area for years ranging from
1976 to 1981. A composite of estimates from several re-
cent years, rather than a single year (1980), comprised
the regional distribution of simulated pumpage because
the pumpage used to calibrate each subregional model
was from different years. Hydrologists chose the
pumpage data considered the most accurate or most
representative of steady-state conditions for their
subregional simulations.

The precise distribution of pumping that occurred
during the water-level measurements is unknown, and
the degree to which the measured water levels
approached the steady-state water ‘levels ‘associated
with the pumping rates is also unknown. Seasonal
agricultural pumpage, a large part of the stress on the
system in peninsular Florida, is particularly difficult to
estimate.

Simulation of 1980 conditions is better in coastal
Georgia than in the other two heavily pumped areas of
the aquifer system. One reason is that much of the
coastal Georgia pumping is industrial and its rate and
areal distribution are more accurately known than those
of agricultural pumping. Also, industrial pumping tends
to be more constant throughout the year rather than
seasonal as is agricultural pumping. Hence, the aquifer
system is more likely to be closer to a steady-state con-
dition in coastal Georgia than elsewhere.

The simulation of 1980 conditions in south Florida is
poor because the model’s surficial aquifer-upper confin-
ing unit-Upper Floridan configuration oversimplifies a
more complex hydrogeologic framework there. In the
model, a thick intermediate aquifer system of unknown
extent composed of three confined limestone aquifers
of Miocene age is lumped into the upper confining unit
(Meyer, in press). Within the Upper Floridan itself,
Meyer (in press) noted that distinct and separate perme-
able zones exist, as indicated by changes in head, water
quality, and temperature with depth. Additionally,
more than one-half the thickness of the Floridan is low-
permeability carbonate rock that effectively “isolates”
permeable zones within both the Upper and Lower
Floridan aquifers. Vertical leakage to sustain 1980
pumpage from the Upper Floridan in south Florida (vir-
tually all from partially penetrating wells) comes from
the intermediate aquifer system and from nonpumped

permeable zones within the Upper Floridan adjacent to .

the pumped zones. These sources of water are not

simulated by the regional model, which simulates the -

Upper Floridan as a single layer. To improve simula-
tion of the system in south Florida, a more detailed
breakdown of aquifers and confining units in the model
would be required, as well as more and better pumping
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data for each aquifer. The information to do this cur-
rently does not exist.

Upper Floridan aquifer discharge to a large number
of springs and several streams is a major part of the
flow system. In addition to the predevelopment poten-
tiometric surface, discharges to springs and streams
were used as known data in calibration of the predevel-
opment flow model. The discharges used are either re-
cent measurements or estimated values. Regionally,
discharge to springs and streams has been reduced very
slightly by ground-water development; almost all ap-
preciable pumping has been and is away from the areas
where springs exist and aquifer discharge to streams
occurs. Long-term records (more than 50 yr) of major
springs do not show reductions in discharge with time.
Even so, a presumably small but unknown amount of
error has been incurred by the flow model because re-
cent discharge data were used to calibrate the
predevelopment model. When recent pumping was
simulated by the flow model, total discharge to springs
and streams dropped by 4.5 percent. This change is less
than the error of measurement for most spring
discharges. The 4.5-percent reduction in simulated
aquifer discharge to springs and streams is also less
than the modeling error in simulating predevelopment
discharge to springs and streams. The weighted average
modeling error in simulating individual springs, groups
of springs, -and (or) discharge to surface water bodies
in the calibrated model was about 10 percent. Simulated
total predevelopment discharge to springs, streams, and
surface-water bodies was 98 percent of the estimated
actual predevelopment total.

HYDROLOGIC SETTING

The hydrologic components that ultimately determine
movement of water through the Floridan aquifer system
are rainfall, runoff, and evapotranspiration. Rainfall is
approximately balanced by runoff and evapotranspira-
tion within the land area underlain by the Floridan
aquifer system (“approximately’’ balanced because a
relatively small part of the rainfall that recharges the
Floridan aquifer system discharges offshore to the
ocean, rather than on land to become part of evapotrans-
piration or runoff). This same balance existed before
ground-water development in the Floridan occurred.
Pumping induces recharge to or reduces natural

-discharge from the Floridan, which causes capture from

runoff and evapotranspiration; but the water withdrawn
that does not become part of a product ultimately
returns to the hydrologic system.
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The impact of pumping on the regional hydrologic
components is minimal. Total pumpage apportioned over
the land area of the Floridan aquifer system is less than
1 in./yr. Average rainfall today is probably the same as
it was during the 10,000 yr or so before ground-water
development. In all probability, man’s activities have not
appreciably altered the overall evapotranspiration rate.
Therefore, the assumption that the current regional
average rate of runoff is about the same as it was prior
to ground-water development is reasonable. Although
local changes have undoubtedly occurred, the regional
hydrologic setting is believed to be basically unchanged
from predevelopment time. The discussion of the hydro-
logic setting that follows pertains to both current and
predevelopment conditions unless otherwise noted.

RAINFALL

Long-term average rainfall on the land underlain by
the Floridan aquifer system ranges from a low (ex-
cluding the Florida Keys) of about 45 in./yr at Abbeville
in Wilcox County, Ga., to a high of about 68 in./yr at
Robertsdale in Baldwin County, Ala. Plate 7, the areal
distribution of rainfall (based on Thiessen polygons;
Linsley and others, 1975), shows that lowest annual
rates (50 in./yr or less) are generally concentrated in
southeast Georgia. Highest annual rates (60 in./yr or
more) occur in southeast Florida, western panhandle
Florida, and south Alabama.

Long-term average rainfall over the regional area as
a whole is about 53 in./yr. Yearly total rainfall varies
greatly. In extremely wet years, many rainfall stations
have recorded more than twice the amount measured
in very dry years (Carter, 1969; Bradley, 1972).

The seasonal variation in rainfall differs in peninsular
Florida from that elsewhere in the Floridan’s area of oc-
currence. On the peninsula, generally more than half of
the annual amount falls in the 4-mo period June through

~ September (Bradley, 1972). Water levels on the penin-
sula are usually lowest at the start of the rainy season
(mid-May) and highest at the end of the rainy season
(late September-early October). Elsewhere rainfall in a
normal year is characterized by two highs and two lows:
the maximums occur in late winter or early spring and
then again in midsummer. The seasonal minimum is in
the fall with a secondary minimum occurring about
May. In response, highest water levels in the major part
of the regional area north of peninsular Florida general-
ly occur in late winter or early spring, and lowest water
levels usually occur in the fall.

RUNOFF

Long-term average runoff varies considerably over
the regional area, as shown on plate 8. It is well below

10 in./yr in karstic, internally drained basins where net
discharge to streams from the Upper Floridan is low.
It is well above 30 in./yr in basins where net Upper
Floridan discharge to streams is appreciable.

Low basin runoff values do not necessarily indicate
low Upper Floridan discharge to streams. This is why
the term “‘net” Upper Floridan discharge is used above.
For example, a basin in north Florida drains part of the
Suwannee River through Suwannee County where
gaged runoff averages 7 in./yr. At least 13 known
springs in the basin contribute about 800 ft%/s to the
Suwannee. However, reaches of the river within the
basin also lose water to the Upper Floridan, so the net
Upper Floridan discharge to the Suwannee between the
upstream and downstream gages of the basin is about
450 ft¥/s. Similarly, high basin runoff values do not
always imply high Upper Floridan discharge to streams.
Runoff is relatively high in the basins along the updip
limit of the system in Alabama and far-west panhan-
dle Florida, primarily because rainfall averages at least
10 in./yr more there than in most of the rest of the
regional area.

In several karstic basins of northwest Florida where
the Upper Floridan is mostly unconfined, surface runoff
is nearly zero. In those basins, virtually all of the gaged
runoff is base flow from the Floridan; thus, runoff
values in inches per year from topographically
delineated surface-water basins are not meaningful in
the traditional sense of implying a rate of runoff from
a known land-surface area. The runoff figures are
strongly influenced by the size of the basins. Many
square miles of noncontributing drainage area lowers
computed runoff.

