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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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REGIONAL AQUIFER-SYSTEM ANALYSIS

HYDROGEOLOGY AND SIMULATED EFFECTS OF
GROUND-WATER DEVELOPMENT
OF THE FLORIDAN AQUIFER SYSTEM, SOUTHWEST GEORGIA,
NORTHWEST FLORIDA, AND SOUTHERNMOST ALABAMA

By Morris L. MasLiA and LARRY R. HAYES

ABSTRACT

The Floridan aquifer system underlies parts of South Carolina,
Georgia, and Alabama and all of Florida. Two areas have expe-
rienced increases in ground-water withdrawals from the Floridan
aquifer system: the Dougherty Plain in southwest Georgia and the
Fort Walton Beach area of northwest Florida. In southwest Georgia,
seasonal withdrawals for irrigation increased from about 47 billion
gallons in 1977 to about 76 billion gallons in 1980, and to about 107
billion gallons in 1981—a drought year. However, these withdraw-
als have not resulted in appreciable water-level declines in the
Floridan aquifer system in southwest Georgia. Long-term water-
level declines within the upper part of the Floridan aquifer system,
characterized by a widespread cone of depression, have resulted
from moderate pumpage for municipal use in southern Okaloosa
and Walton Counties, Florida. Total pumpage amounted to approxi-
mately 5.7 billion gallons in 1978 (15.5 million gallons per day). At
the center of the cone of depression near Fort Walton Beach, water
levels have declined more than 140 feet below predevelopment
levels.

In southwest Georgia, the Floridan aquifer system is overlain by
sandy clay residuum that has an average thickness of approxi-
mately 50 feet and was derived from the chemical weathering of the
Ocala Limestone. In the western panhandle of Florida, the aquifer is
overlain by the Pensacola Clay, which varies in thickness from 50 to
450 feet. Above the Pensacola Clay is a surficial sand-and-gravel
aquifer ranging in thickness from less than a few tens of feet in the
easternmost area to more than 400 feet in the westernmost part of
the panhandle.

Mean annual precipitation is about 51 and 63 inches, respectively,
in the Dougherty Plain area of southwest Georgia and in northwest
Florida. Because the Floridan aquifer system is thinly covered in
southwest Georgia, during September to May streamflow and
ground-water levels are directly correlated with precipitation.
Water-level peaks usually occur about 1 month after major precipi-
tation peaks. In northwest Florida, the aquifer system is generally
deeply buried. Thus, although ground-water levels respond to vari-
ations in rainfall, these responses are changes in artesian pressure
rather than additions of water to the saturated and unsaturated
zones.

Aquifer-test data indicate that transmissivities of the Upper
Floridan aquifer in southwest Georgia range from 2,000 to 300,000
feet squared per day and storage coefficients range from 2x10 to
3x1072. In southern Okaloosa and Walton Counties, Florida, transmis-
sivities based on aquifer tests range from 250 to 25,000 feet squared
per day and storage coefficients range from about 2x1075 to 6x1074.

Pesticides were detected in water from 10 wells open to the resid-
uum and 4 wells open to the Upper Floridan aquifer in southwest
Georgia. None of the samples from the wells in the Floridan aquifer
contained pesticide eoncentrations exceeding the recommended
limits for public drinking water supplies. Throughout southwest
Georgia and adjacent Florida, water is low in chloride (less than 10
milligrams per liter) except for coastal Okaloosa and Walton Coun-
ties, where chloride concentrations exceed 500 milligrams per liter.

Three two-dimensional finite-difference numerical models—the
subregional flow model, the Dougherty Plain flow model, and the
Fort Walton Beach flow model—were developed to simulate
ground-water flow in the Floridan aquifer system in the study area.
The subregional flow model is intended to simulate the major fea-
tures of the flow system. The detailed Dougherty Plain and Fort
Walton Beach flow models are intended to simulate the effects of
ground-water development in these areas. The subregional flow
model, covering an areal extent of 20,000 square miles, was used to
obtain aquifer hydraulic parameters and to establish aquifer
recharge-discharge relations prior to development. The detailed
Dougherty Plain flow model was used to simulate the potentio-
metric surface and to evaluate water-level declines during drought
conditions over a 4,400-square-mile area of southwest Georgia. The
Fort Walton Beach flow model was used to simulate water-level
declines from 1941 to 1978 and to evaluate water-level declines to
the year 2000 within a 1,700-square-mile area of southern Okaloosa
and Walton Counties, Florida.

Simulation of a consecutive 3-year hydrologic drought in south-
west Georgia, with total pumpage of 339 billion gallons, resulted ina
mean water-level decline of 26 feet. In some areas, water levels
declined from a few feet to as much as 10 feet below the top of the
Upper Floridan aquifer. Pumpage of 1,224 billion gallons resulted
in mean water-level declines of 33 feet. In about 30 percent of the
modeled area, water levels declined from a few feet to as much as 10
feet below the top of the aquifer. A 10-year simulation under aver-
age recharge conditions with pumpage increased to 287 billion
gallons per year resulted in mean water-level declines of 4 feetand a
30-percent reduction of the present-day (1980) Floridan aquifer
system ground-water discharge to streams.

In southern Okaloosa and Walton Counties, Florida, pumpage of
15.5 million gallons per day was increased to 20.5 million gallons per
day in March 1978 to simulate the effect of development in the year
2000. Simulated declines in the year 2000 for the Upper Floridan
aquifer ranged from 40 to 60 feet in Fort Walton Beach and from 20
to 30 feet in Destin, Valparaiso, Niceville, and Mary Esther. Relocat-
ing four Santa Rosa Island wells to areas of higher transmissivity
resulted in smaller water-level declines.
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INTRODUCTION

The Floridan aquifer system (previously referred
to as the Floridan aquifer in Florida and the princi-
pal artesian aquifer in Georgia) underlies parts of
South Carolina, Georgia and Alabama and all of
Florida. This aquifer system is one of the most produc-
tive sources of water in the United States and is the
major source of water in its area of occurrence, except
where it contains saline water.

The objectives of the Floridan aquifer system anal-
ysis are to (1) provide a complete description of the
hydrogeologic framework and geochemistry of the
aquifer system, (2) define the regional flow system,
and (3) assess the effects of large withdrawals of
ground water from the aquifer. Computer simulation
is used extensively to evaluate the flow system, and
locally the computer models are used to evaluate the
effects of increased development. The results of the
Floridan study have been desecribed in a number of
preliminary reports as well as in U.S. Geological Sur-
vey Professional Papers (PP). Professional Papers
1403-A and 1403-C summarize the regional hydrol-
ogy and development and PP 1403-B describes the
hydrogeologic framework.

To address the hydrology in more detail and to
investigate local water problems, the Floridan aquifer
system study was divided into five subprojects. The
division is based on location of natural (predevelop-
ment) boundaries and similarity of water problems.
Figure 1 shows the five subproject areas and the cor-
responding letter designations within the Professional
Paper 1403 series.

Professional Paper 1403-D discusses the hydrology
of the coastal strip from southernmost South Carolina
to northeast Florida, PP 1403-E summarizes the
hydrology of the Floridan aquifer system in east-
central Florida, PP 1403-F describes the hydrology of
the Floridan aquifer system in west-central Florida,
and PP 1403-G discusses the hydrogeology in south
Florida, where the Floridan aquifer system contains
saline water and development for water supply is
insignificant.

Professional Paper 1403-H (this report) describes
the Floridan aquifer system in southwest Georgia,
northwest Florida, and southernmost Alabama. It
primarily reports on the analyses of two areas where
pumping is done on a large scale: (1) the Dougherty
Plain area of southwest Georgia, where seasonal with-
drawals for irrigation are very large, and (2) the Fort
Walton Beach area of northwest Florida, where mod-
erately large pumpage has produced a cone of depres-
sion in southern Okaloosa, Walton, and Santa Rosa
Counties.

REGIONAL AQUIFER-SYSTEM ANALYSIS

SCOPE AND PURPOSE

The study reported in this paper is part of a regional
study of the Floridan aquifer system in the South-
eastern United States that includes all of Florida and
the southern parts of Alabama, Georgia, and South
Carolina—a total area of about 100,000 mi® and
area covered in this report is about 20,000 mi® and
includes southwest Georgia, northwest Florida, and
southernmost Alabama (fig. 1). The northern bound-
ary is generally coincident with the updip limit of the
Floridan aquifer system (Miller, 1986). The eastern,
southern, and western boundaries were determined
by natural hydrologic conditions where lateral ground-
water flow within the aquifer is negligible.

The objectives of this study are to (1) define the
hydrogeologic framework in the study area, (2) des-
cribe the flow regimen prior to and after man-induced
stresses, and (3) develop a digital ground-water-flow
model capable of evaluating the ground-water-flow
and recharge-discharge system and of simulating
alternate stresses and their impact on the ground-
water system. Objectives of the study were accomp-
lished using data from studies by Bush (1982), Barr
and others (1985), Hayes and others (1983), Hayes and
Barr (1983), and Miller (1986).

Within the area of investigation, only two areas are
significantly stressed by pumping: (1) southwest
Georgia, where large ground-water withdrawals are
made for irrigation, and (2) southern Okaloosa and
Walton Counties, Fla., where moderate ground-water
withdrawals are made for public supply. More refined
digital models capable of describing localized
transient-flow conditions were developed for these
areas: the lack of large-scale pumping stresses in and
data for locations outside these areas did not justify
development of other than a preliminary steady-state
flow model. This report discusses, in general terms,
the predevelopment flow system of the entire study
area (southwest Georgia, northwest Florida, and south-
ernmost, Alabama) and discusses, in detail, the hydro-
geology and present (1980) flow system of southwest
Georgia and southern Okaloosa and Walton Counties,
Fla.

PREVIOUS INVESTIGATIONS
AND ACKNOWLEDGMENTS

The hydrogeology of the Floridan aquifer system
has been investigated extensively in the areas of great-
est withdrawals (southwest Georgia and southern
Okaloosa and Walton Counties, Fla.). Outside these
areas, however, very little hydrogeologic data have
been collected and no detailed hydrologic studies have
been conducted.















DISCHARGE, IN CUBIC FEET PER SECOND

HYDROLOGY AND GROUND-WATER DEVELOPMENT, FLORIDAN AQUIFER SYSTEM, GA., FLA., ALA.
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FIGURE 4.—Duration of daily flow at selected stations for seven major streams, southwest Georgia and northwest Florida. From

Hayes and others (1983).
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using standard computer programs developed by the
U.S. Geological Survey. The moderately steep slopes
of the upper halves of the southwest Georgia flow-
duration curves shown in figure 4 indicate that direct
runoff significantly contributes to the higher flows;
the relatively flat slopes of all curves, particularly at
the lower end except the Flint River at Oakfield, indi-
cate that low flows are maintained by ground-water
discharge or that a large amount of ground- or
surface-water storage occurs in the watershed.

The base flow of streams in southwest Georgia,
which is essentially ground-water discharge, is about
80 percent of total streamflow (Hayes and others,
1983, figs. 15, 17). In the western panhandle of
Florida, the base flow component is even higher (Barr
and others, 1985). Note that streams in southwest
Georgia derive their base flow from the Upper Flori-
dan aquifer and its residuum cover, whereas streams
in the Florida Panhandle derive their best flow from
a surficial sand-and-gravel aquifer.

Because this study is primarily concerned with the
Floridan aquifer system and with discharge to and
from the system, the remainder of this section will
discuss only the base flow of streams in southwest
Georgia.

The flow-duration curve for a particular station
usually is based on all flow observations throughout
the year for the available period of record, and, as
indicated earlier, a curve computed in this manner
fails to take into account time and seasonal effects.
However, the seasonal nature of streamflow can be
defined from a partial duration curve based on daily
mean discharges from the historical records of indi-
vidual months. For example, all the daily mean dis-
charges for the January’s for which records are avail-
able are used to define a January curve. Because of the
seasonal importance of low flows, and to allow the
low-flow season to be considered as a unit, the climatic
year (April 1 to March 31) was used as a basis for the
period of record for monthly flow-duration data.

Table 1 summarizes individual monthly flow-
duration data for 10 southwest Georgia stations and
indicates seasonal variability in expected streamflows.
If a graphical presentation is desired, the data can be
plotted on log-probability paper; this would give
curves similar to those shown in figure 5, which illus-
trates the seasonal variation of flow-duration curves
for Turkey Creek at Byromville (station 02349900).

‘The seasonal nature of streamflow is of particular
importance to those who use streamflow for supple-
mental irrigation. Those in southwest Georgia whouse
streamflow for irrigation are primarily concerned
with the streamflow available from May through Sep-
tember. Data in table 1 can be used to estimate proba-
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ble streamflows of selected streams for those months.
This applies, however, only if the historical period of
record from which the data were derived can be consid-
ered representative of the period with which the
streamflow is to be evaluated. As will be discussed
later, declines of ground-water levels associated with
irrigation pumpage may result in some streams becom-
ing losing streams, that is, some streams may lose
water to the ground-water system, whereas, prior to
irrigation, ground water discharged to the streams.
Where losing reaches occur, streamflow will be less
than discussed above. Additionally, flow-duration data
from table 1 were used to estimate ground-water dis-
charge, primarily from the Upper Floridan aquifer, to
streams in southwest Georgia.

BASE FLOW

The base flow of streams in the Dougherty Plain
area of southwest Georgia is primarily ground-water
discharge from the Upper Floridan aquifer. The base
flow of a stream can be determined by separating the
overland runoff from the total discharge of a stream-
flow hydrograph. Hydrographs for nine streams were -
separated into overland-flow and base-flow compo-
nents, using 2 method described by Riggs (1963). This
method requires construction of a master base-flow
recession curve using composite long-term records.
The master curve is overlain on a hydrograph of mean
daily flows for a specific period. In preparing master
base-flow recession curves for streams in the Dough-
erty Plain, the following assumptions were made: (1)
each of the streams was at base flow 10 days after
cessation of rainfall; (2) base flow was ground-water
discharge, which came primarily from the Upper
Floridan aquifer; and (3) evaporation-transpiration
losses in summer caused a steepening of the base-flow
recession curve, resulting in distinctly different
summer and winter curves.

Figure 6 illustrates preparation of a base-flow
recession curve for Turkey Creek at Byromville (sta-
tion 02349900). Using the entire period of record, the
discharge after 10 days of norainfall is plotted against
the discharge after 20 days of no rainfall, the 20-day
discharge is plotted against the 30-day discharge, and
S0 on.

Application of this method throughout the period of
record for both summer and winter data results in two
sets of points describing the upper plots shown in fig-
ure 6. These plots are then used to construct the
summer and winter master base-flow recession curves
shown in the lower part of figure 6.

Although the master base-flow recession curves
thus constructed represent simplified approximations
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FIGURE 5.—Flow-duration curves for Turkey Creek at Byromville (station 02349900), based on historical mean daily discharges and
individual months for water years 1962-70, southwest Georgia.
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of a complex situation, the small scatter of data points
used to prepare the curves (fig. 6 is representative of
most of the curves) suggests that the curves provide a
reasonably valid means of estimating base flow from
streamflow hydrographs.

In separating base flow from total flow, the master
base-flow recession curve is overlain on the stream-
flow hydrograph coincident with the best fit; the area
above the master curve is considered overland runoff
and the area below the curve is considered base runoff.
The most likely error in this method is believed to be
slightly high base-flow values for high-runoff periods
when rainfall is frequent. This error could result from
two conditions: some streams may not reach base flow
between rainfalls, and during high-flow periods, the
discharge from the residuum overlying the Upper
Floridan aquifer contributes significantly to base
runoff.

An example of the use of the master recession curve
to separate the streamflow hydrograph into overland
and base-flow components is shown on plate 1. Note
that yearly mean base flow makes up about 55 percent
of total yearly mean streamflow of water year 1978,
whereas mean base flow for January (a month of high
precipitation) and for September (a month of little
precipitation) make up, respectively, about 35 and 94
percent of monthly mean streamflow for these periods.
The ratio of base flow to total flow is neither excep-
tionally low nor exceptionally high for Turkey Creek
compared with other streams in southwest Georgia
(the ratio varies from about 0.4 t0 0.9). For the Dough-
erty Plain area of southwest Georgia, however, yearly
mean base flow generally makes up about 77 percent
of total yearly mean streamflow (Hayes and others,
1983).

The base flows of nine streams in the Dougherty
Plain area of southwest Georgia were estimated by
hydrograph separation techniques, discussed above,
and compared with discharge at the 50-percent flow
duration or median flow value. Figure 7 illustrates the
results of this comparison. The upper curve is a plot of
median flow for a year of record plotted against base
flow for that year estimated by hydrograph separation
techniques. The lower curve shows median flow for a
month of record plotted against monthly base flow for
that month estimated by hydrograph separation tech-
niques. The points on both curves plot on or close to the
line of equality, indicating that there is a reasonable
agreement between base flow estimated by hydro-
graph separation techniques and base flow estimated
from median flow. The yearly plot, however, more
closely approximates the line of equality than does the
monthly plot. Consequently, estimation of yearly mean
base flow from yearly median flow is probably more

valid than estimation of monthly mean base flow from
monthly median flow.

The relation between base flow and median flow
illustrated in figure 7 provides a means of estimating
base flow in the Dougherty Plain area of southwest
Georgia without using time-consuming hydrograph
separation methods. Median flow at gaging stations
(fig. 8) can be easily calculated by standard U.S. Geo-
logical Survey programs, using daily-flow values.
Using the calculated relation between base flow and
median flow, annual mean base flow and seasonal
ranges of base flow were estimated for the eight
watersheds in the Dougherty Plain area (fig. 8).

Assuming that median flow is equivalent to annual
mean base flow, then annual mean base flow is 2,600
Mgal/d (4,000 ft/s), late-summer (September-
November) mean base flow is about 1,500 Mgal/d
(2,300 ft%/s), and early-spring (February-April) mean
base flow is about 4,800 Mgal/d (7,400 £t*/s) for areas of
the watersheds lying within the Floridan aquifer sys-
tem in southwest Georgia (fig. 8). The method used
herein to estimate base flow is considered subject to
greater error for high flows than for low flows, and the
actual early-spring base flow may be much lower than
estimates made from either hydrograph separation
techniques or median flow. In addition, the annual
mean and early-spring values include discharge from
both the Floridan aquifer system and the overlying
residuum. These base flows will be used later in this
report in estimating a water budget and in providing a
check on digital modeling results for the southwest
Georgia part of the study area.

HYDROGEOLOGY
GEOLOGIC SETTING

The Coastal Plain province of the Southeastern
United States is underlain by a thick sequence of
unconsolidated to semiconsolidated sedimentary
rocks that range in age from Jurassic to Holocene.
Coastal Plain rocks generally dip toward the Atlantic
Ocean or the Gulf of Mexico, except where they are
warped or faulted on a local to subregional scale. The
earliest Coastal Plain sediments were laid down on an
eroded surface developed on igneous intrusive rocks,
low-grade metamorphic rocks, Paleozoic sedimentary
rocks, and graben-filling sedimentary deposits of
Triassic to Early Jurassic age (Barnett, 1975;
Neathery and Thomas, 1975; Chowns and Williams,
1983). Refer to Professional Paper 1403-B (Miller,
1986) for a detailed description of the hydrogeology.

Rocks of middle Eocene to early Miocene age make
up the major aquifers and confining units described in
this report. The strata consist mainly of marine lime-
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stones underlying the Ocala in southwest Georgia and
the eastern part of the Florida Panhandle are included
in the Floridan (Claude Tindel and city of Camilla
wells, pl. 2). In other parts of the study area, limestones
of younger (Oligocene) age make up the upper part of
the aquifer. (See Professional Paper 1403-B; Miller,
1986.) The upper surface of the aquifer system dips
generally southwestward and occurs from about 300 ft
above sea level in Dooly County to about sea level in
Decatur County. However, the surface is highly irreg-
ular because of differential weathering (pl. 4).

The Floridan aquifer system in southwest Georgia,
predominantly the Ocala Limestone, ranges in thick-
ness from a few feet at the updip featheredge to about
700 ft in Decatur County (pl. 5). The aquifer is exposed
along sections of major streams such as the Chatta-
hoochee and Flint Rivers and Spring Creek, where
erosion has removed the residuum. The aquifer is
reduced in thickness at these exposures and near the
updip limit may be entirely removed by a deeply
incised stream.

Lying beneath the Ocala Limestone in southwest
Georgia are permeable sands of the Lisbon Formation
of middle Eocene age that are hydraulically connected
to the Floridan. Thus, for simulation of the ground-
water flow system it was necessary to include these
sands as part of the Floridan aquifer system in south-
west Georgia.

In the northwest Florida part of the study area, the
Upper Floridan aquifer was described as a distinct
geohydrologic unit by Barraclough and Marsh (1962,
p. 4-18) and by Marsh (1966, p. 104). It generally
consists of a white to light-gray or cream colored,
highly fossiliferous, slightly dolomitic limestone. In
parts of Walton County, the Upper Floridan aquifer
commonly may be 10 to 25 percent sand or silty clay.
The top of the aquifer ranges from about 200 ft above
sea level near the updip limit to about 2,000 ft below
sea level in Escambia County (pl. 4). In this part of the
study area, the Floridan aquifer system ranges in
thickness from a few feet at its northern updip limitin
southernmost Alabama to more than 3,000 ft in Gulf
County, Fla. (pl. 5).

Asmentioned earlier, the Floridan aquifer system is
distinguishable as two separate hydrologic units
(Upper Floridan aquifer and Lower Floridan aquifer)
in parts of Escambia, Santa Rosa, and southern Oka-
loosa Counties and in a small part of coastal Walton
County, where the confining unit in the Oligocene
Formation, called Bucatunna confining unit in this
report, is present (fig. 9; pls. 2, 7). Except for moder-
ately thin sections of soft brown dolomite and fine to
medium quartz sand in these areas, the Lower Flori-
dan aquifer is composed of white to gray, soft to hard

REGIONAL AQUIFER-SYSTEM ANALYSIS

limestone. Some sections, particularly in Walton
County, are highly fossiliferous, being composed prin-
cipally of foraminifera and shell fragments.

Where present, the Bucatunna confining unit con-
tains a massive clay member of very low permeability
that confines the water in the Lower Floridan aquifer.
Coresfrom a well in Santa Rosa County had laboratory-
measured vertical hydraulic conductivities ranging
from 1.9x10-¢ to 2.6x10-7 ft/d (Pascale, 1974). Data
from test wells in coastal Okaloosa County show that
water levels are tens of feet higher in the Lower Flori-
dan aquifer than in the Upper Floridan aquifer. For
example, in the Fort Walton Beach area, the water
level in the Lower Floridan aquifer is approximately 5
ft above sea level, whereas the water level in the Upper
Floridan aquifer is about 50 ft below sea level. This
difference in water levels demonstrates the effective-
ness of the Bucatunna confining unit in that area in
separating the Upper and Lower Floridan aquifers.
However, a few miles north of the Fort Walton Beach
area, the water level in the Lower Floridan aquifer is
only 1 to 6 ft higher than in the Upper Floridan
aquifer. This suggests a lesser degree of hydraulic
separation.

HYDRAULIC PROPERTIES

Permeability of the Floridan aquifer system is
largely attributable to secondary porosity resulting
from the dissolution of the carbonate rock. Large vari-
ations in dissolution result in regional variations in
transmissivity of more than three orders of magnitude
(less than 1,000 ft?/d to greater than 1,000,000 ft%/d).
The development of solution openings is most directly
related to the degree of confinement of the Floridan.
Where the Upper Floridan aquifer is unconfined or
thinly confined, cavities caused by dissolution are
most abundant and transmissivity is greatest. Where
the Floridan is thickly confined, there has been less
dissolution and transmissivity is lowest. In southwest
Georgia, where the Upper Floridan aquifer is covered
by thin residuum that is locally breached, transmissiv-
ities are high. In contrast, the Upper Floridan aquifer
inthe Florida Panhandle is confined by thick Miocene
clays and transmissivities are low. Also contributing
to the low transmissivity of the Upper Floridan aqui-
fer in the Florida Panhandle are thick sections of low-
permeability micritic limestone.

A major assumption of the hydrologic analyses dur-
ing this study is that regional flow in the Floridan can
be analyzed by applying methods developed for porous
media. This assumption is valid if a certain aquifer
volume can be found such that within that aquifer
volume there are a sufficient number of solution open-
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ings whose properties can be represented by average
values. Bear (1972) defined the concept of the repre-
sentative elemental volume (REV) to describe the
smallest volume of rock that can be assigned a single
value of any property. The dimensions of the REV
have not been defined in the study area; however,
aquifer-test data suggest that its dimensions are on the
order of thousands of feet in southwest Georgia, and
less in panhandle Florida. (See further discussion of
the REV concept and aquifer-test analysis of the Nilo
site in southwest Georgia in Professional Paper
1403-A; Johnston and Bush, in press.)

Plate 6 shows the estimated distribution of trans-
missivity and control points for the Upper Floridan
aquifer. The control points are transmissivity values
from aquifer tests or estimates from specific-capacity
data. (See Barr and others, 1981, and Hayes and oth-
ers, 1983, for a listing and expanded discussion of
these tests.) The transmissivity data have been extrap-
olated to cover the entire study area. The distribution
of transmissivity shown on plate 6 is based on aquifer
tests where available, and on aquifer thickness and
simulation results where tests were unavailable. Wide
variations in hydraulic conductivity occur in the
Upper Floridan aquifer owing to size and distribution
of secondary solution openings.

Computed field values of transmissivity of the Upper
Floridan aquifer range from 200 to 370,000 ft*/d,
whereas effective regional values based partly on sim-
ulation range from 250 to 600,000 ft*/d (pl. 6). Trans-
missivity is lowest in panhandle Florida, just intand
from the saltwater/freshwater boundary, where the
Upper Floridan aquifer is thickly confined. There the
flow system is stagnant and very little solutioning has
occurred. Transmissivity is very high adjacent to
major streams, such as the Apalachicola and Chipola
Rivers in Florida and the Chattahoochee and Flint
Rivers and Spring Creek in Georgia, where the Flori-
dan is thinly confined and breached by the rivers and
sinkholes. There, water flowing between the streams
and the ground-water system has accelerated the
development of solution channels. Transmissivity is
highest in a belt extending from Decatur County, Ga.,
to Washington County, Fla. (pl. 6), as a result of a
highly interactive surface-water and ground-water
flow in the area.

The relation between transmissivity based on simu-
lation and transmissivity derived from aquifer testsor
estimated from specific-capacity data is shown in fig-
ure 10. In southwest Georgia, transmissivity values
from both aquifer tests and specific-capacity data
scatter considerably about the line of equality (data
points would plot on the line of equality if simulated
transmissivity were equal to transmissivity deter-
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mined from aquifer tests or estimated from specific-
capacity data). Scatter is less for the comparison of
simulated transmissivity and aquifer-test transmis-
sivity (average difference, -11,000 ft*/d; standard devia-
tion of difference, 52,000 ft*/d) than for the compari-
son of simulated transmissivity and transmissivity
estimated from specific capacities (average differ-
ence, +38,000 ft?/d; standard deviation of difference,
119,000 ft?/d). Some scatter is expected because a
simulated value represents an average transmissivity
over 1 mi? in the model simulation (to be discussed
later), whereas transmissivity determined from aqui-
fer tests or estimated from specific-capacity data is a
point value which represents the aquifer property in
the area between the pumping well and observation
wells for aquifer tests, or the area near the well bore
for specific-capacity data estimation. Therefore, the
difference between the data determined by the differ-
ent methods is expected and reasonable.