Two more common factors that cause variability in
runoff among basins are topography and the proximi-
ty of the water table to land surface. Flat, swampy
basins tend to have less runoff than adjacent basins
with more relief and less swampland. Also, the basin
runoff values themselves are not strictly comparable
because the periods of record from which the figures
were computed are different. The entire period of record
for all gaging stations with more than 10 yr of record
(for basins greater than 100 mi? with a few exceptions)
was used to prepare plate 8 rather than selecting a
period of record, say 1941-70, and using only those sta-
tions for which complete records for that period existed.
Use of all stations with at least 10 yr of record provided
more complete regional coverage, at the expense of
strict comparability among the basin figures.

Long-term average runoff from the land area of the
Floridan is estimated to be about 16 in./yr. On the
average over the regional area, more runoff will occur
from discharge areas of the Floridan aquifer system
than from its recharge areas, for two reasons: (1) where

s
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the vertical gradient in the aquifer system is upward
(discharge areas), discharge from the Upper Floridan
must ultimately add to either runoff to streams or
evapotranspiration and (2) in discharge areas, rejected
recharge (water that would have leaked to the Upper
Floridan in recharge areas) must leave the system as
runoff or evapotranspiration.

EVAPOTRANSPIRATION

Of the three basin hydrologic processes, evapotran-
spiration is the most difficult to quantify. Unlike the
maps showing regional rainfall and runoff, the map of
regional evapotranspiration shown on plate 9 is not
based on field measurements. The basis for estimating
the evapotranspiration rates shown is a method using
temperature and precipitation developed by Holdridge
(1967) and later described and used in Florida by
Dohrenwend (1977). The central variable for the estima-
tion of evapotranspiration by this method is ‘‘bio-
temperature”’ defined as the annual sum of hourly
temperatures between 32°F and 86°F divided by the
number of hours in the year, with temperatures below
32°F and above 86 °F added in as 32°F. Holdridge first
linearly relates the biotemperature for a given site to
potential evapotranspiration, which he defines as the
quantity of water (expressed as a depth) that would be
given up to the atmosphere within a zonal climate and
upon a zonal soil by the natural vegetation of the area,
if sufficient but not excessive water were available dur-
ing the growing season. (Thus, by the Holdridge
method, actual evapotranspiration estimates are for
losses from land surface only.) Estimated actual
evapotranspiration can then be obtained by the use of
anomogram that relates the potential evapotranspira-
tion ratio (potential evapotranspiration divided by
precipitation) with a ratio of actual evapotranspiration
to potential evapotranspiration. Dohrenwend (1977)
computed biotemperatues for 21 stations in Florida
from 5 yr of temperature record.

Estimates of actual evapotranspiration (pl. 9) use the
method of least squares initially to obtain a linear
statistical relation between the mean-annual tempera-
ture and the biotemperature for the 21 stations. Two
tests were made on the linear correlation model thus
determined to verify that the relation between mean-
annual temperature and biotemperature was indeed
linear. The test results indicate a linear relation.

Biotemperatures were then calculated for the rainfall
stations for which mean-annual temperature data were
available (96 of the 154 rainfall stations). Estimates of
actual evapotranspiration at the 96 stations were then
determined using the calculated biotemperatures and
the linear statistical relation.
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To construct the regional evapotranspiration map
shown on plate 9, the surface-water basin map was
overlain on an estimated land-surface evapotranspira-
tion map constructed on the basis of biotemperature,
then overlain on a map that was constructed on the
basis of lake evaporation as discussed by Kohler and
others (1959). The percentage of land area, open-water
area, and swamp area in each basin (or combination of
basins and coastal areas shown on pl. 9) were then
estimated. The final basin evapotranspiration estimates
of plate 9 are weighted averages of the land, open-water,
and swamp values; evapotranspiration from swamps
was assumed to be 90 percent of the open-water value.

Using this method for estimating regional evapotran-
spiration is conjectural; however, it provided estimates
for central Florida that are similar to some determined
in previous studies (Parker and others, 1955; Pride and
others, 1966). But more important, the method provided
a means to develop estimates in a consistent manner
over the entire Floridan area.

Estimated evapotranspiration ranges from a low of
31 in./yr in the several counties of south-central Georgia
that comprise the northernmost part of the regional
area, to a high of 46 in./yr in the vast swampy areas
of south Florida. (Note: The circular area labeled
50 in./yr on plate 9 overlies Lake Okeechobee.) Average
rates generally increase from north to south primarily
because temperatures and the growing seasons increase
from north to south. At a given latitude, more
evapotranspiration will occur from areas where the
water table is close to land surface than from well-
drained areas with relatively deep water tables.

Long-term average evapotranspiration from the
regional area is estimated to be about 37 in./yr. All other
conditions being equal, more evapotranspiration will oc-
cur from discharge areas of the Floridan aquifer system
than from recharge areas, for the same previously men-
tioned reasons that runoff is greater in discharge areas.

HYDROLOGIC BUDGET

The estimated hydrologic budget for the approx-
imately 94,000 mi? of the Floridan aquifer system'’s on-
shore area of occurrence for predevelopment and current
conditions is summarized in figure 17. Fifty-three inches
per year of rainfall are approximately balanced by
37 in./yr of evapotranspiration and 16 in./yr of runoff
(less than Y2 in./yr, apportioned over the regional on-
shore area, discharges offshore to the ocean).

To estimate the average amount of recharge to
the Floridan, the overall hydrologic budget must be
separated into a budget for the recharge area and a
budget for the discharge area. The estimated hydro-
logic budgets for the predevelopment and the current
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Evapotranspiration
approximately 37

Rainfall Runoff
53 approximately 16
e
Y I
Onshore area overlying .
Floridan aquifer system To ocean
less than 0.5

Note: Numbers are in inches per year

FIGURE 17.—Components of the regional hydrologic budget.

recharge areas and the onshore discharge area are
shown in figure 18.

In the recharge area, rainfall is assumed to be
53 in./yr. No Floridan aquifer discharge occurs, and re-
jected recharge is less than in the discharge area. Thus,
runoff in the recharge area will be less than the
estimated 16 in./yr regional average runoff. Based on
streamflow records and regional physiography, the
predevelopment and current runoff (including overland
runoff and ground-water runoff from the surficial
aquifer) over the regional recharge area is estimated to
be about 12 in./yr. Because no Floridan aquifer dis-
charge occurs in the recharge area and rejected recharge

A, PREDEVELOPMENT
RECHARGE AREA

Evapotranspiration
Rainfall 36
53 Runoff 12
—

Surficial aquifer

+ Floridan recharge
5

C. CURRENT RECHARGE AREA

Rainfall
53

Evapotranspiration

Runoff 12
R

Increase
in
recharge
area

Surficial aquifer

|
+ Floridan recharge
5
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is less than that over the region as a whole, evapotran-
spiration will also average slightly less in the recharge
area. The authors’ estimate of average predevelopment
and current evapotranspiration from the regional
recharge area is 36 in./yr. The sum of runoff and evapo-
transpiration is thus 48 in./yr or about 5 in./yr less than
annual rainfall. Therefore, the surplus of 5 in./yr is the
estimated average long-term recharge to the Floridan
aquifer system. The present rate of recharge is still
about 5 in./yr; however, simulation indicates that the
area over which recharge occurs has enlarged and the
discharge area has shrunk.

The increase in size of the recharge area and cor-
responding decrease in size of the discharge area cause
some differences in the hydrologic budget for the dis-
charge area between predevelopment and current condi-
tions. For the predevelopment situation in the onshore
discharge area summarized in figure 18B, average rain-
fall is again assumed to be 53 in./yr. Total runoff in the
discharge area includes the 12 in./yr of overland and
surficial-aquifer runoff plus two additional components:
(1) runoff derived from that part of rejected recharge
to the Floridan that does not become evapotranspira-
tion and (2) runoff derived from that part of the Floridan
discharge that does not become evapotranspiration.