In southern Okaloosa and Walton Counties, Fla.,
transmissivities derived from aquifer tests and
specific-capacity data plot reasonably close to the line
of equality (fig. 10). Transmissivities derived from
aquifer tests and those derived by simulation have a
mean difference of +500 ft?/d and a standard deviation
of difference of 1,800 ft*/d. In comparison, transmis-
sivities derived from specific-capacity data and those
derived by simulation have a mean difference of
+2,000 ft¥/d and a standard deviation of difference of
5,000 ft?/d. In this area, aquifer transmissivity does
not vary abruptly.

Storage coefficients in southwest Georgia range
from 3x10-2 to 2x10-4 but generally range from about
1x10-3 to 1x10-4. Storage coefficients in southern Oka-
loosa and Walton Counties, Fla., range from about
6x10-4 to 2x10-5. In theory, the storage coefficient in
confined aquifers is directly proportional to aquifer
thickness. However, in the Floridan aquifer system,
storage coefficients bear no discernible relation to
aquifer thickness on a regional basis. The values at the
high end of the range, 1x102 to 1x10-3, reflect the
semiconfined nature of the aquifer as characterized by
the southwest Georgia part of the study area. The high
values indicate that some of the water from storage
comes from dewatering of the aquifer rather than
totally from compression of the aquifer skeleton and
expansion of water. In southwest Georgia the lime-
stone itself is not dewatered. However, the limestone,
together with the sandy residuum overlying it, behaves
as a single aquifer whose upper part is much less
permeable than its lower part. Thus, dewatering
occurs in the uppermost sands, that is, in the resid-
uum. Because of limited storage-coefficient data, no
attempt has been made to regionalize storage coeffi-
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cients. Refer to Hayes and others (1983) for a discus-
sion, listing, and location of storage-coefficient data
for southwest Georgia; refer to Barr and others (1985)
for a discussion, listing, and location of storage-
coefficient data for southern Okaloosa and Walton
Counties, Fla.

WATER QUALITY

The chemistry of the water in the Floridan aquifer
system is described by Sprinkle (1982a, 1982b, 1982c¢)
and is summarized briefly below. Water samples from
wells open to the Upper Floridan aquifer have been
collected and analyzed for concentrations of major
inorganic constituents, herbicides, insecticides, and
fungicides commonly used for agricultural purposes,
and for the trace elements, arsenic, lead, mercury,
copper, and zinc in southwest Georgia (Pollard and
others, 1978; Radtke and others, 1980; Mitchell, 1981;
Hayes and others, 1983) and in the northwest Florida
Panhandle (Trapp and others, 1977; Wagner and oth-
ers, 1980; Barr and others, 1985). These data indicate
that water from the Upper Floridan aquifer generally
meets U.S. Environmental Protection Agency (1976)
recommended standards for drinking water.

In the study area, the pH of water from the Upper
Floridan aquifer is commonly about 7.5. Dissolved-
solids concentrations generally range from about 100
to 500 mg/L, and commonly range from about 150 to
250 mg/L. Hardness (as CaCO;) ranges generally from
about 90 to 175 mg/L but is commonly about 100 mg/L.
Calcium, sodium, bicarbonate, and chloride are the
major dissolved constitutents, with respective concen-
trations of generally about 35 to 40, 2 to 5, 120 to
250, and 2 to 10 mg/L. Regional maps showing areal
distributions of these constituents are presented by
Sprinkle (1982a, 1982b, 1982¢). Concentrations of
most other constituents are less than 10 mg/L. As will
be discussed later, exceptions to these generalizations
occur along coastal areas in southern Okaloosa and
Walton Counties, Fla.

PESTICIDES—SOUTHWEST GEORGIA

Rapid growth in agricultural use of large-acreage
irrigation systems in southwest Georgia has resulted
in large increases in the use of fertilizers and pesti-
cides; some of these pesticides are highly toxic to
humans, are long-lasting, and tend to accumulate in
the hydrogeologic system. Water samples from 16
wells in the residuum and 16 wells in the Upper Flori-
dan aquifer were analyzed for pesticides. Pesticides
were detected in water from 10 wells in the residuum
and 4 wells in the Upper Floridan aquifer. The loca-
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tion of these wells and pesticide concentrations are
shown in figure 11. Water from two of the four wells
tapping the Floridan contained pesticide concentra-
tions only slightly above detection limits, but water
from the other two wells contained concentrations
considerably above detection limits. None of the water
samples, however, contained concentrations of ana-
lyzed pesticides exceeding the recommended limits
for drinking water (U.S. Environmental Protection
Agency, 1976; National Academy of Sciences, 1977).
The occurrence of pesticides in the residuum wells
may be a precursor of water-quality degradation in
the Upper Floridan aquifer.

The presence or absence of pesticides in water from
wells in the Upper Floridan aquifer, as reported
herein, is valid only for the time that the samples were
taken. Concentrations of pesticides could be greater or
less in samples from these same wells at other times.
Aswill be discussed later, the aquifer is characterized
by a complex flow system. Consequently, rates of pes-
ticide movement through the aquifer may vary
greatly. The areal extent, severity, and long-term
effects of pesticides on quality of water from the
Upper Floridan aquifer cannot be determined from
the limited available data. Consequently, further stud-
ies are desirable. :

SALINE WATER—COASTAL FLORIDA

The recommended limit for chloride in public
drinking water supplies is 250 mg/L (U.S. Environ-
mental Protection Agency, 1976). Water containing
more than 400 mg/L of chloride tastes salty to most
individuals, and water containing more than 1,500
mg/L is generally considered unfit for human con-
sumption. Water from wells open to the Upper Flori-
dan aquifer generally contains about 25 to 75 mg/L of
chloride, but water from some wells in coastal Walton
and Okaloosa Counties contains more than 500 mg/L
(pl. 7). The sources of high chloride concentrations in
these wells may be (1) connate saline water trapped in
the aquifer at the time of its deposition, (2) relatively
modern ocean water from the Gulf of Mexico or Choc-
tawhatchee Bay moving downward into the aquifer
through the overlying Pensacola confining unit, where
its confinement is less effective, (3) saline water pres-
ent in underlying formations and moving upward into
the aquifer, (4) saline gulf water moving laterally
from seaward, where the aquifer may crop out in the
gulf, or (5) combinations of sources 2, 3, and 4.

Dataon plate 7 indicate that chloride concentrations
in water from the Upper Floridan aquifer in southern
Okaloosa and Walton Counties, Fla., have remained
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FIGURE 11.—Locations of wells in which water was analyzed for pesticides in the residuum and the Upper Floridan aquifer, southwest
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about the same over the period of record and that
saline-water contamination is not a widespread or
serious problem. Nevertheless, as water levels decline
in response to pumping, the potential exists for saline-
water contamination of the Upper Floridan aquifer.
According to Trapp and others (1977), in southern
Okaloosa County upward movement of saline water
from the Lower Floridan aquifer into the Upper %:,lori-
dan aquifer has been largely prevented by the inter-
vening low-permeability Bucatunna Formation. How-
ever, the Bucatunna Formation thins out a few miles
eastward of the Okaloosa County-Walton Countly line
(fig. 9; pls. 2, 7). If the cone of depression currently
centered in the Fort Walton Beach area (to be dis-
cussed later) continues to expand into Walton Cdunty,
upward movement of saline water may occur.

The saline water in the Lower Floridan aquifer, or
in the lower part of the Upper Floridan aquifer in
southern Okaloosa and Walton Counties, Fla., is
believed to be seawater. As freshwater flows through
the aquifer, it floats over the more saline water
because of its lower density, forming an inverted
wedge with freshwater in the upper part of the aquifer
and more saline water at the bottom. This is illustrated
by comparing water-quality data from four test/wells
(test wells 1-4, table 3) drilled in southern Okaloosa
and Walton Counties, Fla. Mixing between thé two
waters takes place in a zone of diffusion.

The composite samples taken from the wells open to
the Lower Floridan aquifer or to the lower part of the
Upper Floridan aquifer system in the study| area
exceeded the U.S. Environmental Protection Agency
(1976) concentration limits for chlorides and dissolved
solids. Water samples taken during drilling at differ-
ent depths had chloride concentrations ranging|from
8.7 to 3,100 mg/L and dissolved-solids concentrations
ranging from 179 to 5,830 mg/L. The only other con-
stituent that exceeds drinking water standands is
fluoride. At test wells 2 and 4 (pl. 7), fluoride concen-
trations of 3.1 and 2.3 mg/L, respectively, were
observed. On the basis of the chloride map (pl. 7) and
table 3, as well as geochemical maps presentéd by
Sprinkle (1982a, 1982b, 1982¢), it seems that thequal-
ity of water deteriorates with increasing depth and
areally to the south.

|

GROUND-WATER FLOW |

|

PREDEVELOPMENT FLOW SYSTEM |

There are two contrasting types of flow systems for
the Floridan aquifer system in the study area. In
southwest Georgia and ddjacent parts of Florida and
Alabama, the aquifer is recharged by water moving
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vertically downward through the residuum, with the
lower, less permeable half of the residuum actingasa
leaky confining layer. The aquifer discharges water to
nearby streams that are hydraulically connected to
the aquifer, resulting in many local flow systems.

In contrast, the Floridan aquifer system in Walton
County and westward in northwest Florida is confined
from above by the thick Pensacola confining unit,
resulting in a regional flow system rather than many
local flow systems. In this area, part of the aquifer is
recharged from above by water moving vertically
downward through the Pensacola confining unit.
Except for Choctawhatchee Bay, there are no surface-
water bodies that have direct hydraulic connection to
the aquifer. Hence, part of the aquifer discharges
upward as diffuse leakage through the Pensacola con-
fining unit into the overlying sand-and-gravel aquifer
or into overlying streams, the bay, or the ocean where
head differential is in an upward direction.

The rates of vertical leakage through the thin, leaky
residuum are several orders of magnitude greater
than the rates through the thick Pensacola confining
unit. Consequently, as previously stated, recharge to
the Floridan aquifer system is considerably greater
where the Pensacola confining unit is absent. The
lower confining unit underlying the Floridan aquifer
system is assumed to be impermeable, which allows
insignificant vertical flow upward or downward.

Water in the Floridan aquifer system within the
study area originates almost entirely as precipitation
and leaves as discharge to streams or springs, or as
upward diffuse leakage to overlying sediments. The
flow system within the study area is bounded on the
east by a ground-water divide, on the south and west
by a saltwater-freshwater interface that has been
defined as the seaward lateral extent of the freshwater
flow system (Bush, 1982), and on the north by the
updip limit of the aquifer. As mapped by Miller (1986,
p. B48), the updip limit is defined as that point where
the “***clastic rocks interbedded with the limestone
make up more than 50 percent of the rock column***,”

The following discussion of recharge and discharge
in the Floridan aquifer system is based largely on
model simulations (to be discussed later) of the steady-
state predevelopment flow system. The steady-state
model has, in part, been tested using transient simula-
tions of present-day (1978 and 1980) flow conditions in
southern Okaloosa and Walton Counties, Fla., and in
southwest Georgia. Within these areas, interpreta-
tions are considered reasonably acceptable; outside
these areas, however, interpretations are considered
preliminary estimates.

In areas where the altitude of the water table is
higher than the altitude of the potentiometric surface
of the Florida aquifer system, water moves downward
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TABLE 3.—Major chemical constituents and characteristics of water from the Floridan aquifer system, southern Okaloosa and Walton

Counties, Florida
[Units are milligrams per liter, except where noted. ug/L, micrograms per liter;umhlo/cr?, m%cromho per centimeter at 25°C; NTU, nephlometric turbidity units. See pl. 7 for well
iocations
c%%ﬁtcigfi's‘gc Depth below land surface, in Test well 1! Test well 2! Test well 3 Test well 4°
feet 940-1,015 940-1,380 1,020-1,060 1,020-1,200 201-900 220-420 220-820
Akalinity as CaCO,, total 130 — 264 322 120 110 190
Arsenic, dissolved, ug/L .001 0.003 .002 .001 - — -
Bicarbonate 158 158 322 392 146 130 230
Boron, dissolved, pug/L 030 570 1.100 2.100 — — -
Calcium, dissolved 21 26 25 25 22 36 79
Carbon, dissolved, total 3.0 — 6.1 1.0 — — —_
Carbon dioxide 2.0 — 52 16 — — -
Carbonate 0 0 0 0 — 0 0
Chloride, dissolved 8.7 410 810 1,600 28 400 3,100
Color, platinum-cobalt units 2 5 10 5 — 2 0
Dissolved solids, calculated sum ... 167 816 1,760 3,000 200 834 5,360
Dissolved solids, residue at 180°C ... 179 925 1,070 3,160 196 861 5,830
Fluoride, dissolved 2 8 2.1 3.1 2 6 23
Hardness, as CaCO (Ca+Mg) oo 120 0 120 170 110 190 500
Hardness, noncarbonate as CaCOy ..o 0 150 0 0 0 84 320
Iron, dissolved .010 130 0 .280 0 — —
Iron, suspended .830 .580 1.9 110 .130 — -
Iron, total .840 710 1.9 .390 130 — -
Magnesium, dissolved 15 18 13 24 13 22 69
Nitrate, NOas N 01 — .00 .00 - - —
Nitrite, NO as N .00 — .00 .00 — — —
Nitrogen, NH as N .06 — 1.3 20 - — —
Nitrogen, total organic as N .09 — .92 13 — — —
Nitrogen, total as N .16 — 2.2 3.3 —_ — -
pH 8.1 7.9 8.0 7.6 7.9 8.1 Y&i
Phosphorus, total ortho as P .01 —_ .01 .00 — — —
Phosphorus, totalas P ... .02 —_ .04 .02 — — —
Potassium, dissolved 3.0 10 16 24 3.0 7.7 36
Silica, dissolved 15 19 21 18 19 14 17
Sodium, dissolved 14 300 700 1,100 33 260 1,900
Specific conductance, pmho/em ..o 295 1.760 3.510 5,700 340 1.400 10,100
Strontium, dissolved 8.000 5.300 2.600 4.700 — 9.100 20.000
Sulfate, dissolved 4.0 26 4.7 0 9.2 21 19
Turbidity, NTU units 7.0 — 10 5.0 — — —
Water temperature, °C 275 28.5 275 29.5 — — -

lLower Floridan aquifer test well.
Test well open to lower part of the Upper Floridan aquifer where no effective
confining unit separates the Upper and Lower Floridan aquifers.

from the surficial sand-and-gravel aquifer, or the re-
siduum, into the Floridan aquifer system. Where the
relative positions of the water table and the potentio-
metric surfaces are reversed (the potentiometric sur-
face is higher than the water table), water leaves the
Floridan aquifer system through upward leakage.
Additionally, overlying streams that penetrate the
Floridan aquifer system may act as a source of
recharge or as an area of discharge, depending on

hydraulic head differences between the streams and
the Floridan aquifer system.