B, PREDEVELOPMENT ONSHORE
DISCHARGE AREA

Evapotranspiration

39 36 base rate
1 from Floridan discharge
2 from rejected recharge

Rainfall
53 _—
I Runoff
25 12 base rate
Surficial 10 from Floridan discharge
aquifer 3 from rejected recharge
4 Note: Total rejected recharge, 5in./yr,

l . . is equal to recharge rate in recharge
Floridan discharge area. The water is rejected because
" itis in the discharge area

D, CURRENT ONSHORE
DISCHARGE AREA

Evapotranspiration
40 36 base rate
2 from Floridan discharge

2 from rejected recharge
_—

Runoff
29 12 base rate

14 from Floridan discharge
3 from rejected recharge

Decrease in discharge area

Floridan discharge
16

Note: Components are in inches per year. The sizes of the rectangles are approximately proportional to the sizes of the recharge and discharge areas

FIGURE 18.—Components of the regional hydrologic budget in A, predevelopment recharge area; B, predevelopment
onshore discharge area; C, current recharge area; and D, current onshore discharge area.
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If 60 percent of the 5 in./yr rejected recharge becomes
runoff (60 percent is an arbitrary estimate), an additional
3 in/yr are added to the runoff. Discharge of the
Floridan over the assumed predevelopment onshore
discharge area is estimated from simulation to be about
11 in./yr. If 90 percent of this 11 in./yr becomes runoff
{because, as discussed later in the report, about 90 per-
cent of predevelopment discharge is spring flow and dis-
charge to surface-water bodies), then 10 in./yr additional
runoff is provided by Floridan discharge. Thus, esti-
mated total runoff over the assumed predevelopment-
onshore discharge area is 25 in./yr.

Evapotranspiration in the recharge area was esti-
mated to be 36 in./yr. The same base rate occurs in the
discharge area, plus another 2 in./yr from rejected
recharge and an estimated 1 in./yr from Floridan dis-
charge, for a total estimated predevelopment rate of
39 in./yr.

The major change due to development is a reduction
in percentage of land area where Floridan discharge oc-
curs from about 30 percent to about 20 percent (fig.
18D). Ground-water development has had little effect
on total spring flow and Upper Floridan discharge to
surface-water bodies, which constituted about 90 per-
cent of discharge from the predevelopment aquifer
system, and accounted for about 75 percent of discharge
in 1980. Pumping has appreciably reduced diffuse
upward leakage from the Upper Floridan, but diffuse
upward leakage is a small part of the total discharge
from the aquifer system. Because spring flow and
discharge to surface-water bodies is largely unaffected
by ground-water development, total Floridan discharge
today is not appreciably more than it was before
ground-water development. However, the area over
which current discharge must be apportioned to obtain
arate in inches per year is only two-thirds its predevel-
opment size. Thus, when current discharge is appor-
tioned over a discharge area that is about two-thirds
its predevelopment size, the estimated discharge rate
in inches per year increases about 5 in./yr over the
estimated predevelopment rate of 11 in./yr to 16 in./yr.

If, as in the predevelopment case, about 90 percent
of the Floridan discharge becomes spring flow and
discharge to surface-water bodies, then about 14 of the
16 in./yr Floridan discharge becomes runoff. The two
other components of current total runoff in addition to
Floridan discharge (assumed to be the same as before
development) are the base rate, 12 in./yr, and runoff
from rejected recharge, 3 in./yr. Thus, current total
runoff is estimated to be the sum of the three com-
ponents, 29 in./yr.

If the remaining 2 in./yr of Upper Floridan discharge
that does not run off becomes evapotranspiration, then
the estimated current evapotranspiration from the
onshore discharge area increases 1 in./yr over the
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predevelopment value of 39 in./yr. to 40 in./yr. As with
runoff, this figure assumes that the two other com-
ponents of evapotranspiration, 36 in./yr base rate plus
2 in./yr from rejected recharge, are the same as in
predevelopment time.

Highest rates of recharge to the Floridan occur where
maximum rainfall occurs along with minimum surface
runoff and evapotranspiration. In some karstic basins
of northwest Florida where the Floridan is mostly un-
confined, surface runoff is virtually zero. In the area of
these basins, the map of rainfall (pl. 7) shows that the
long-term rate in inches per year is generally in the
mid-50’s. The map of evapotranspiration (pl. 9) shows
that the long-term rate of this component in inches per
year is generally in the mid-30’s. The implication is that
the long-term amount of water available to recharge the
Floridan under the most favorable natural circum-
stances is somewhere around 20 in./yr, perhaps as high
as 25 in./yr. However, very locally, in an area where a
stream is losing water to the Floridan at a high rate for
example, long-term recharge could exceed 20-25 in./yr.

THE PREDEVELOPMENT FLOW SYSTEM

The major features of the predevelopment flow
system are illustrated by the estimated predevelopment
potentiometric surface of the Upper Floridan aquifer
shown on plate 4. The potentiometric surface presented
here is modified from the original version (Johnston and
others, 1980). The changes, primarily in south Florida,
panhandle Florida, and the outcrop area in Georgia,
resulted from newly discovered data or reinterpretation
of existing data.

The movement of water in the aquifer system is gen-
erally perpendicular to potentiometric-surface contours.
The map shows that in South Carolina and Georgia, the
direction of predevelopment flow is east and southeast
from the topographically high outcrop areas toward the
Atlantic coast and Florida. In Alabama and west Flor-
ida, flow is generally south from the outcrop areas
toward the Gulf coast. In peninsular Florida, the general
flow direction is from the central inland areas toward
the Gulf and Atlantic coasts. The potentiometric sur-
face thus implies that, in the predevelopment system,
recharge occurs in the northern outcrop and peninsular
inland areas and discharge occurs in coastal areas,
which is true in a gross regional context.

The characteristic of the system that most strongly
influences the distribution of natural recharge, flow,
and discharge is the degree of confinement on the
Upper Floridan aquifer. Closed-contour depressions and
contours distorted as they cross streams indicate
discharge from the Upper Floridan and typify uncon-
fined and semiconfined aquifer conditions. Smooth,
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sweeping contours are associated with confined parts
of the aquifer that are well “insulated” from surface
drainage features. A comparison of the potentiometric
surface with the map of confined/unconfined conditions
(pl. 1) shows that the occurrence of highly distorted con-
tours and closed-contour depressions along the northern
outcrop and in northwest and central Florida general-
ly coincides with unconfined and semiconfined areas on
plate 1. Smooth, sweeping contours characterize the
potentiometric surface in coastal Georgia and northeast
Florida, south Florida, and far-west panhandle Florida,
the principal confined areas.

The altitude of the potentiometric surface is also an
indication of the degree of confinement in coastal areas.
Generally, the altitude of the potentiometric surface is
10 ft or less along most of the Gulf coast in central and
northwest Florida, and the Atlantic coast in east-central
Florida and South Carolina where the Upper Floridan
is unconfined and semiconfined. The predevelopment
potentiometric surface is considerably higher in coastal
parts of the three principal confined areas of the aquifer.
Logically, heads would adjust to lower equilibrium
levels in unconfined and semiconfined areas of the
aquifer where resistance to discharge is less.

RECHARGE, DISCHARGE, AND CIRCULATION

Before development, the flow system was in a state
of long-term dynamic equilibrium in which natural
recharge to the Floridan aquifer system was balanced
by natural discharge. Estimates indicate that about
67,000 mi?> was recharge area and about 27,000 mi?
was land discharge area (estimated total predevelop-
ment discharge area, including offshore area, is 55,000
mi?). The total predevelopment recharge, and therefore
discharge, simulated by the regional flow model was
about 21,500 ft%/s. This is equivalent to 4.4 in./yr over
the recharge area, slightly less than the estimate of
5 in./yr determined from analysis of the regional hydro-
logic budget. Simulated recharge and discharge are less
than the ‘‘real world” value, because the regional flow

model is of a scale that precludes accounting for all

recharge and discharge. The size of the grid blocks

(64 mi?) results in some of the local recharge and dis-
charge not being simulated because some recharge and
discharge occurs wholly within 64 mi? areas. Thus,
recharge and discharge obtained from any digital model
is scale dependent, and the value of 21,500 ft*/s is con-
sidered to be slightly lower than the actual value of pre-
development recharge and discharge.

The dominant feature of the predevelopment Floridan
flow system is discharge from Upper Floridan aquifer
springs. The concentration of 27 first-magnitude springs
(discharge exceeds 100 ft*/s) in Florida is unique in the
United States. Individual spring discharges range from
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near zero to about 1,600 ft3/s. Most springs are concen-
trated along major streams and along the coast of west-
central Florida. Today, the combined average discharge
from about 300 known Upper Floridan aquifer springs,
almost all of which are in Florida, probably ranges be-
tween 12,500 and 13,000 ft%s. Rosenau and others
(1977, p. 1) concluded that spring flow statewide in
Florida had not changed in the 30 yr preceding 1977,
although reduced flow from some springs has been
documented. Comparison of current mean discharge of
24 of Florida’s largest springs with measurements made
in or prior to the early 1930’s (Stringfield, 1936, p. 155,
156) showed virtually no decrease in flow. Thus, the total
predevelopment spring flow assumably was not signifi-
cantly greater than it is today.

In addition to discharge from springs, direct aquifer
discharge to streams and lakes is appreciable. About
7,000 ft¥/s discharges to streams and lakes, in addition
to spring flow, based on simulation. The locations of
Floridan aquifer springs and estimated areas of appre-
ciable aquifer discharge to streams and lakes used in
simulating the flow system are shown on plate 10. Table
4 is a tabular listing of the springs and surface-water
bodies receiving aquifer discharge that are identified by
number on plate 10. Not shown or listed are springs
with discharges less than 1 ft3/s or reported submarine
springs for which no reliable discharge measurements
are available.

Springs and aquifer discharge to streams and lakes,
nearly all of which occurs in unconfined and semicon-
fined areas (pl. 1), accounted for about 88 percent of the
21,500 ft3/s simulated predevelopment discharge, or
about 19,000 ft%s. Diffuse upward leakage, which
occurs primarily in confined areas, accounted for the re-
maining 12 percent of the total simulated predevelop-
ment discharge, or about 2,500 ft3/s.

Most of the recharge necessary to sustain spring flow
and aquifer discharge to streams and lakes occurred (and
to this day occurs) relatively close to springs and areas
of point discharge to surface-water bodies. Plate 11 is
a map of the estimated predevelopment recharge to and
discharge (as diffuse upward leakage) from the Upper
Floridan; the locations of springs and areas of point
discharge to surface-water bodies are also shown. The
proximity of areas of high recharge (10-20 in./yr) to
springs and other point discharges is apparent. This
proximity of high recharge to high discharge indicates
a vigorous and well-developed shallow flow system in
the unconfined and semiconfined parts of the Upper
Floridan aquifer.

UNCONFINED AND SEMICONFINED AREAS

The predominance of shallow ground-water flow
in limestone under water-table conditions has been
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TABLE 4.—Observed Upper Floridan aquifer discharge from springs and estimated Upper Floridan aquifer discharge to surface-water bodies’

Identification =~ Discharge Identification ~ Discharge
number (refer  (cubic feet Spring, or surface-water body number (refer  (cubic feet Spring, or surface-water body
to plate 10) per second) receiving discharge to plate 10) per second) receiving discharge
1 7  Vortex Blue Spring 83 245  Withlacoochee River
2 19  Ponce de Leon Springs 84 140  Alapaha River
3 2 Jackson Spring 85 625  Suwannee River
4 82  Morrison Spring 86A 920  Santa Fe River and Olustee Creek
5 41  Blue Springs 86 181  Manatee Spring
6 580  Choctawhatchee River and Holmes Creek 87 9  Blue Spring
7 42  Beckton Springs 88 56  Wekiva Springs
8 84  Cypress Spring 89 763  Rainbow Springs
9 31  Williford Spring 90 820  Silver Springs
10 6  Pitts Spring 91 3  Wilson Head Spring
11 50  Econfina Creek 92 50  Gum Springs
12 159  Gainer Springs 93 16  Blue Spring
13 12 Blue Spring 94 916  Crystal River Springs
14 190  Chipola River 95 174  Homosassa Springs
15 73 Black Spring 96 15 Fenny Springs
16 33  Mill Pond Spring 97 15  Bugg Spring
17 38  Double Spring 98 30  Miscellaneous springs, southeast end
18 17 Springboard Spring of Lake Panasoffkee
19 18  Gadsen Spring 99 138  Chassahowitzka Springs
20 57  Blue Hole Spring 100 30  Ruth and Potter Springs
21 10  Bazemore Spring 101 9  Unnamed Nos. 10, 11, 12
22 18  Hays Spring 102 20  Unnamed No. 9
23 73  Bosel Spring 103 40  Blind Springs
24 190  Blue Springs 104 25  Unnamed No. 7
25 590 Apalachicola River 105 30 Salt Spring
26 355  Chattahoochee River 106 50  Mud Spring
27 2,070  Flint River and tributaries 107 176 Weeki Wachee Springs
28 40  Radium Springs 108 4 Boat Spring
29 290  Ocmulgee River 109 3 Bobhill Springs
30 110 Oconee River 110 9  Magnolia Springs
31 85  Ogeechee River and tributaries 111 6  Horseshoe Spring
32 415 Savannah River and tributaries 112 5 Salt Springs
33 82  Crays Rise 113 5 Health Spring
34 1,610  Spring Creek Springs2 114 44  Sulphur Springs
35 164 River Sink Spring 115 60  Crystal Springs
36 176  Kini Spring 116 10  Lettuce Lake Spring
37 375  Wakulla Springs 117 2 Eureka Springs
38 8  Newport Springs 118 12 Buckhorn Spring
39 18  Rhodes Springs 119 51  Lithia Springs
40 106  Natural Bridge Spring 120 15  Kissengen Spring
41 29  Horn Spring 121 30  Warm Mineral Springs
42 519  St. Marks Spring 122 30  Apopka Springs
43 374  Wacissa Springs Group 123 7  Blue and Holiday Springs
44 5  Waldo Springs 124 8  Orange Spring
45 23  Blue (Wade) Spring 126 160  Oklawaha River
46 70  Mclntyre Spring 126 80  Croaker Hole Spring*
47 123  Blue Spring 127 2 Satsuma Spring
48 608  Alapaha Rise 128 9  Beecher Springs
49 289  Holton Spring 129 80  Salt Springs
50 44 White Springs 130 32  Juniper and Fern Hammock Springs
51 125  Falmouth Spring 131 50  Juniper Creek
52 37  Sawanacoochee Spring 132 112  Silver Glen Springs
53 50  Ellaville Spring 133 20  Lake George
54 18  Charles Spring 134 31  Ponce de Leon Springs
55 22 Allen Mill Pond Spring 135 100  Alexander Springs
56 93  Blue Spring 136 60  Alexander Springs Creek
57 15 Peacock Springs 137 1 Camp La-No-Che Spring
58 40  Tilford Spring 138 160  Blue Spring
59 77  Running Springs 139A 5  Wekiva River
60 5  Convict Spring 139 8  Gemini Spring
61 51  Mearson Spring 140 56  Seminole and Messant Springs
62 51 Owens Spring 141 65 Rock Springs
63 166  Troy Spring 142 83  Wekive, Witherington, and Miami
64 12 Ruth Spring Springs
65 84  Little River Springs 143 46  Sanlando, Palm, and Starbuck Springs
66 18  Branford Springs 144 3 Clifton and Lake Jessup Springs
67 358  Ichatucknee Springs 145 5  Lake Jessup
68 46  Ginnie Spring 146 556  Lake Harney and St. Johns River below
69 163  Hornsby Spring Lake Harney )
70 72  Poe Springs 147 35  Indian River and Mosquito Lagoon
71 70  Blue Springs 19,418
72 41 Turtle Spring T - s -
73 40 Fletcher Spring Discharges and location of Florida springs from Rosenau and others (1977) or Rosenau
74 34 Rock Bluff Springs and Faulkner (1975) unless otherwise noted; Georgia springs from Callahan (1964); Alabama
75 12 Guaranto Spring spring from U.S. Geological Survey files, Tuscaloosa, Ala.
76 6 Lumber Camp Springs Discharges to rivers, creeks, and lakes are in addition to known spring discharges; estimates
kil 28 Sun Springs are derived from U.S. Geological Survey str records and model calibration.
78 75 Hart Springs “Digcharge measurement made August 25, 1981 (R. P. Rumenik, U.S. Geological Survey,
79 10  Otter Springs written commun., 1982)
80 27  Copper and Little Copper Springs 3Ceased flowing in 1950 due to nearby ground-water development; flow rate is average
81 5  Bell Springs of measurements for 40-yr period prior to 1950.
82 102 Fannin Springs 4“New" spring located during field studies associated with RASA project, 1982.
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recognized by many previous investigators. Stringfield
(1966, p. 79) concluded that most solution would occur
in the upper part of the zone of saturation, in the part
of the aquifer where continuous circulation is the most
vigorous. He further stated that Piper (1932, p. 73) sug-
gested that the most rapid dissolution of limestone
occurs in the zone bracketed by the seasonal high and
low of the water table and that Theis (1936, p. 44) con-
cluded that the greatest amount of solution takes place
near the water table. Faulkner (1973, pp. 73-77), in his
study of the geohydrology of the Cross-Florida Barge
Canal area, presented a thorough discussion of the
factors that indicate very active shallow circulation in
the vicinity of Silver Springs and Rainbow Springs, two
of Florida’s largest springs. Sinclair (1978, p. 10) stated
that an integrated subsurface drainage system has
developed at or near the water table in the coastal
springs-Withlacoochee River area of west-central
Florida that is similar to a surface stream; that is, with
tributaries (solution channels) increasing in size as they
decrease in number downgradient from recharge areas
toward coastal springs.