The predevelopment distribution of recharge to and
discharge from the Upper Floridan aquifer is shown
on plate 8. Values of recharge and discharge were
obtained by model simulations and water-budget stud-
ies. Downward leakage occurs in most inland areas;
upward leakage occurs along and seaward of the coas-
tal areas and along the flood plains of many streams.
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Most of the annual recharge to and discharge from the
Floridan aquifer system occurs in the thinly confined
areas in the eastern half of the study area (generally
east of Washington County, Fla.; pl. 8). In fact, this
area accounted for about 94 percent of the total mean
annual discharge of 1,175 billion gallons (based on
field data and model simulations), mostly as discharge
tosprings or streams. (Refer tosection “Ground-Water
Flow Models,” table 8, and pl. 24 for details of spring
or stream discharge.) Because under predevelopment
conditions a steady-state condition has been assumed,
mean annual recharge to the Floridan aquifer sy}stem
in the study area was equal to mean annual discharge.

The estimated predevelopment potentiometric sur-
face of the Upper Floridan aquifer is shown on plate 9
(modified from Johnston and others, 1980). The general
direction of regional ground-water flow is from north
to south (or from the updip limit of aquifer system to
coastal areas). In the eastern half of the study area, the
potentiometric contours are strongly influenced by
major streams that are hydraulically connected to the
underlying Floridan aquifer system. The closed con-
tour domes in Jackson and Calhoun Counties, Fla.,
represent local areas of exceptionally high recharge
(compare pls. 8 and 9). Areas of high recharge, how-
ever, arenot always indicated by closed contour domes
on the potentiometric surface. For example, in parts of
Baker and Dougherty Counties, southwest Georgia,
recharge is exceptionally high (greater than 15 in per
year), yet potentiometric contour lines in these areas
follow the regional trend. This is because the higher
transmissivities in these areas eliminate the need for
steep hydraulic gradients to move greater volumes of
ground water, and no recharge domes are developed.

The generalization that widely spaced potentio-
metric contour lines indicate areas of high transmis-
sivity may not always apply to the Floridan aquifer
system. Potentiometric contour lines are generally
more widely spaced in the western part of the study
area(pl.9), where transmissivities are generally lower
than in the eastern half (pl. 6). Contour spacing in the
western half of the study area simply represents an
area where ground-water flow is sluggish because of
limited recharge and discharge coupled with low
transmissivity.

PRESENT-DAY (1980) FLOW SYSTEM

The potentiometric surface of the Upper Floridan
aquifer in the study area in May 1980 (pl. 10) is from a
larger map showing the potentiometric surface of the
entire Upper Floridan aquifer based on more than
2,700 water-level measurements made in wells gener-
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ally open to the Upper Floridan aquifer (Johnston and
others, 1981). Plate 10 represents the “average head”
in the Upper Floridan aquifer. Refer to Hayes and
others (1983) and Barr and others (1985), respectively,
for more detailed maps showing recent potentiometric
surfaces of the Floridan aquifer system in southwest
Georgia and northwest Florida. Except for a cone of
depression centered around the Fort Walton Beach,
Fla., area (pl. 10) there seems to be little difference
between the estimated predevelopment and the May
1980 potentiometric surfaces of the Upper Floridan
aquifer in the study area.

Plate 11 shows the changes in the Upper Floridan
aquifer’s potentiometric surface from predevelop-
ment time (estimated) (pl. 9) to May 1980 (pl. 10).
Water levels measured in May 1980 in parts of Santa
Rosa County, most of Okaloosa County, and the south-
western part of Walton County, Fla., are more than 20
ft below the estimated predevelopment level. Near the
center of the cone of depression in the area of Fort
Walton Beach, Fla., water levels have declined more
than 140 ft. These declines have resulted from long-
term pumpage which reached 15.5 Mgal/d in March
1978 in an area where aquifer transmissivity is low
(250 to 15,000 ft*/d) and the aquifer is overlain by a °
thick confining zone (Pensacola confining unit), thus
limiting potential for induced vertical leakage.

Comparison of plates 9 and 10 suggests that May
1980 water levels in southeastern Jackson County,
Fla., are 10 to 20 ft higher than estimated predevel-
opment levels. This apparent area of potentiometric
buildup from predevelopment time to May 1980 may
be attributable to several things: (1) the precipitation
in April 1980 was unusually high, (2) the May 1980

potentiometric “high” as drawn may be in error

because the “high” is based on only one data point, (3)
estimates of the predevelopment potentiometric sur-
face may be in error, or (4) a combination of some or all
of the above. Because the validity and the possible
cause of this head buildup is uncertain, it is not shown
on plate 11.

With the exception of the two areas of water-level
decline and head buildup described above, the esti-
mated predevelopment and the May 1980 water levels
aresimilar, even in southwest Georgia, where ground-
water withdrawals for irrigation purposes were about
76 billion gallons in 1980. In southwest Georgia, the
aquifer has high transmissivity (generally greater
than 50,000 ft?/d), is semiconfined by about 50 ft of
sandy residuum (vertical hydraulic conductivity of
about 0.02 ft/d), and is hydraulically connected to
streams and lakes. These characteristics, along with
the seasonal nature of pumping and mean annual
recharge of about 10 in/yr (Hayes and others, 1983),
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have prevented permanent, long-term water-level
declines.

SOUTHERN OKALOOSA AND
WALTON COUNTIES, FLORIDA

Development of ground water from the Floridan
aquifer system in southern Okaloosa and Walton
Counties, Fla., prior to 1930 was mainly for domestic
purposes. One of the earlier public-supply wells was
reported to have been completed in 1920 at the
Miramar Apartments in Fort Walton Beach to a depth
of 692 ft. This was a flowing well; the artesian head at
the time of well completion was reported by local resi-
dents to be 40 ft above land surface. During the period
1930 to 1940, a few additional public-supply wells
weredrilled into the Floridan aquifer system in south-
ern Okaloosa County, and all of them were flowing
wells. From 1940 to 1950, large-scale development of
the Floridan aquifer system took place as new public-
supply systems were constructed in the Fort Walton
Beach metropolitan area and on Eglin Air Force Base.
Later, development spread northward but remained
relatively close to the coast, where the water demand
was greatest.

The predeveloment potentiometric surface (pl. 9)
shows a southeasterly slope of about 2.5 ft/mi in south-
ern Okaloosa County, Fla., with natural discharge
occurring to the Gulf of Mexico and possibly to Choc-
tawhatchee Bay. Heads were 20 to 120 ft above sea
level and commonly above land surface. Trapp and
others (1977, p. 49-53) show that water levels declined
more than 90 ft at Fort Walton Beach between 1942
and 1968 as a result of pumping. By 1980 the greatest
point of decline (more than 240 ft) occurred south of
Fort Walton Beach, along the coast. Declines in the
Fort Walton Beach area are generally more than 100
ft, and declines in Walton County range from about 20
to 50 ft (pl. 11). Figure 12, which shows hydrographs of
wells about 1.5 mi northeast and about 13 mi north of
the center of pumping, illustrates the long-term
declines of water levels in southern Okaloosa County.
Note that water levels are still declining but that the
rate of decline away from the center of pumping has
lessened in recent years.

Plate 12 shows the potentiometric surface of the
Upper Floridan aquifer in March 1978, with the dis-
tribution of simulated recharge and discharge for
southern Okaloosa and Walton Counties. Pumpage in
this area was 385 million gallons for March 1978, and
water levels at the center of the cone of depression
were 100 to 130 ft below sea level. The potentiometric
surface in July 1978, when about 521 million gallons
were withdrawn, shows that water levels had declined
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20 to 30 ft below March levels at the center of the cone
of depression (Wagner and others, 1980).

The direction of ground-water flow in southern
Okaloosa and Walton Counties varies greatly from
predevelopment time to March 1978 (compare pls. 9
and 12). The March 1978 potentiometric surface shows
ground water flowing from the northeast, north, and
northwest toward the centers of pumping near Val-
paraiso, Niceville, and Fort Walton Beach (pl. 12).
During the predevelopment period, however, ground
water was generally flowing coastward (pl. 9).

The distribution of recharge-discharge and water
levels in the Upper Floridan aquifer in southern Oka-
loosa and Walton Counties was considerably different
in March 1978 than in predevelopment time (compare
pls. 8 and 12). During the predevelopment period,
southern Okaloosa and Walton Counties were primar-
ily areas of discharge from the Floridan aquifer sys-
tem to the overlying sand-and-gravel aquifer, Choc-
tawhatchee Bay, and the Gulf of Mexico. By 1978,
however, pumping had lowered heads in the Upper
Floridan aquifer below the heads in the sand-and-
gravel aquifer and below sea level throughout much of
the area. As a result, recharge to the Upper Floridan
aquifer now occurs where discharge occurred in
predevelopment time (compare pls. 8 and 12). Note
that the area of ground-water discharge has been
reduced to a small coastal section of Walton County.

The source of recharge to the Upper Floridan aqui-
fer after development is primarily leakage from the
overlying sand-and-gravel aquifer. Where the aquifer
is confined by thick Pensacola Clay, it is possible that a
minor fraction of recharge could be supplied by con-
solidation of the clay associated with reduction in
heads.

Table 4 summarizes changes in distribution of
recharge-discharge from predevelopment time to
March 1978 in the Floridan aquifer system in the
study area. According to simulation results, from
predevelopment (January 1941) to March 1978, about
8.6 billion gallons (1.1 billion ft*) of water were
removed from storage with pumpage of about 147
billion gallons (19.7 billion ft?). Consequently, contri-
bution from storage accounted for only about 5.9 per-
cent of the total pumpage. This compares well with
estimates obtained from an analytical water-budget
analysis by Trapp and others (1977), who stated that
from 1942 to 1968 about 6 percent of the total water
pumped was from aquifer storage. As can be seen in
table 4, about 85 percent of water contributed from
aquifer storage occurred prior to 1970. The contribu-
tion to pumpage from other than aquifer stor-
age occurred from decreases of vertical leakage and
lateral flow. Lateral inflow includes all water entering



HYDROLOGY AND GROUND-WATER DEVELOPMENT, FLORIDAN AQUIFER SYSTEM, GA., FLA,, ALA.

10

H29

T T T 17T T 1

o
20 = \re\COrd

30

4OT
50 -

Decline of 71 feet, 1948-1980

701

90

100

10

WATER LEVEL BELOW LAND SURFACE, IN FEET

120 |-

130 |-

140 |-

150 -

160

Well 104, 1.5 miles northeast of center of ]
pumping at Fort Walton Beach

Well 347, 13 miles north of center of
pumping at Fort Walton Beach

Decline of 55 feet, 1948-1980 -

1 1 1 1 1 1 ¢+ ¢+ o1 vy b 1 411
48 49 50 51 52 53 54 55 56 57 58 59 60 61 62 63 64 65 66 67 68 69 70 71 72 73 74 75 76 77 78 79 80

WATER YEAR

FIGURE 12.—Water-level hydrographs for water years 1948 to 1980 in the Upper Floridan aquifer, southern Okaloosa County, Florida.
(See pl. 12 for location of wells.)

the aquifer and moving downgradient from the north
into the study area and is a major contribution to the
Floridan aquifer system study area. Lateral outflow
from the study area is smaller now because of
pumping.

Much of the recharge to the aquifer under present-
day (March 1978) conditions is the vertical leakage
from Choctawhatchee Bay through the Pensacola con-
fining unit, which has been reduced in thickness by

erosion. As discussed earlier, this poses a threat of
saltwater contamination to the Upper Floridan
aquifer.

SOUTHWEST GEORGIA

The 1980 potentiometric surface of the Upper
Floridan aquifer in southwest Georgia (pl. 10) illus-
trates the major features of the flow system in the area.
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TABLE 4.—Stmulated water budget of the Upper Floridan aquifer, southern Okaloosa and Walton Counties, Florida

[Cubic feet per second]
Source terms’ Sink terms’
Water
removed Lateral Vertical Total Lateral Pumpage Vertical Total
from storage inflow leakage outflow leakage
January 1941 to December 1947* .
3.9 11.2 10.6 25.7 9.8 6.3 9.7 25.8
January 1948 to December 1970°
04 14.4 13.8 28.6 5.1 18.0 5.6 28.6
December 1970 to March 1978
0.6 16.3 16.3 33.2 4 24.0 5.0 33.2

;Source terms and sink terms are mean values for the indicated period.
Simulation period is 2,155 days.

Regionally, ground water within the aquifer flows
from the northern part of the study area southward
toward Lake Seminole. The shape of the potentio-
metric contours indicates, however, that major streams
are principal areas of ground-water discharge. Base-
runoff analyses and simulation results indicate that
about 90 percent of the annual ground-water dis-
charge occurs as discharge to streams and springs.