In a review of karst hydrology, LeGrand and String-
field (1973, p. 101) noted, among other salient character-
istics, that “coarse-textured” carbonate aquifers have (1)
a channel or artery network type of permeability, espe-
cially near the water table and (2) rapidly decreasing
overall permeability with increasing depth below the
water table.

Rhoades and Sinacori (1941) hypothesize that increas-
ing shallow ground-water flow and decreasing deep
ground-water flow is the natural progression of a lime-
stone circulation system over geologic time. Initially, if
a limestone system had intersecting joint patterns of
more or less uniform distribution, its overall flow pat-
tern would be roughly like that proposed by Hubbert
{1940, p. 930) for flow between points of recharge and
discharge in uniformly permeable material. This type of
flow pattern favors more aggressive solution along the
shorter, shallower flow paths; this is because the water
there, owing to its relatively short residence time, gen-
erally is richer in carbon dioxide and more undersatu-
rated with respect to calcium carbonate than water
deeper in the limestone. Thus, the more aggressive solu-
tion leads to the formation of large-diameter conduits
and more direct connection to points of discharge in the
upper parts of the aquifer. Ultimately, these large con-
duits develop into “master” conduits by the coalescence
of adjacent channels, capable of carrying very large
lateral flows, and result in greatly decreased deep
circulation.

Geochemical evidence shows that shallow flow is more
active than deep flow throughout the aquifer system.
Water produced from the set of about 400 wells chosen
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to characterize the major-ion chemisty of the Upper
Floridan, each open to more than half the total thick-
ness of the aquifer, tends to be higher in dissolved solids
than the water from shallow wells that penetrate the
aquifer only a few tens of feet (Sprinkle, 1982d). A
mapped area of high-sulfate concentration (Sprinkle,
1982a) is overlapped by an area of major spring dis-
charge and high recharge in Alachua and Marion Coun-
ties, Fla. Sprinkle (in press) concluded that this
seemingly anomalous situation exists because sluggish
freshwater flow through the deeper parts of the Upper
Floridan has been insufficient to dissolve the sulfate
minerals present. Sprinkle’s sulfate map is based on
analyses of samples from wells penetrating more than
half the aquifer thickness; the high recharge and spring
discharge in Alachua and Marion Counties, Fla. por-
trayed on plate 11 occurs above the zone in the Upper
Floridan where high sulfate concentrations exist.

The patterns of natural ground-water flow that
evolved within the Floridan aquifer system before
ground-water development are similar to those proposed
by Toth (1963). Toth described ground-water flow as be-
ing apportioned among three types of flow systems: the
local, intermediate, and regional systems. He defined a
local system of ground-water flow as the direct result
of basin topography. A local flow system has its recharge
area at a topographic high and its discharge area at an
immediately adjacent topographic low. In Toth’s in-
termediate flow system, circulation is deeper than in a
local system, and one or more topographic highs and
lows may occur between areas of recharge and discharge.
His regional flow system, deeper still, is one in which
its recharge area occupies the regional ground-water
divide and its discharge area lies at the down-gradient
terminus of the regional basin.

Topography and drainage characteristics in uncon-
fined and semiconfined parts of the Floridan aquifer
system vary widely. In the northern outcrop area east
of the Dougherty Plain in Georgia, topographic relief
is great compared to flat coastal areas. Sandy hills and
valleys characterize the eroded and weathered Miocene
deposits and residuum. A classic dendritic drainage
pattern has evolved in which progressively larger surface
streams coalesce and ultimately join one of the four
major streams that cross the outcrop. An example of
these features in the Ocmulgee River area is shown in
figure 19. At the other end of the spectrum are the
karstic spring areas of north-central and northwest
peninsular Florida. Topographic relief is generally less
and more subdued than that associated with the north-
ern outcrop area. Surface drainage is virtually non-
existent. Drainage is internal until it reaches springs or
the major streams that are well incised into Upper
Floridan limestone. Figure 20 shows topography and
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drainage around the Suwannee River, a typical exam-
ple of an internally drained karst area. A part of the
regional model grid is overlain on figures 19 and 20 to
show how the scale of individual model blocks relates
to drainage features.

Application of Toth’s concept of ground-water flow
suggests that distinctly different patterns of flow
characterize areas of the Floridan similar to those
shown in figures 19 and 20. Idealized illustrations of the
two distinct patterns of circulation are shown in figure
21. In the hilly outcrop area of the Floridan in Georgia,
surface drainage is well developed and local flow
systems probably account for the major part of ground-
water flow. Toth (1963, p. 4808) stated that increasing
topographic relief tends to increase the depths and in-
tensities of local flow systems; and, in the limiting
theoretical case where only local flow systems (in a
homogeneous, isotropic aquifer) occur, approximately
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90 percent of the total recharge never penetrates deeper
than about 30 percent of the aquifer thickness (p. 4811).
Thus, most of the local flow occurs within the surficial
aquifer overlying the Upper Floridan aquifer in the out-
crop area of Georgia. If this is so, only a fraction of the
total recharge actually enters the Upper Floridan to
become intermediate and regional flow.

Intermediate and regional flow in the outcrop area in
Georgia is more complicated than Toth’s conceptualiza-
tion in that the aquifer system receives recharge from
clastic sediments below as well as from above. Some
part of the intermediate flow derived from both sources
discharges to the more deeply incised streams within
the outcrop area, and some part discharges as diffuse
upward leakage further downdip. All of the small com-
ponent of regional flow discharges still further downdip,
primarily offshore.

In the karstic spring areas of north-central and

EXPLANATION

—— Local flow

—— Intermediate flow

EAST
—— Regional flow

Land surfa Atlantic Ocean

aquifer
system

S EAST
Major spring surface e [l

B, North-central Florida springs area to the Gulf Coast

FIGURE 21.—Idealized flow patterns in the Floridan aquifer system.
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northwest peninsular Florida as portrayed in figure
21B, Toth’s local flow systems generally do not exist.
Even where hilly Miocene deposits occur, the very high
permeability of the underlying limestone usually results
in a flat water table. The shallow subsurface arteries
connecting springs and major streams to adjacent
recharge areas are much less influenced by topography.
Thus, flow paths are generally longer and intermediate-
flow systems dominate.