Except for irrigation use, very little development of
ground water from the Upper Floridan aquifer has
taken place in southwest Georgia. During years of
average rainfall (for example, 1979), pumpage was a
relatively small amount (5 to 10 percent) compared
with recharge and natural discharge. Over the long
term there has been little withdrawal from ground-
water storage—as indicated by long-term hydro-
graphs. However, seasonal head declines are signifi-
cant owing to heavy pumpage for irrigation. The
amount of the pumped water is largely balanced by
reductions in ground-water discharge to streams (due
to temporary reductions in head in the Upper Flori-
dan aquifer). Ground water lost from storage during
the summer pumping period is replaced during the
winter recharge period.

In southwest Georgia, water level was measured in
about 250 wells four times between November 1979
and April 1981. Maps showing the potentiometrie sur-
face of the Floridan aquifer system during the periods
November 1-5,1979 (Mitchell, 1981, pl. 2), May 12-16,
1980 (Hayes and others, 1983, fig. 25), November 3-7,
1980 (Watson, 1981, p. 2), and March 30-April 3, 1981
(unpublished), were constructed from these measure-
ments. The May 1980 potentiometric surface of the
aquifer reflects high water levels following late-
winter through early-spring recharge. Water levels
are generally about 10 ft lower in November than in

*Simulation period is 8,395 days.
“Simulation period is 2,645 days.

May because of seasonal summer declines. March,
April, and May water levels usually are about the
same. However, because of a drought beginning in
June 1980 and lasting through the summer of 1981,
March 30-April 3, 1981, water levels were generally
10 to 20 ft lower than May 1980 levels (Hayes and
others, 1983, fig. 27). The small amount of rainfall
between June 1980 and April 1981 was not enough to
recharge the aquifer to its normal seasonal high, and
water levels remained at about the November 1980
seasonal low.

Seasonal water levels in wells in areas of high
transmissivity (about 75,000 ft?/d) normally fluctuate
about 5 ft, whereas water levels in wells in areas of
moderate transmissivity (about 15,000 ft?/d) normally
fluctuate about 10 ft (Hayes and others, 1988, fig. 28).

In southwest Georgia, base-flow analyses and
simulation results (Hayes and others, 1983) indicate
that present-day (1979-80) mean annual recharge to
the Floridan aquifer system is about 2,200 Mgal/d
(8,400 ft¥/s), whereas late-summer recharge is 1,400
Mgal/d (2,200 ft*/s). Recharge to the aquifer varies
considerably with location, however, because of the
highly variable leakance of the residuum. For exam-
ple, simulation results indicate that recharge varies
from about 0.1 to 2 (Mgal/d)/mi®.

Hydrograph separation techniques (discussed pre-
viously) indicate that annual mean ground-water dis-
charge to streams from the residuum (which is very
small) and the Floridan aquifer system in southwest
Georgia is about 2,600 Mgal/d (4,000 ft%/s) and that
late-summer mean discharge is about 1,500 Mgal/d
(2,300 ft*/s). Annual mean ground-water discharge,
which is about 950 billion gallons, is thus more than 10
times the 1980 pumpage of 82 billion gallons (76 billion
gallons for irrigation and 6 billion gallons for all other
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uses). As with recharge, discharge varies considerably
with both areal location in southwest Georgia and time
of year. (See section on “Base Flow.”)

WATER USE

The Floridan aquifer system is the major source of
water for all uses throughout the study area except
some coastal areas of northwest panhandle Florida,
where the system contains saline water. Total with-
drawalsin the study area were about 90 billion gallons
in 1980. Ground water is used primarily for irrigation,
public supply, and industrial uses. Withdrawals for
each type of use were inventoried for 1980 in north-
west Florida by J.D. Hunn of the U.S. Geological Sur-
vey, and he prepared much of the following discussion.
Water-use data for southwest Georgia were prepared
by Hayes and others (1983) and by Pierce and others
(1983).

NORTHWEST FLORIDA

In the northwest Florida part of the study area, the
Floridan aquifer system is the principal source of
water for all uses except in Santa Rosa and Escambia
Counties. In Santa Rosa County, only 1 percent of the
water used for public supply in 1980 came from the
Floridan aquifer system. Almost all water in Santa
Rosa and Escambia Counties is obtained from the
sand-and-gravel aquifer that overlies the upper con-
fining unit of the Floridan aquifer system. Okaloosa
and Walton Counties use small amounts of water from
the sand-and-gravel aquifer for irrigation and domes-
tic supplies (Hayes and Barr, 1983).

The principal centers of pumping where withdrawal
from the Upper Floridan aquifer isequal to or greater
than 20,000 gal/d are shown on plate 13. The average
rate of withdrawal for each pumping center in 1967,
1975, and 1980 is shown in table 5. The largest cate-
gory of water use in 1980 was 21.5 Mgal/d for public
supply. Industrial and irrigation usesin 1980 were 8.7
and 7.6 Mgal/d, respectively. Projections based on
continuation of present trends indicate that water use
from the Upper Floridan aquifer by the year 2000 may
be about 50 Mgal/d, an increase of about 25 percent.

SOUTHERN OKALOOSA AND
WALTON COUNTIES, FLORIDA

The daily average pumpage for municipal and
military water systems in southern Okaloosa County
increased from about 1.5 Mgal/d in 1940 to about 11.8
Mgal/d in 1968 (Trapp and others, 1977). By 1978,
average water use had increased to 15.56 Mgal/d,
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TABLE 5.—Principal centers of pumping from the Upper Floridan
agquifer, northwest Florida
[J.D. Hunn, U.S. Geological Survey, written commun., 1983]

Withdrawal,
Identification in million
No., Type of use gallons per day
plate 13 1967 1975 1980
1o Public supply ... 0.31 0.34 0.42
2 Industrial ... 2 .30 .30
8. Publicsupply ... .38 .46 .40
4o Industrial ... .50 .50 .89
5 e Publie supply, ... 42 .46 40
Industrial.
6 Irrigation ... .. 11 1.02 1.33
Public supply, ... 31 .55 51
Industrial.
8 Irrigation ... .03 .23 .39
R do. .02 .15 .26
10 Public supply, ........ 1.72 1.21 1.57
Industrial.
11 Irrigation ... .09 .65 1.10
12 do. 14 1.05 1.77
18 do. 14 .99 1.68
14 do. e .03 23 .39
15 e o[V N .02 12 21
16 o Public supply ... .32 .35 44
17 do. .32 37 .61
18 do. .20 .15 .58
19 do. 381 .50 .88
20 Publie supply, ........ 291 1.04 97
Industrial.
21 Industrial ... 2.80 21 .35
22 Pubtlie supply ... .51 1.25 211
23 Public supply, ........ 1.75 1.21 1.75
Industrial.
24 Irrigation ... 27 45 .49
25 Industrial ... .26 .26 .26
26 . Public supply ... 0 0 .29
do. 1.34 1.37 1.12
Publie supply, ... 4.92 6.58 5.43
Industrial.
29 Public supply ....... .16 94 1.41
30 do. 1.00 1.96 3.76
R ) do. 2.56 2.92 3.14
32 Public supply, ........ 1.04 1.55 1.75
Industrial.
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representing an increase of 31 percent over the 10-
year period from 1968 to 1978 (Wagner and others,
1980). Average daily water use in southern Okaloosa
County can be expected to increase significantly and
may exceed 20 Mgal/d by the year 2000 (Barr and
others, 1981).

In southern Okaloosa County, about 95 percent of
the ground-water withdrawals are made by nine pub-
lic water systems: Fort Walton Beach, Okaloosa
County, Eglin Air Force Base, Valparaiso, Niceville,
Mary Esther, Seashore Village, Hurlburt Field, and
the unincorporated area of Destin. Pumpage figures
for these nine systems are given in table 6. Withdraw-
als vary seasonally and are generally highest in May,
June, and July (the peak of the tourist season) and
lowest in December, January, and February.

Okaloosa County presently operates 11 wells, 5 on
Santa Rosa Island and 6 inland. All wells operated by
the county withdraw water from the Upper Floridan
aquifer and are the primary source of water for public
supply for Santa Rosa Island and the communities of
Wright, Ocean City, Shalimar, Cinco Bayou, and
Longwood.

REGIONAL AQUIFER-SYSTEM ANALYSIS

The county-operated wells on Santa Rosa Island
have specific capacities of 1 to 3.5 (gal/min)/ft, the
lowest of any public-supply wells in the study area,
and yield about 300 to 400 gal/min. Owing to low
specific capacity, the pumping drawdown in these
wells would range from about 100 to 400 ft. The six
inland wells have specific capacities ranging from
35.3 to 143 (gal/min)/ft and yield from 400 to 1,000
gal/min.

The city of Fort Walton Beach operates nine wells
withdrawing water from the Upper Floridan aquifer,
six in the main part of the city and three at the munici-
pal golf course north of the city. Specific capacities of
these wells range from about 4.4 to 72 (gal/min)/ft.
Two wells in the southern part of the city have the
lowest specific capacities, and wells at the golf course
have the highest. Well yields range from about 600 to
900 gal/min.

The water supply for the main base and housing
area of Eglin Air Force Base is supplied by 16 wells
withdrawing water from the Upper Floridan aquifer.
Hurlburt Field, west of Fort Walton Beach, is sup-
plied by five wells open to the Upper Floridan aquifer.

TABLE 6.—Summary of annual water use from the Upper Floridan aquifer, southern Okaloosa County, Florida

{Pumpage in millions of gallons]

Location 1964 1965 1966 1967 1968 1969 1970 1971
Destin — — — — _ _ — —
Fort Walton Beach ... 777.2 854.8 880.3 965.9 1,200.0 1,010.1 1,012.0 1,079.2
Eglin Air Force Base .. 1,319.8 1,246.4 1,375.2 1,610.3 1,660.2 1,324.4 1,354.3 1,441.5
Hurlburt Field .. ... ... 247.0 2317.6 259.5 237.1 265.0 252.7 269.2 268.0
Mary Esther ... — — 116.3 124.6 140.0 131.3 143.1 127.7
Niceville .. . — — — — — — — —
Okaloosa County .. ... — — — — — — — —
Seashore Village ... — — — — — — 114 —
Valparaiso ... e — — — — — — — —
Total ..o 2,344.0 2,338.8 2,631.3 2,836.9 3,265.2 2,718.5 2,790.0 2,9164
Location 1972 1973 1974 1975 1976 1977 1978
Destin ... — — 342.7 319.2 383.5 437.9 499.4
Fort Walton Beach ... ... 1,125.7 1,086.6 1,126.8 1,063.9 1,115.8 1,169.2 1,176.9
Eglin Air Force Base ... 1,859.1 1,761.1 1,652.8 1,701.5 1,637.4 1,442.3 1,205.2
Hurlburt Field ... 267.5 227.1 — — — 369.7 292.0
Mary Esther ... 133.0 109.3 122.6 139.7 163.0 187.7 181.9
Niceville ... — 4434 331.3 302.7 389.2 4194 492.0
Okaloosa County ... — 609.3 761.7 716.9 1,141.3 1,296.5 1,359.1
Seashore Village ... .. — 45.6 94.3 160.5 — 107.6 92.9
Valparaiso 135.2 110.0 146.9 142.5 162.8 206.4 200.5
Total 3,520.5 4,392.4 4,579.1 4,546.9 4,892.8 5,636.7 5,499.7
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on estimated predevelopment (Johnston and others,
1980) and existing potentiometric-surface maps
(Johnston and others, 1981; Hayes and others, 1983) of
the Upper Floridan aquifer. To the south of the Pel-
ham Escarpment (but still on the eastern boundary of
the SRM), the model boundary coincides with the
surface-water divide and the coincident ground-water
divide (based on potentiometric-surface maps of the
Upper Floridan aquifer) between the Apalachicola
and Ochlockonee Rivers. The northern boundary of
the SRM coincides with the updip limit of the Upper
Floridan aquifer. Finally, the western and southern
boundaries of the model (which generally follow the
coastal area of northwest Florida) are at the assumed
intersection of the freshwater-saltwater interface and
the top of the Upper Floridan aquifer and, thus, are
assumed to be no-flow boundaries (Bush, 1982). There-
fore, all the model boundaries of the SRM are no-flow
boundaries.

The Dougherty Plain model (DPM) was constructed
using a 78-row by 105-column grid, as shown in figure
15. Each cell block of the grid occupies an area of 1 mi2
(1 miin length per block side) throughout the grid. The
following boundary conditions (fig. 15) were imposed
on the DPM:

1. Constant-head boundary—In the DPM, the model
boundaries coinciding with the Chattahoochee
River (western boundary) and Lake Seminole
(southern boundary) were assigned the water-
level altitude in the water bodies as the constant-
head values (pl. 14, fig. 15). These values ranged
from 75 ft above sea level near Lake Seminole to
144 ft above sea level at the intersection of the
Chattahoochee River and the northern bound-
ary of the DPM. Analysis of historical stage lev-
els for the Chattahoochee River coinciding with
the western boundary and with Lake Seminole
coineiding with the southern boundary indicate
that the surface-water system and the Upper
Floridan aquifer are in direct hydraulic connec-
tion, thus justifying a constant-head boundary.

2. No-flow boundary—The eastern boundary of the
DPM coincides with the Pelham Escarpment
(pl. 14, fig. 15), which is a physiographic and
approximate ground-water divide that repre-
sents a no-flow line. The northern boundary of
the DPM approximately coincides with part of
the northern boundary of the SRM and is the
updip limit of the Upper Floridan aquifer.
Therefore, no-flow boundaries were assigned to
the eastern and northern boundaries of the
DPM.