Faulkner (1973, p. 75) documented the lack of local-
flow systems in the Rainbow Springs-Silver Springs
drainage areas and labeled ground-water flow toward
these large springs as intermediate in Toth’s classifica-
tion scheme. He further stated (p. 76) that, based on
average sulfate concentrations near the top of the
aquifer (top of Upper Floridan), near the bottom of the
aquifer (middle of Lower Floridan), and in Silver
Springs, the spring water is a mixture of about
92-percent shallow water and 8-percent deep water.
Regional simulation showed that, beneath all but the
smallest springs or streams, some water from the Lower
Floridan, or the lower part of the Upper Floridan (where
the aquifer system is one vertically continuous perme-
able unit), leaks upward into the Upper Floridan and
discharges to springs or streams. Upward leakage from
the Lower Floridan at model grid blocks containing
springs or streams in east-central and northwest penin-
sular Florida was about 7 percent of simulated
discharge to springs and streams from the grid blocks.
The regional underflow deep in the aquifer system
(Lower Floridan or its equivalent) in karstic spring areas
represents a very small percentage of the total water
recharged and discharged in these areas.

Simulation tends to confirm that circulation in the
Floridan aquifer system occurs as portrayed in figures
21A and 21B or some combination of these two ideal-
ized flow patterns. Consider first the aquifer system in
the outcrop area in Georgia east of the Dougherty Plain
(figs. 19 and 21A). The existence and dominance of local
flow systems that do not reach the Upper Floridan
becomes apparent when simulated Upper Floridan
discharge to streams traversing the Georgia outcrop is
compared to estimated base flow. Simulated Upper
Floridan discharge to streams is considerably less than
the base flow, which, in addition to Upper Floridan
discharge, includes discharge from the overlying sur-
ficial sands. Base flow of selected unregulated streams
in the Cretaceous and Tertiary clastic outcrop area of
South Carolina, Georgia, Alabama, and Mississippi has
been analyzed by Stricker (1983). Her study included
computation (by hydrograph separation) of base flow
to streams in eight basins of the Georgia Coastal Plain
between the Fall Line (inner margin of the Coastal Plain)
and the Floridan aquifer outcrop. She concluded that
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discharges at the 65-percent duration point on flow-
duration curves were good estimates of the mean an-
nual base flow. The aquifers contributing base flow in
the area between the Fall Line and the Floridan outcrop
studied by Stricker (1983) are composed primarily of
sand whereas aquifers contributing base flow in the
Floridan outcrop area are sand and limestone. However,
long-term average runoff is virtually the same in the
two areas (about 13 in./yr). Flow-duration characteris-
tics of streams draining basins in the Floridan outcrop
assumably are similar to those of streams draining near-
by basins in the Stricker study. If this assumption is
valid, then discharge at the 65-percent point on flow-
duration curves for unregulated periods at gaging sta-
tions on each of the four major rivers in the Floridan
outcrop area would provide a reasonable estimate of the
base flow. The base flow thus determined is about
8 in./yr.

The predevelopment regional model simulated at total
of 900 ft¥s of aquifer discharge to the Ocmulgee,
Oconee, Ogeechee, and Savannah Rivers in the outcrop
area (areas of discharge numbered 29, 30, 31, 32, respec-
tively, on pl. 10). Simulation with the finer mesh sub-
regional model of the same area (Krause and Randolph,
in press) yielded slightly more aquifer discharge to
streams (960 ft%/s). The 900-960 ft3/s range of aquifer
discharge to streams corresponds well to the combined
annual 7-day low-flow discharge of the four rivers in the
outcrop area. The 7-day low-flow discharge is believed
to include a minimal contribution from local flow
systems in the Miocene surficial deposits overlying the
Upper Floridan, while at the same time preserving most
of the “average” Floridan discharge (Krause and
Randolph, in press). Discharge to streams from the
Floridan tends to vary less than discharge from the sur-
ficial deposits because the artesian head changes in the
Floridan are less than the water-table functuations in
the surficial deposits. The regional model implicitly con-
firms the existence and dominance of local flow systems
by requiring less discharge to streams than total base
flow to obtain the best calibration.

Predevelopment recharge to the Floridan, simulated
by the regional model in the Georgia outcrop area of
the Ocmulgee, Oconee, and Ogeechee, and Savannah
River basins, from overlying and underlying aquifers
is about 1,050 ft%s, not a great deal more than the
simulated aquifer discharge to the four major rivers of
the outcrop area. The model thus indicates that under
predevelopment conditions almost all of the recharge
that enters the Floridan in the outcrop area becomes
intermediate flow that discharges to one of the major
streams. A minor part of the recharge becomes regional
flow that discharges as diffuse upward leakage downdip
of the outcrop area.
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In contrast, consider now the aquifer system in the
karstic area around the Suwannee River (figs. 20 and
21B). Tributary streams and local flow systems are
practically nonexistent. Virtually all of the river dis-
charge is base flow from the Upper Floridan. Simulated
aquifer discharge to the Suwannee River with a cali-
brated model should therefore be about the same as
long-term average discharge. In the Suwannee River
basin!, the long-term average discharge is about
5,100 ft3/s. The regional model simulated 5,017 ft¥/s
aquifer discharge from this area (springs and areas of
discharge to streams numbered 46 through 86A on pl.
10). By simulating practically all of the base flow from
the Suwannee basin, the regional model confirms the
predominance of intermediate flow systems and the lack
of local flow systems (which the regional model could
not simulate even if they occurred), as portrayed in
figure 21B.

The flow systems in the four-river outcrop area of
Georgia and the karstic Suwannee basin of Florida
represent ‘‘opposite extremes’’ of ground-water flow
patterns occurring in unconfined and semiconfined
parts of the aquifer system. Flow patterns in other un-
confined and semiconfined areas are some combination
of these two extremes but tend to be more like those
of the Suwannee basin than the Georgia outcrop area.
For example, the karstic, low-lying limestone of the
Dougherty Plain in southwest Georgia is drained by the
Flint River and (near Lake Seminole) by the Chat-
tahoochee River. The Flint and Chattahoochee Rivers
have more of a tributary stream network than the
Suwannee but much less of a tributary stream network
than the four major rivers draining the Floridan out-
crop area farther east in Georgia. Hayes and others
(1983, p. 34) estimated the mean annual base flow of
streams in the Dougherty Plain to be about 4,000 ft¥/s.
A thin mantle of residuum contributes an estimated 15
percent of this amount (Maslia and Hayes, in press).
Thus, about 3,400 ft¥s is Floridan aquifer discharge.
Simulated aquifer discharge to the Flint and Chat-
tahoochee by both the regional model and by the
subregional model (Maslia and Hayes, in press) was
about 2,500 ft%/s. Apparently, some local flow systems
involving the Upper Floridan are too small to be
simulated, even with the 4-mi by 4-mi grid blocks of the
subregional model.

Where unconfined or semiconfined parts of the aquifer
system extend offshore (northwest peninsular Florida,
east-central Florida, and South Carolina; see pl. 1), the

Includes the 2,900-mi? drainage area above the gaging station on the Suwannee River
near Wilcozx, Fla. (02323500), and below the following gaging stations: Santa Fe River at
White Springs, Fla. (02315500); Alapaha River near Statenville, Ga. (02317500);
Withlacoochee River near Pinetta, Fla. (02319000); Santa Fe River at Worthington Springs,
Fla. (02321500); Olustee Creek at its mouth, Fla. (02321894).
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lack of resistance to aquifer discharge allowed
predevelopment heads to be near sea level (pl. 4). A con-
sequence of low heads along minimally confined parts
of the Gulf and Atlantic coasts is that freshwater flow
is shallow and of relatively limited seaward extent.
Sprinkle (1982c) noted that the proximity of saline water
in the Upper Floridan aquifer to the Gulf coast has been
documented by a number of investigators (Trapp, and
others, 1977; Mills and Ryder, 1977; Sinclair, 1978;
Hickey, 1979; Hickey and Barr, 1979). From the work
of Wyrick (1960) and the relation of the altitude of the
top of the Upper Floridan aquifer with the low heads
that occur near shore, the presence of saline water in
the Upper Floridan is inferred to be shallow and relative-
ly close to the Atlantic coast in east-central Florida. In
South Carolina, Counts and Donsky (1963), McCollum
and Counts (1964), and Hayes (1979) have documented
the presence of saline water in the lower part of the
Upper Floridan aquifer.

CONFINED AREAS

Predevelopment ground-water flow in parts of the
aquifer system that are deeply buried and confined,
primarily southeast Georgia and northeast Florida,
south Florida, and far-west panhandle Florida (pl. 1),
was (and is) very sluggish compared to flow in uncon-
fined and semiconfined areas. Floridan discharge to
springs, streams, and lakes is practically nonexistent;
discharge occurs almost exclusively by diffuse upward
leakage through thick overburden. As would be ex-
pected, rates of recharge and discharge in confined areas
in general are considerably lower than rates in uncon-
fined and semiconfined areas (pl. 11). Transmissivity (pl.
2) is also generally lower in deeply buried and confined
areas, but the association of low transmissivity with
these areas is less than the association of low
recharge/discharge with deeply buried and confined
parts of the system.

Relatively high transmissivity (250,000-1,000,000
ft?/d) in some confined areas (for example, southeast
Georgia west and northwest of Brunswick, and south
Florida west-northwest of Lake Okeechobee) is probably
due to karst development during Oligocene or early
Miocene time. Freshwater occupied more of the aquifer
system then; recharge probably occurred through
sinkholes that are now buried by Miocene and younger
deposits and are below present sea level; freshwater
discharge probably occurred farther offshore. More ac-
tive circulation during Oligocene-Miocene time resulted
in more aggressive solution of the limestone then than
now, thus creating the major part of the permeability
that exists today.
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The idealized pattern of flow from the Floridan out-
crops in Georgia to the Atlantic coast (fig. 21A) sug-
gests that most of the flow occurs within the outcrop
area. Only a very small part of the Floridan recharge
moves downgradient and becomes intermediate and
regional flow in the confined area. Plate 11 shows that
recharge entering the Upper Floridan in the confined
area is less than 1 in./yr. Thus, the amount of water that
reached the predevelopment discharge area along the
coast and offshore of southeast Georgia and northeast
Florida was relatively small. This small amount of water
discharged over the large discharge area resulted in a
very low rate of diffuse upward leakage.

As mentioned in the section on transmissivity, a band
of low transmissivity occurs across south-central
Georgia downdip of the outcrop area that is coincident
with a northeast-trending band of closely spaced con-
tours on the predevelopment potentiometric surface
(plL. 4). The low transmissivities associated with the Gulf
Trough probably account for the very low flow rate from
the outcrop area downdip to coastal discharge areas.
Miller (1986) attributed the low transmissivity to a
series of northeast-trending grabens and suggested that
the juxtaposition of low-permeability clastic sediments
and high-premeability Floridan limestone along the
grabens has created a damming effect on the generally
southeastward-flowing ground water.

The predevelopment freshwater flow system extends
farther offshore in the southeast Georgia-northeast
Florida area than in any other part of the aquifer
system. The highest predevelopment heads along the
southeast Georgia-northeast Florida shoreline (about
70 ft above sea level) occur where the Upper Floridan
is most deeply buried. The tight confinement associated
with the thick overburden maintained high heads prior
to ground-water development, thus establishing an
equilibrium position of the freshwater-saltwater inter-
face that is deep and far offshore.

The assumption that a freshwater-saltwater interface
exists and defines the seaward extent of the flow system
is supported in one location by head and salinity data
obtained during recent hydrologic testing in an offshore
oil well (Tenneco Oil Company) 55 mi east of Fernan-
dina Beach, Fla. (Johnston and others, 1982). These
data in conjunction with data obtained from a previous
offshore drilling program (Wait and Leve, 1967) suggest
the existence of an interface. At the Tenneco site, the
position of the interface (about 1,100 ft below sea level)
is nearly compatible with both the estimated predevel-
opment head and the present head, since they are
similar (estimated to be 30 ft and 27 ft, respectively).

The aquifer system is also deeply buried and confined
in south Florida. The regional flow model confirmed the
prior assumption that the flow system is extremely

sluggish there. Plate 11 shows that the area of south
Florida over which discharge occurs is large compared
to the area over which recharge occurs. The only area
of substantial predevelopment recharge for the whole
of south Florida is the elongate ridge area of northwest
Highlands and south-central Polk Counties; and, as the
predevelopment potentiometric surface implies, most
of the recharge occurring in the Highlands County-Polk
County ridge areas moves laterally toward discharge
areas along the Gulf and Atlantic coasts rather than
southward. Thus, the amount of water in the aquifer
flowing to south Florida, particularly south of Lake
Okeechobeg, is small relative to that flowing to the east
and west coasts. A small amount of water discharged
over the large area of upward gradient adjacent to and
south- of Lake Okeechobee results in the very low
predevelopment discharge rate of less than 0.1 in./yr.

The Upper Floridan aquifer south of about Lake
Okeechobee, and along both coasts of the southern half
of the peninsula contains slightly saline water but is
considered part of the freshwater flow system. How-
ever, the Lower Floridan aquifer south of Lake Okee-
chobee (including the Boulder Zone) is too salty to be
considered a part of the freshwater flow system.

Because of a lack of nearshore chloride-with-depth
data, offshore head data, and top-of-aquifer data, the
seaward boundary of the freshwater flow system along
the Atlantic coast from mid-Brevard County southward
to mid-Martin County (pl. 11) is conjectural. The same
is true along the Gulf coast from Lee County southward
to the Florida Keys. From the Keys northward along
the Atlantic coast to Martin County, the seaward limit
of freshwater flow is defined by the Florida-Hatteras
Slope (Uchupi, 1966), a steep submarine incline very
close to the shoreline. As the slope flattens onto the
Miami Terrace at an ocean depth of about 1,000 ft, out-
cropping limestone of the Upper Floridan aquifer just
offshore from Miami provides for potential submarine
ground-water discharge (F. W. Meyer, U.S. Geological
Survey, written commun., 1982). The predevelopment
flow model simulated less than 5 ft®s of lateral dis-
charge along the southeast Florida boundary. Discharge
along the slope should be minimal because of the small
amount of ground-water flow to south Florida.

The third deeply buried, confined part of the aquifer
system is far-west panhandle Florida. From its outcrop
in southern Alabama, the seaward dip on the limestone
is steeper than in any other part of the aquifer system.
The predevelopment flow system is similar to that of
southeast Georgia (fig. 21A4), except that the Floridan
is much less transmissive (pl. 2) and flow paths are
shorter toward the coast. The major part of recharge
in the Alabama outcrop area probably enters local flow
systems and discharges to streams in the outcrop area.

e
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A small amount of the outcrop recharge, together with
a small amount of recharge that occurs immediately
downdip of the outcrop, becomes intermediate and
regional flow that eventually discharges near the coast
or offshore. As in southeast Georgia and south Florida,
the rate of ground-water flow toward the discharge area
is very low and upward leakage in coastal areas is
minimal (pl. 11).

Water in the Upper Floridan becomes saline near the
northern part of Pensacola Bay, and its quality pre-
sumably deteriorates rapidly as the aquifer dips steep-
ly in a southwesterly direction (Sprinkle, 1982c, 1982d).
This accounts for the offshore boundary of the flow
system turning back onshore toward the north-south
trending fault zone that forms the western boundary
of the aquifer system.

The degree of confinement ultimately controls
ground-water flow in the Floridan aquifer system. Tight
confinement limits diffuse upward leakage thereby
restricting intermediate and regional flow and restrict-
ing recharge. The occurrence of high transmissivity in
tightly confined parts of the system does not enhance
intermediate and regional ground-water flow. In con-
trast, high transmissivity plus the ease of ground-water
discharge to springs and streams in the unconfined and
semiconfined areas allows for vigorous shallow inter-
mediate ground-water flow and high rates of recharge.