The Fort Walton Beach model (FWBM) was con-
structed using a 50-row by 50-column grid, as shown
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in figure 16. Each cell block of the FWBM occupies an

area of 1 mi2 (1 mi in length per block side). The

following boundary conditions (fig. 16) were imposed

on the model:

1. Constant-head boundary—Constant-head values
were imposed on the northern boundary (nodes
2.9 to 14,49 in fig. 16), the eastern boundary
(nodes 15,49 to 49,41), and the western boundary
(nodes 3,9 to 37,9). Head values along these
boundaries were derived from March 1978 meas-
ured and estimated water levels of the Upper
Floridan aquifer in southern Okaloosa and Wal-
ton Counties. Values ranged from 43 to 120 ft
above sea level on the northern boundary, from
14 to 112 ft above sea level on the eastern bound-
ary, and from 6 ft below to 42 ft above sea level
on the western boundary.

The reason for imposing the constant-head
values along the model boundaries is that well
data from about 1970 to March 1978 indicate
that heads remained about constant near the
boundary areas of the model. Admittedly, the
application of a constant-head boundary condi-
tion may be inaccurate for the period of prede-
velopment to about 1970; however, the FWBM
has been calibrated in a transient analysis
against the March 1978 water levels (to be dis-
cussed later). Therefore, it is hoped that the
apparent errors introduced in the early time
periods of the simulation by imposing the
constant-head boundaries (by assigning the head
values derived from the March 1978 measured
and estimated water levels) would be
insignificant.

Analysis of several water-level measurements
from wells open to the Upper Floridan aquifer
indicates the existence of approximate constant-
head conditions—evenin the interior of the modeled
area—from 1970 to March 1978. For example,

ewell 347 (reported by Wagner and others, 1980, p.
14) north of the headwaters of Turtle and Turkey
Creeks in southern Okaloosa County (pl. 12) has
maintained a water level of about 25 ft above
sea level since about 1973;

enear the eastern boundary at Freeport in Walton
County (pl. 12), well 270 (Wagner and others,
1980, p. 13) has maintained a water level of approxi-
mately 21 ft above sea level since 1974; and

ealong the coast and eastern boundary in Walton
County (pl. 12), well 10 (Wagner and others,
1980, p. 16) has maintained an approximately
constant water level of 16 ft above sea level
since 1968.
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2. No-flow boundary—The southern boundary of the
FWBM (pl. 14, fig. 16) is in the Gulf of Mexico at
the assumed intersection of the freshwater-
saltwater interface and the top of the Upper
Floridan aquifer (Bush, 1982). At this bound-
ary, ground-water movement is assumed to be
negligible and a no-flow boundary was assigned
along the southern boundary of the model.

These boundary conditions are reasonable on the
basis of the conceptual viewpoint and are supported by
the simulation results. They reflect current hydro-
geologic conditions. At the time of the study, there
were no known centers of major pumping near no-flow
boundaries.

DATA REQUIREMENTS

Input data needed for model simulations are aquifer
hydraulic properties and initial head conditions. For
steady-state and transient simulations, aquifer trans-
missivity (T), vertical hydraulic conductivity of con-
fining units (K%), thickness of confining units ('),
heads in the surficial aquifer above the upper confin-
ing unit, and stages of streams must be specified for
each active cell block. (An active cell block is one in
which transmissivity is greater than zero.) Initial
head values (starting heads) must also be specified for
each active cell block. Storage coefficients (S) or spe-
cific yield (Sy) values (for unconfined conditions) are
required for each active cell block during transient
simulations.

HYDRAULIC PROPERTIES

Hydraulic properties required for the SRM, DPM,
and FWBM included aquifer transmissivity, confin-
ing unit leakance values, and altitude of water table in
the overlying surficial aquifers. For simulating uncon-
fined conditions (which may occur in southwest Geor-
gia), data required were lateral hydraulic conductiv-
ity of the Upper Floridan aquifer, altitudes of the top
and base of the Upper Floridan aquifer, and the spe-
cific yield of the aquifer materials. Hydraulic proper-
ties presented in this section and used in the models
were derived by using regionalized field values (dis-
cussed in the section on Floridan aquifer system
“Hydraulic Properties”; also see pls. 3-6), which were
used as the initial input values. These values were
adjusted during model calibrations (to be discussed in
section on “Calibration Procedures”). These adjusted
values then became the final calibrated values repre-
senting the regional hydraulic properties of the Upper
Floridan aquifer. That is, where available, field data
were used asinitial input in deriving model-simulated
values. Where field data were unavailable, lithologic
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data or even estimates derived on the basis of knowl-
edge of the hydrogeology of the area were used to
simulate the best calibrated hydraulic properties by
the models. Where field data were of high quality and
provided sufficient areal coverage, regionalized field
values are very similar to the values obtained by model
simulations (for example, compare the field transmis-
sivity with the model-simulated transmissivity shown
on pl. 6). For hydraulic properties for which field data
were scanty (leakance data, pl. 3), regionalized field
values and model-simulated values may differ. It
should be noted that a cell block of the SRM contains
16 cell-block areas represented by the DPM and the
FWBM. Therefore, the hydraulic properties in a cell
block of the SRM are the averaged sums of the hydrau-
lic properties of the 16 cell blocks of the DPM and the
FWBM contained in the single cell block of the SRM.

Transmissivity values for the Upper Floridan aqui-
fer used in the SRM ranged from 250 to 600,000 ft?/d
and were derived from aquifer-test data where avail-
able and aquifer thickness and model simulations
where data were unavailable. Values are generally
within acceptable limits of the aquifer-test data dis-
cussed previously. Transmissivity values in excess of
400,000 ft?/d had to be used in the SRM in areas of
known aquifer discharge to streams in order to simu-
late the measured or estimated amount of discharge
from the Upper Floridan aquifer to the streams.
Model cell blocks having an assigned value of trans-
missivity greater than 400,000 ft*/d were few. Seepage-
run measurements, as well as heads in the aquifer
near the streams, generally agreed with the simulated
values.

In the DPM, model transmissivity values ranged
from 3,000 ft’/d near the updip limit of the Upper
Floridan aquifer at the northern end of the Dougherty
Plain to 300,290 ft?/d at the southern end of the Dough-
erty Plain (pl. 15). Model-simulated transmissivities
(pl. 15) are similar to corresponding regionalized field
transmissivity values (pl. 6).

In the FWBM, model transmissivity values ranged
from 250 ft*/d along the coast to 25,000 ft*/d in the
northwest part of the study area (pl. 16). Model-
simulated transmissivity values in southern Okaloosa
and Walton Counties, Fla., along with transmissivity
values derived from aquifer-test values and specific-
capacity data, are shown on plate 6. Model-simulated
values closely agree with regionalized field values.

The SRM was not used to simulate transient condi-
tions. Therefore, storage coefficients were not needed.
Transient simulations were conducted only for areas
of major pumping stress—southwest Georgia and
southern Okaloosa and Walton Counties, Fla., areas
using the DPM and the FWBM, respectively. In the
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Dougherty Plain, point values of storage coefficients
estimated from aquifer tests ranged from 2x10- to
3x10-2 but generally ranged from 1x10-¢ to 1x10-3
(Hayes and others, 1983). For the DPM, an average
value of 5x10-* was used throughout the study area. A
specific yield value of 2x10-1 was used when water
levels in the Upper Floridan aquifer declined below
the top of the aquifer owing to pumping during an
extended drought period.

Point values of storage coefficients in southern Oka-
loosa and Walton Counties, Fla., estimated from aqui-
fer testsranged from 2x10-5to 6x10-4(Barr and others,
1981). For the FWBM, storage coefficient values were
determined by using the product of specific storage
and aquifer thickness (DeWeist, 1967, p. 185; Barr and
others, 1984). Assuming a constant specific-storage
value of 1x10-¢ ft-! (the compressibility of water), the
storage coefficients used in the FWBM ranged from
5x10-4t0 9x10-4, which are within an acceptable range
in comparison with available data.

The vertical hydraulic conductivity and the thick-
ness of the upper confining units in the SRM, DPM,
and FWBM were combined into one parameter, called
leakance and defined as

L = Ko/t

where L' is the leakance (7*1), K is the vertical
hydraulic conductivity of the confining unit (LT),
and b’ is the thickness of the confining unit (L). Leak-
ance used in the SRM was obtained from the averaged
leakance values used in the DPM (Hayes and others,
1983, fig. 20) and the FWBM. In some cell blocks, the
leakance used in the SRM had to be increased above
the average values obtained from the DPM and the
FWBM in order to simulate the measured or esti-
mated amount of aquifer discharge to streams. The
need to do this is attributed to the increased cell-block
area of the SRM over that of the DPM and the FWBM.
(See discussion of calibration of the SRM.) Leakance
used in the SRM (pl. 3) ranged from 5x10-7 (ft/d)/ft in
the southern Okaloosa and Walton Counties area,
where the confining unitisthick and clayey, to greater
than 5x10-4 (ft/d)/ft in southwest Georgia, where the
confining unit is thin and sandy.

Data representing the altitude of the water table in
the weathered residuum in southwest Georgia and the
sand-and-gravel aquifer in southern Oklaloosa and
Walton Counties, Fla., were obtained from data
gathered by Hayes and others (1983, fig. 22) and by
Hayes and Barr (1983, fig. 9). These data were used as

model input for the DPM and the FWBM. Values of-

water-table altitude in the area of southwest Georgia
and southern Okaloosa and Walton Counties, Fla., of

H41

the SRM were obtained from the averaged water-level
values simulated by the DPM and the FWBM, respec-
tively. In cell blocks simulating the aquifer/surface-
water interactions (referred to as “river nodes”), the
input head values were the mean water-surface alti-
tudes of the stream obtained from 1:24,000-scale topo-
graphic maps and from stream-gage data.

In the predevelopment calibration of the SRM as
well as in the steady-state calibration of the DPM,
estimated “late-summer” water-table altitudes occur-
ring under average annual rainfall conditions (Hayes
and others, 1988, fig. 22) were used as input head data.
Intransient simulations, estimated water-table values
used in the DPM were varied seasonally to approxi-
mate conditions at the beginning, middle, or end of
irrigation periods. A detailed description of the values
of water-table altitude and the method used to vary
them during a transient simulation in the DPM is
given by Hayes and others (1983).

In the southern Okaloosa and Walton Counties, Fla.,
area of the SRM and in the FWBM calibrations, the
mean 1978 water-table altitudes in the sand-and-
gravel aquifer were used as input data (Hayes and
Barr, 1983, fig. 9). The mean 1978 water-table alti-
tudes were used in the Fort Walton Beach area
because the water-table altitudes have not varied sig-
nificantly over time (Barr and others, 1985). Thus, the
water-table values in the Fort Walton Beach area
were not varied in transient and steady-state simula-
tions using the FWBM and the SRM.

Values of water-table altitudes used in the SRM
ranged from sea level in the coastal areas of northwest
Florida to greater than 300 ft above sea level at the
updip limit of the Upper Floridan aquifer in south-
west Georgia. In the Dougherty Plain area of the SRM,
the averaged cell-block values of the 1979 water-table
altitudes used in the DPM (steady-state conditions)
were input to the SRM (which was calibrated under
steady-state conditions). In the Fort Walton Beach
area of the SRM, the averaged cell-block values of the
1978 water-table altitudes used in the FWBM were
used as input. For detailed discussions of water-table
altitudes in the Dougherty Plain and Fort Walton
Beach areas, refer to Hayes and others (1983) and
Hayes and Barr (1983), respectively.

During periods of drought and heavy withdrawals
from the Upper Floridan aquifer in the Dougherty
Plain area, the potentiometric surface locally declines
below the top of the Upper Floridan aquifer and an
unconfined condition occurs. To simulate an uncon-
fined aquifer in the model, four additional parameters
were needed as input data:

1. lateral hydraulic conductivity of the Upper Flori-
dan aquifer in the Dougherty Plain—These
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values were determined by dividing the trans-
missivity by the estimated thickness of the
Upper Floridan aquifer for each cell block.

2. altitude of the top of the Upper Floridan aquifer—
These values were obtained from a structure
contour map of the top of the Upper Floridan
aquifer in the Dougherty Plain by Watson
(1981).

3. altitudeofthe base of the Upper Floridan aquifer—
These values were obtained from a structure
contour map of the top of the Lisbon Formation
in the Dougherty Plain area (Watson, 1981).

4. specific yield of the Upper Floridan aquifer—
Because of the large solution channels oceurring
in the Dougherty Plain, a value for specific yield
of 0.2 was assigned to each active cell block.

INITIAL CONDITIONS

Initial head values are required as input data for
each active cell block in all models. A predevelopment
potentiometric surface map of the Upper Floridan
aquifer developed by Johnston and others (1980) pro-
vided initial heads used in the SRM. Initial heads in
the DPM were based on a November 1979 potentio-
metrie surface map of the Upper Floridan aquifer in
southwest Georgia (Mitchell, 1981, pl. 2). These heads
represent average late-summer hydrologic conditions.
Hydrographs indicate that approximate steady-state
conditions persist for some time following cessation of
the water-level declines in summer (Hayes and others,
1983, figs. 39, 40).

Initial heads in the FWBM were estimated from a
few pre-1941 head values. Prior to the start of large-
scale ground-water withdrawals at Fort Walton Beach
in 1941, steady-state conditions prevailed. Outside the
pumping center, quasi-steady-state conditions pre-
vailed into the late 1940’s (fig. 12). These heads are
acknowledged to be inaccurate on a node-by-node
basis in southern Okaloosa and Walton Counties, Fla.
Nevertheless, because the model was being ealibrated
against March 1978 water levels by using a transient
simulation, a regional estimate of the initial head
values prior to 1941 was considered reasonable for the
transient calibration processes.