AREAL AND VERTICAL DISTRIBUTION OF FLOW

The areal distribution of predevelopment discharge,
based on simulation, is shown in figure 22. To contrast
the large areal variation in discharge, the aquifer has
been divided into eight major ground-water basins
based on the predevelopment potentiometric surface (pl.
4). Ground-water discharge rates for the basins are
given to the nearest 5 ft%/s and are proportional to the
area of circles in figure 22,

Regionally and in every basin except south Florida,
the predominance of spring discharge and aquifer dis-
charge to surface-water bodies over diffuse upward leak-
age is apparent. Not surprisingly, the five basins where
unconfined, or semiconfined conditions predominate
{Dougherty Plain-Apalachicola, ThomasvilleTallahassee,
Suwannee, west-central Florida, and east-central
Florida), although comprising only about 50 percent of
the Floridan’s area of occurrence, contribute 88 percent
of the total predevelopment discharge of 21,555 ft¥s.

In the panhandle basin, diffuse upward leakage occurs
over the major part of the area. Confinement is lacking
in the eastern third of the basin and along the outcrop,
allowing direct aquifer discharge to streams. Simulated
predevelopment aquifer discharge to the Choctawhat-
chee River, Holmes Creek, and Econfina Creek (pl. 10)
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is more than seven times greater than the diffuse up-
ward leakage that occurs over a much larger part of the
basin area. Similarly, in the southeast Georgia-
northeast Florida-south South Carolina basin, about
three-quarters of simulated predevelopment discharge
goes to the four major rivers crossing the areally small
northern outcrop. Diffuse upward leakage occurs over
a much larger area but accounts for a minor part of the
basin discharge. Only in south Florida, where no uncon-
fined or semiconfined areas exist, is diffuse upward
leakage the major form of predevelopment discharge.
The 100 ft%/s of simulated predevelopment discharge
from south Florida represents less than 1 percent of the
total Floridan discharge.

The simulated predevelopment discharge in south
Florida intuitively seems low. The predevelopment
potentiometric surface simulated (pl. 4) in peninsular
Florida is based largely on Stringfield’s (1936) poten-
tiometric surface map depicting heads measured in
1934. Possibly, the 1934 heads in the Hardee-Highlands-
DeSoto Counties area are lower than the actual
predevelopment heads there due to agricultural ground-
water development prior to 1934 (F. W. Meyer, U.S.
Geological Survey, oral commun., 1983). Higher pre-
development heads in the Hardee-Highlands-DeSoto
Counties area would mean a larger gradient from that
area toward south Florida and, therefore, potentially
more flow. However, predevelopment ground-water flow
to south Florida would still have been very low because
tight confinement severely restricts upward leakage.

In the Dougherty Plain-Apalachicola basin, major
streams (Flint and Chattahoochee Rivers in Georgia,
Apalachicola and Chipola Rivers in Florida) and several
large springs in Jackson County, Fla. (pl. 10), control
the flow system. Diffuse upward leakage is the smallest
fraction of total predevelopment discharge of any of the
basins because the basin’s coastal area of upward gra-
dient is the smallest among the basins.

The predevelopment flow system in the Tallahassee-
Thomasville basin is dominated by large springs near
the coast. About 3,500 ft¥/s flows from 11 known
springs, nearly half of which is contributed by Spring
Creek Springs. The Spring Creek Springs group, con-
sisting of at least eight submarine orifices in proximi-
ty, collectively form the largest known spring of the
Floridan aquifer system (no. 34, pl. 10 and table 4). Most
of the recharge to sustain this high discharge occurs in
the virtually unconfined, highly transmissive area just
to the north around Tallahassee, Fla., and extending
northeast to about Thomasville, Ga.

The Suwannee basin is the most active part of the
aquifer system in terms of ground-water flow. More
than one-fourth of the total predevelopment discharge,
or about 6,000 ft3/s, occurred in this basin. The large
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FiGURE 22.—Estimated predevelopment discharge from major ground-water basins of the Upper
Floridan aquifer.

concentration of springs along the Withlacoochee,
Suwannee, and Santa Fe Rivers, and additional points
of direct aquifer discharge to these streams (pl. 10)
accounts for most of the discharge. Rates of diffuse up-
ward leakage range from 5-10 in./yr along the coast of
the Suwannee basin; higher than anywhere else in the
aquifer system. However, the simulated high rate of up-
ward leakage probably includes unidentified point
discharges such as submarine springs.

The west-central Florida basin consists of two con-
trasting predevelopment flow systems: In the northern

two-thirds of the basin, the aquifer system is unconfined
or semiconfined. High recharge and vigorous shallow
intermediate flow to springs, most of which are concen-
trated near the coast (pl. 10), characterize the area. In
the southern third of the basin, the aquifer system is
confined, and consequently the flow system becomes
progressively more sluggish as confinement increases
with distance to the south. Most of the approximately
4,000 ft3/s predevelopment basin discharge (fig. 22)
occurred in the northern part of the basin.

The aquifer system in the east-central Florida basin
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consists of unconfined or semiconfined conditions in the
northern three-quarters and confined conditions in the
southern quarter. The most prominent feature of the
predevelopment flow system in east-central Florida is
the concentration of springs generally along the St.
Johns River valley (pl. 10). These springs, together with
aquifer discharge to streams and lakes, contribute about
three-fourths of the roughly 1,700 ft%/s predevelop-
ment basin discharge. Diffuse upward leakage is a
greater fraction of the discharge in the east-central
Florida basin than in the four other basins in which the

18,995 springflow and discharge 4

aquifer system is predominantly unconfined or semicon-
fined primarily because the area over which upward
leakage occurs is highest among the five basins.

The vertical components of predevelopment flow
among layers of the Floridan aquifer system, as de-
rived from simulation, are summarized in figure 23. As
in figure 22, components of flow in figure 23 are shown
to the nearest 5 ft3/s. This is not to imply the level
of accuracy but to present a balanced water budget.
Once again, this illustration conveys the fact that the
flow system of the Floridan, prior to ground-water

to surface-water bodies
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FIGURE 23.—Simulated predevelopment components of flow among units associated with the Floridan aquifer
gystem.
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development, is primarily a shallow flow system.
Simulation shows predevelopment ground-water flow
in the Upper Floridan to be about 15 times greater than
that in the Lower Floridan. Without pumping in the
system, the Fernandina permeable zone is nearly dor-
mant. Ninety-eight percent of the simulated predevelop-
ment recharge to the aquifer system occurs as
downward leakage from the surficial aquifer (including
direct recharge to the Upper Floridan where the surficial
aquifer is missing). Simulated predevelopment
discharge from springs together with discharge to
streams and lakes is more than seven times greater than
discharge as diffuse upward leakage.

THE CURRENT FLOW SYSTEM

The current flow system can best be summarized by
the 1980 potentiometric-surface map of the Upper
Floridan aquifer. This map (pl. 5) is the first aquiferwide
potentiometric map based on nearly simultaneous head
measurements. More than 2,700 water-level and
pressure-head measurements made during May 1980 in
wells tapping the Upper Floridan aquifer were used to
construct the map. Plate 5 has been modified from the
original published version (Johnston and others, 1981)
as described in Appendix A.

Comparison of the 1980 potentiometric-surface map
with the predevelopment potentiometric-surface map
(pl. 4) shows that the major features of the flow system
remain unchanged by ground-water development.
Ground water still flows generally from topographically
high outcrop and inland areas toward the Gulf and
Atlantic coasts. Stream-aquifer interaction still controls
the configuration of the potentiometric surface, and
hence the flow system, along the northern outcrop and
in the Dougherty Plain in Georgia. Spring discharge and
aquifer discharge to streams is still apparent in the con-
figuration of the potentiometric surface in unconfined
and semiconfined areas (for example, in the Suwannee
River and St. Johns River basins). Discharge from
Upper Floridan aquifer springs continues to be the
dominant feature of the regional flow system; and the
degree of confinement on the Upper Floridan is still the
major hydrogeologic control on the distribution of
recharge, discharge, and ground-water flow.

Similarity of the current flow system to the predevel-
opment flow system does not mean that ground-water
development has not brought significant change. In
1980, about 3 Bgal/d were pumped from t<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>