CALIBRATION PROCEDURES

The purpose of model calibrations is to adjust and
refine data on hydrologic properties within acceptable
limits until estimated flow conditions can closely
approximate observed field conditions. Principal fac-
tors affecting model calibration include the distribu-
tion and quality of input data. During model calibra-
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tions a decision must be made as to whether sufficient
calibration can be achieved in steady-state simula-
tions or whether the flow model needs to be further
calibrated by transient simulation if pumping data
are available. In this study, the predevelopment cali-
bration of the SRM was obtained through a steady-
state simulation. However, to improve the calibration
in areas of major pumping stress, the southern Oka-
loosa and Walton Counties, Fla., area of the SRM was
improved through a transient simulation (January
1941-March 1978) using the FWBM. Additionally, the
southwest Georgia area of the SRM was further
improved by a steady-state calibration (November

1979) using the DPM. The DPM -calibration was

further tested by a transient simulation (May-

November 1980). Refined data on hydrologic proper-

ties resulting from calibrations of the DPM and the

FWBM were averaged and then used as input data for

the SRM to obtain a better predevelopment steady-

state calibration. The calibration process is shown
graphically in figure 17 and is discussed below.

1. Initial estimates of hydrologic properties were
input to the SRM.

2. Hydrologic properties in areas of major pumping
stress were modified and refined by simulations
using the DPM and the FWBM.

oIn southwest Georgia data on hydrologic proper-
ties were improved through the assumed
steady-state conditions reflected by the poten-
tiometric surface obtained in November 1979
using the steady-state calibration of the DPM.
Without revision of the calibrated hydrologic-
property data, the DPM was tested by a tran-
sient simulation from May to November 1980.
oIn southern Okaloosa and Walton Counties, Fla.,
estimates of hydrologic properties were
improved through a transient calibration from
January 1941 to March 1978 using the FWBM.

3. The refined hydrologic parameters obtained from
calibration of the DPM and the FWBM were
averaged and input into the SRM.

4. The predevelopment steady-state calibration of
the SRM was then completed.

In all of the models, an acceptable calibration
required the mean head difference between the simu-
lated heads and the heads derived from potentiometric
surface maps based on measured or estimated water
levels (absolute head difference) to approach zero.
Henceforth, this will be referred to simply as “differ-
ence.” Further, a standard deviation of £5 ft of the
head difference was assumed. Assuming that the head
difference is a normal distribution function (for
example, see Hayes and others, 1983, fig. 35), then the
deseribed calibration conditions would ensure that 95
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FIGURE 17.—Predevelopment calibration process for the subregional model.

percent of the simulated heads would be within +10 ft
of the heads described by the potentiometric maps. In
areas where head data were unknown or could not be
extrapolated from the potentiometric maps with any
degree of confidence (such as in the Gulf of Mexico
offshore from Fort Walton Beach), simulation differ-
ences were not used in the computation of mean head
difference and standard deviation.

DOUGHERTY PLAIN MODEL CALIBRATION

The Dougherty Plain model was calibrated for the
assumed steady-state conditions reflected by the poten-
tiometric surface of the Upper Floridan aquifer
obtained in November 1979. The calibrated parame-
ters were further tested by a transient simulation for
the irrigation season of May 15-November 5, 1980.
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Because no adjustments were made in the steady-state
calibrated hydrologic-property data during the tran-
sient simulation (with the exception of residuum
water-table altitudes, which fluctuate seasonally, as
explained in the section on “Hydraulic Properties”),
the steady-state calibrated hydrologic-property data
were believed to be acceptable within the limits of the
model. The calibration of the DPM is summarized
below and is described in detail in Hayes and others
(1983).

NOVEMBER1979 STEADY-STATE CALIBRATION

Aquifer transmissivity, confining unit leakance,
and the altitude of the water table in the residuum
were adjusted during the calibration. Calibrated trans-
missivities (pl. 15) were not varied much from the
initial values estimated from aquifer tests (pl. 6). Leak-
ance was varied more than transmissivity during the
calibration. However, a check was conducted to ensure
that simulated leakance values were in general agree-
ment with leakance values derived from lithologic
data. Additionally, input leakance values were checked
to ensure that unrealistic values of areal recharge
were not being simulated by the model. Based on the
areal coverage and the availability of data, water-
table altitude (Hayes and others, 1983, fig. 22) was the
least accurately known aquifer parameter. Therefore,
this parameter was adjusted the most. In the cali-
brated model, water-table-altitude data were checked
to ensure that they were below land surface and above
the top of the Upper Floridan aquifer and that they
generally agreed with stream stages.

A map comparing measured water levels for Novem-
ber 1979 and the simulated steady-state potentiomet-
ric surface is shown on plate 17. The average simula-
tion difference was computed to be 0.6 ft and the
standard deviation of the head difference was com-
puted as 4.6 ft. This was within the assumed calibra-
tion limits, which required 95 percent of all simulated
heads to be within +10 ft of the heads derived from
measured water levels.

The distribution of the absolute head difference over
the DPM area (difference between input heads and
simulated heads) is shown on plate 18. The areas of
greatest difference are at points of aquifer discharge
along the Flint River and other streams. Because of
the model requirement of having to dedicate an entire
cell-block area as a discharge point in order to simu-
late the aquifer discharge to a stream, although less
than 5 percent of the cell-block area may actually be
discharging to the stream, the head difference in the
discharging cell blocks and in some adjacent cell
blocks could not meet the established calibration lim-
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its. However, these cell blocks were few and did not
distort the overall calibration,

The flow model also was used to simulate ground-
water discharge to streams. Ground-water discharge
to streams in the Dougherty Plain was simulated as
2,200 ft*/s for the November 1979 simulation. Late-
summer (September-November) base runoff for water
years 1959-70 for the Floridan aquifer system in
southwest Georgia was estimated by hydrograph sep-
aration techniques as about 2,300 ft*/s. (See section on
“Base Flow.”) Consequently, the simulated discharge
compares well with the estimated discharge.

MAY-NOVEMBER 1980 TRANSIENT SIMULATION

The transient simulation analyzed the effects of
municipal, industrial, and agricultural pumping on
water levels in the Upper Floridan aquifer. The time
period was simulated in three stages: (1) May 15-31,
1980, 17 days; (2) June 1-September 15, 1980, 107
days; and (3) September 16-November 5, 1980, 51
days. Municipal and industrial pumpage of 6 billion
gallons per year was simulated during all three time
periods. Agricultural withdrawals of 76 billion gal-
lons were simulated during the second time period
(the main irrigation period in southwest Georgia for
1980). All pumping within a 1-square-mile cell block
was assumed to take place at the center of the cell
block. Thus, several irrigation systems within a
1-square-mile cell block were aggregated and repre-
sented as one pumping center in the cell block. A
detailed discussion of digital simulation of the agricul-
tural pumping in southwest Georgia is presented in
Hayes and others (1983).

Measured water levels for November 1980 com-
pared with the simulated potentiometric surface at
the end of the transient simulation are shown on plate
19. The average head difference for the November
1980 simulation was computed as 0.2 ft, with a stand-
ard deviation of head difference of 3.4 ft. Since this
was within the assumed limits established for the
DPM, -the transient simulation indicated that the
hydrologic parameters derived during the steady-
state calibration were acceptable. Simulated water-
level fluctuations for four wells in the Dougherty
Plain, from May 15 to November 5, 1980, compare
acceptably with measured water levels for the same
period (fig. 18).

SENSITIVITY OF CALIBRATED AQUIFER PARAMETERS

Transmissivity (T'), confining-unit leakance (L), and
water-table altitude (W) were varied from the steady-
state calibration values to determine the sensitivity of
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the digital model to variations in each aquifer parame-
ter (table 7). After each simulation, by using the varied
parameters, the average head difference and standard
deviation of the head difference were computed. Table
7 shows average simulated head difference, standard
deviation of the head difference, and ground-water
discharge for the calibrated and the varied aquifer
parameters. Although several of the sensitivity runs
were within the assigned limits of head differences,
only the calibrated aquifer parameters simulated an
accurate water budget. Thus, it has been shown that to
duplicate flow conditions in southwest Georgia within
the assigned error limit, the digital model must be
able to duplicate the observed heads and discharge to
streams.

The hydrologic parameter most sensitive to change
is water-table altitude, as shown in table 7. This indi-
cates that to further refine the calibrated hydrologic
parameters, additional water-table data are needed.
Further, it is an indication of the effect changes in the
water-table altitude have on the potentiometric sur-
face of the Upper Floridan aquifer in southwest
Georgia. By changing water-table altitudes, the model
could be used to simulate drought conditions (lowered
water-table altitude and, hence, reduced recharge to
the Upper Floridan aquifer) in southwest Georgia.
This will be discussed in the section on “Potential for
Ground-Water Development Based on Simulations.”

FORT WALTON BEACH MODEL CALIBRATION
To calibrate the FWBM for predevelopment steady-

state conditions, a potentiometric surface existing

TABLE 7.—Response of the Dougherty Plain model to changes in
transmisswity (T), confining-unit leakance (L), and water-table
altitude (W)

Average Standard  Simulated ground-water
head deviation of discharge, in
difference,! head difference cubic feet per second
in feet in feet (inches per year)

Run Hydrologic
number parameter

TLW +0.6 46 2,207° (6.4)
. 02T, L, W -20 44 934 2.7
. 050, L,W -9 42 1,458 (4.2)
20T,L, W +2.6 5.7 3,213 (9.8)
40T, L, W  +54 7.7 4,491 (13.0)
T, 0.25L, W +5.4 7.7 1,127 (3.3)
T, 050L, W +2.7 5.7 1,610 (4.6)
T, 2.0L, W -8 4.2 2,817 (8.1)
T A0L W  -20 44 3,700 (10.7)
T, L 08W +382 18.0 3,056 (8.8)
T, L,12W -37.0 18.0 3,943 (11.4)

'Head difference between the simulated heads and heads of November 1979.
2Calibrated hydrologic parameters for November 1979 head conditions.
*Estimated ground-water discharge, 2,300 fts/s (Hayes and others, 1983).
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prior to 1941—the time when large-scale ground-
water withdrawals were initiated at Eglin Air Force
Base—was required. Initially, the hydrologic parame-
ters of the FWBM were calibrated against the esti-
mated regional predevelopment potentiometric sur-
face (prior to 1941) of the Upper Floridan aquifer
(Johnston and others, 1980). However, during the sub-
sequent transient simulation for January 1941 to
March 1978, when pumping was increased to the 1978
level of 15.5 Mgal/d, it became apparent that the
hydrologic parameters of the FWBM calibrated on the
basis of the estimated regional predevelopment poten-
tiometric surface (prior to 1941) needed further refine-
ment. After the hydrologic parameters of the FWBM
were calibrated for transient conditions, the model
was used to simulate the predevelopment potentio-
metric surface prior to 1941 by removing all pumping
stresses. The final predevelopment potentiometric
surface shown on plates 9 and 22 is based on additional
head data (1942 and 1947) as well as on simulation.

JANUARY 1941 TO MARCH 1978 TRANSIENT CALIBRATION

To accurately simulate water levels of the Upper
Floridan aquifer in southern Okaloosa and Walton
Counties, Fla., information on location of pumping
wells and pumpage was needed. These data were
obtained from U.S. Air Force records and from
municipal records of towns in the Fort Walton Beach
area (Wagner and others, 1980; A.N. Southard, U.S.
Air Force, written commun., Aug. 1982).

Transient calibration for the period January 1941 to
March 1978 was conducted by using three pumping
periods. The number and duration of the pumping
periods were determined after analysis of pumping
records. The first pumping period was from January
1941 to December 1947 (2,155 days). The average
pumping rate was estimated to be 4.1 Mgal/d during
this period. Most of the ground-water withdrawals
occurred at Eglin Air Force Base, beginning with the
onset of World War II. Toward the end of 1947, how-
ever, significant withdrawals were taking place in
Fort Walton Beach, Mary Esther, Shalimar, and other
locations throughout Okaloosa County. As with the
DPM, all pumpage from wells located within a 1-
square-mile cell block was summed and represented
as a single pumping well located at the center of the
cell block.

The second pumping period began in January 1948
and ended in December 1970 (8,395 days). For this
period, an average pumping rate of 11.6 Mgal/d was
used. Pumpage during this period was generally con-
stant at Eglin Air Force Base but increased at Fort
Walton Beach, Mary Esther, Niceville, and Okaloosa
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County and was initiated at Sea Shore Village, Valpa-
raiso, Destin, and Freeport.

The third pumping period began in January 1971
and ended in March 1978 (2,645 days). During this
period, the major increases in pumpage took place in
Niceville, Fort Walton Beach, and Destin. These
increases were due primarily to the seasonal and
expanding tourist industry in these cities. Other
increases in withdrawals occurred at selected loca-
tions in Okaloosa County and at the cities of Freeport,
Sea Shore Village, Mary Esther, and Valparaiso. An
average pumping rate of 15.5 Mgal/d was used for this
pumping period.

Transmissivity, confining unit leakance, and the
altitude of the water table in the sand-and-gravel
aquifer were adjusted during calibration. Calibrated
transmissivities (pl. 16) were in good agreement with
values obtained from aquifer tests (compare pls. 6 and
16). Leakance values were varied more than transmis-
sivity during calibration. On the basis of water-level
data presented in Hayes and Barr (1983), the average
yearly altitude of the water table in the sand-and-
gravel aquifer is believed to have remained almost
constant from predevelopment time to 1978. There-
fore, the altitude of the water table derived from
measurements made during 1978 was used for the
transient calibration.

A map comparing measured water levels and the
simulated potentiometric surface for March 1978 is
shown on plate 20. The average simulated head differ-
ence and the standard deviation of the head difference
were computed to be 0.2 ft and 3.3 ft, respectively. This
difference was within the established calibration cri-
teria that required 95 percent of all simulated heads to
be within =10 ft of the measured March 1978 heads. A
histogram showing the distribution of head differen-
ces between measured water levels and simulated
heads as well as the number of nodes in which the head
difference occurs (fig. 19)indicates that the simulated
head difference is approaching a normal distribution
with a slight skew.

The areal distribution of the absolute head differen-
ces between the March 1978 potentiometric surface
constructed from measured water levels and simu-
lated heads of the FWBM is shown on plate 21. The
areasof greatest head difference are at cell blocks in or
near the pumping centers in the Fort Walton Beach,
Mary Esther, Niceville, and Valparaiso areas. The
greatest absolute head difference computed was 11 ft.
The absolute head difference is the difference between
the simulated head and an average head value in a
1-square-mile cell block derived from measured water
levels for March 1978. Water levels measured at or
near a pumping well undoubtedly vary significantly
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FIGURE 19.—Head difference between the March 1978 measured
water levels and simulated heads, Upper Floridan aquifer,
southern Okaloosa and Walton Counties, Florida.

from the cell block average value. For example, a
water level of 130 ft below sea level was measured at
the center of the Fort Walton Beach cone. However,
the average cell block value was 70 ft below sea level.
In this cell block the simulated head is 73 ft below sea
level, which results in an absolute head difference of 3
ft (pls. 20, 21). To simulate the pumping cones and the
measured values more accurately, a finer grid would
be required for the areas of greatest pumping stress.
With the current cell-block size of 1 mi®, the gradients
resulting from pumping stress cannot be represented
precisely. However, even with the 1-square-mile cell
blocks, the simulated potentiometric surface near the
pumping center seems reasonable.

PREDEVELOPMENT STEADY-STATE SIMULATION
USING THE TRANSIENT CALIBRATED HYDROLOGIC
PARAMETER VALUES

After the FWBM was calibrated by using a tran-
sient simulation from January 1941 to March 1978, a
steady-state simulation was made again, with all
pumping stresses removed (predevelopment condi-
tions). Although water-level measurements made
before 1941 were not available, a few water-level
measurements made between 1942 and 1947 were
available for the Fort Walton Beach area. The simu-
lated predevelopment heads should be equal to or
higher than the measured water levels for 1942 and
1947. The simulated predevelopment potentiometric
surface and water-level measurements for 1942 and
1947 at selected locations are shown on plate 22. Simu-
lated results compare well with the available data.
Generally, simulated heads are equal to or greater
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than the measured data. In Fort Walton Beach and at
a well near Valparaiso, the simulated potentiometric
surface is lower than the available water-level meas-
urements. This may be due to ground-water with-
drawals prior to 1941 in these areas, although there is
no documentation indicating either the quantity or the
location of such pumping. Even with the differences
between the simulated and the estimated predevel-
opment heads in these areas (pl. 22), the simulated
potentiometric surface is considered reasonable.

Simulated head declines between predevelopment
time and March 1978 (compare pls. 20 and 22) in Mary
Esther and Fort Walton Beach range from 90 ft to
more than 120 ft, in Niceville and Valparaiso from 70
to 80 ft, and in Destin from 40 to 50 ft. The observed
declines in Fort Walton Beach increased to more than
140 ft by 1980, as shown on plate 11.

SENSITIVITY OF CALIBRATED AQUIFER PARAMETERS

Transmissivity (T'), confining-unit leakance (L), and
storage coefficient (S) were varied in a series of sensi-
tivity simulations to evaluate the sensitivity of the
model to the hydrologic parameters. Because of the
comparative abundance of transmissivity data derived
from aquifer-test and specific-capacity data for south-
ern Okaloosa and Walton Counties, Fla., transmissiv-
ity values in the sensitivity tests were one-half and
twice the calibrated transmissivity values. With the
relatively few field data pertinent to storage coeffi-
cient and confining-unit leakance, the reliability of
these data was estimated to be within plus or minus an
order of magnitude. Hence, in the sensitivity analyses,
calibrated confining-unit leakance and storage-coeffi-
cient values were varied by plus or minus an order of
magnitude. As previously discussed, water-table alti-
tudes have not changed significantly since predevel-
opment time. In addition, with the relatively low
confining-unit leakance values (on the order of 10-°
(ft/d)/ft in the area of the FWBM, compared with 10-
(ft/d)/ft in the area of the DPM), varying input water-
table-altitude values (within the reliability limits of
the data) would not produce significant changes in the
potentiometric surface or the water budget simulated
by the FWBM. Therefore, the water-level altitudes
used in the sensitivity analyses were not changed from
the calibrated values.

Changes in parameter values, and the resulting
simulated head differences, are shown in figure 20.
Head difference is computed as the head simulated in
the sensitivity run minus the head simulated using the
calibrated hydrologic parameters. Thus, a positive
head difference indicates a head buildup and a nega-
tive head difference indicates a head decline, as com-
pared with heads using the calibrated values.

REGIONAL AQUIFER-SYSTEM ANALYSIS

Because the sensitivity of parametersin the areas of
heavy pumping was of greatest interest, the sensitivity
analyses results are reported for cell blocks in the
digital model representing Fort Walton Beach, Nice-
ville, and Destin, Fla. (nodes 24,14; 20,24; and 27,20,
respectively, in fig. 16). Furthermore, all sensitivity
runs were conducted as transient analyses for the
period beginning in January 1941 and ending in
March 1978. Results are reported for December 1947,
December 1970, and March 1978 (fig. 20).

Decreasing the calibrated transmissivity values by
50 percent (0.5T, L, S in fig. 20) resulted in simulated
head deficits at Fort Walton Beach, Niceville, and
Destin, Fla., for December 1947, December 1970, and
March 1978. This is due to the reduction in lateral flow
asaresult of lower transmissivity used in the sensitiv-
ity analyses. Thus, as pumping increases, water levels
in the Upper Floridan aquifer begin to decline. A
point of interest is that by March 1978, the largest
head decline occurred in Fort Walton Beach, whereas
the smallest head decline was in Destin (18 ft). This
can be attributed to the values of transmissivity used
at these locations. Pumping at Fort Walton Beach
(node 24,14) was simulated using a transmissivity of
1,000 ft*/d (50 percent of the calibrated value of 2,000
ft?/d). Corresponding transmissivities at Niceville and
Destin were 1,000 and 7,500 ft*/d, respectively. Furth-
ermore, even though Fort Walton Beach and Niceville
have the same value of transmissivity, Fort Walton
Beach is on the coast and is surrounded by a zone of
lower transmissivity (125 ft%/d), whereas Niceville is
surrounded by a zone of higher transmissivity (2,500
ft?/d, or 50 percent of the calibrated value of 5,000
ft?/d). Thus, Fort Walton Beach had greater simulated
head declines. Because vertical leakage is extremely
low, movement of water to the pumping centers is due
entirely to lateral inflow. Consequently, transmissiv-
ity is the controlling factor in water-level response to
pumping.

Increasing transmissivity by 200 percent (27, L, Sin
fig. 20) resulted in head surpluses at Fort Walton
Beach, Niceville, and Destin. The simulated transmis-
sivity of 4,000 ft?/d (200 percent of the calibrated value
of 2,000 ft?/d) at Fort Walton Beach and Niceville and
80,000 ft*/d at Destin allowed enough water flowing
laterally to the pumping centers to compensate for the
withdrawals.

Decreasing confining-unit leakance values by an
order of magnitude (7, 0.1Z, S in fig. 20) during the
sensitivity analyses resulted in simulated head differ-
ences of +3 ft at Fort Walton Beach and Niceville and
+8 ft at Destin for December 1947. Because heads in
the Upper Floridan aquifer were higher than heads in
the sand-and-gravel aquifer and higher than sea level
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ble. Transmissivity and leakance values were esti-
mated on the basis of available hydrogeologic infor-
mation. These values were then input into the model as
the initial values and later were adjusted by calibra-
tion. Surface altitudes of streambeds of important
streams in the area were derived from 7%-minute
topographic maps. All estimated values of leakance
and transmissivity were checked for agreement with
areasof similar hydrogeologic characteristics in south-
west Georgia and southern Okaloosa and Walton
Counties, Fla.

PREDEVELOPMENT STEADY-STATE CALIBRATION

The estimated regional predevelopment potentio-
metric surface constructed by Johnston and others
(1980) was modified in southwest Georgia and south-
ern Okaloosa and Walton Counties, Fla., on the basis of
recently acquired data and simulated heads as a result
of the DPM and the FWBM simulations. The modified
potentiometric surface was then discretized and used
asthe starting head input for the SRM calibration. All
boundaries around the SRM were designated no-flow
boundaries.

The modified predevelopment potentiometric sur-
face and the simulated steady-state predevelopment
potentometric surface are shown on plate 23. As with
the FWBM and the DPM, the input predevelopment
heads and simulated predevelopment heads in each
cell block of the SRM represent the average head of the
Upper Floridan aquifer over the area of a cell block
(16 mi? for the SRM). The areas of greatest head dif-
ference occur near nodes having ground-water dis-
charge to springs and streams, such as points along the
Flint River in southwest Georgia and the Apalachicola
River and springs in northwest Florida. The average
head difference is -0.6 ft and the standard deviation of
the head difference is 4.9 ft. The distribution of head
differences generally follows a normal distribution
pattern (fig. 21) but is less defined than the head dis-
tribution computed from the calibration of the DPM
(Hayes and others, 1983) and the FWBM (fig. 19). This
may be due, in part, to a lack of measured hydrologic
data and uncertainty about the predevelopment
potentiometric surface in areas outside southwest
Georgia and southern Okaloosa and Walton Counties,
Fla.

In the DPM, constant-head boundary conditions
were imposed on the Chattahoochee River and on Lake
Seminole (fig. 15), and in the FWBM, constant-head
boundary conditions were imposed on all boundaries
except the southern boundary (fig. 16). Upon remov-
ing these boundary conditions for the calibration of the
SRM, no adjustments or changes in hydrologic param-
eter values were made in the cell blocks correspond-
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FIGURE 21.—Head difference between the estimated and simu-
lated predevelopment potentiometric surfaces, Upper Flor-
idan aquifer, southwest Georgia, northwest Florida, and
southernmost Alabama.

ing to the nodes for which constant-head boundaries of
the DPM and the FWBM were assigned. The simu-
lated head differences still were within the established
limits of calibration. This indicates that the use of
constant-head boundaries in the calibration of the
DPM and the FWBM is probably correct.

Surface-water and ground-water discharge rela-
tions, hydraulic parameters, and head differences
along streams, lakes, and springs areshown intable 8.
To simulate aquifer discharge in a cell block to a
stream penetrating the Upper Floridan aquifer, the
water-table altitude value of the cell block was set
equal to the mean annual surface-water altitude of the
stream that coincides with the location of the cell block
(river node). However, for some of the smaller streams
and tributaries in the Dougherty Plain, aquifer dis-
charge was simulated in the SRM by using a pumping
well at the center of the cell block and assuming that
the small tributary did not penetrate the Upper Flori-
dan aquifer modeled by the SRM. The quantity of
discharge assigned to the pumping well was deter-
mined from the aquifer discharge for the stream simu-
lated by the DPM. This method was used because the
relatively large cell-block size of the SRM (16 mi®) did
not justify the dedication of the entire cell block to the
smaller streams. The location of cell blocks identified
as having aquifer discharge to streams (river nodes)
and the location of the pumping wells representing the
discharge to the smaller streams are shown on plate 24
and listed in table 8.

In the Dougherty Plain, mean annual discharge
from the Upper Floridan aquifer to the Flint River, to
Lake Seminole, and to small streams was simulated as
2,380 ft*/s. Results from hydrograph separation
(Hayes and others, 1983) indicate that mean annual
ground-water discharge to streams in southwest
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TABLE 8.—Comparison of surface-water and ground-water discharge relations, hydraulic parameters, and head differences along selected

streams, lakes, and springs, southwest Georgia, northwest Florida, and southernmost Alabama

Identi- Node Estimated Node type and Net Water- Trans- Leakance Head
fication (row/ or meas- value assigned simulated table missivity (1x107¢ differ-
number! column) ured flow 2 (stage, in ft, flow3 altitude (1,000 ft2/d) (ft/d) /£t) encet
(sezi g)l. (£t3/s) fg rive}‘ rfl;(/le; (ft3/s) (ft) (ft
ux, In S,
to well node)
SOUTHWEST GEORGIA
Chattahoochee River
1 31 77 25 40 1
2 26 77 20 40 2
3 37 71 25 40 0
4 -37 77 37 40 0
5 . Y -43 77 45 40 0
6 . River node, 77 ft 66 B 5 40 2
7 -52 71 75 40 2
8 -36 7 150 40 -1
9 2 77 300 2 2
10 +8 77 300 40 0
11 - River node, 70 ft -20 70 300 40 4
Lake Seminole
12 1 7 300 40 -1
13 +2 7 300 40 1
14 River node, 77 ft 6 7 300 40 1
15 -22 71 200 40 1
16 -37 77 150 40 1
Sawhatchee Creek
17 2744 *Well, 8 ft¥s 46.6 180 20 1 8
Dry Creek
18 Well, -7 ft¥s +2 217 15 2 5
19 do. T 1tYs +2.0 224 15 2 0
20 do. -6 ft¥s -2 203 27 2 1
21 do. 2 ftYs +2.9 200 20 3 1
22 do. R -3.1 196 15 2 4
23 do. -20 ft¥s -8 191 37 3 -4
24 do. 5 ftYs +1.0 180 37 2 -6
Spring Creek
25 Well, -20 ft¥s -20.0 140 37 2 3
26 do. -15  ft¥s -13.8 141 37 2 5
217 .- do. -19 ft¥s 1.7 128 37 2 7
28 do. -20 ft¥s -19.1 110 60 2 3
29 - do. -15  ft¥s -11.4 126 50 3 9
30 do. -24  ft¥s 225 107 75 2 2
31 do. -85 ft¥s -34.2 90 150 2 -3
Ichawaynochaway Creek
32 Well, 5 ftYs +4 200 5 8 1
33 do. -10 ft¥s 2.4 180 13 5 5
34 do. -15  ft¥s -85 171 37 1 4
35 do. -50 ft¥s -43.1 160 37 19 0
36 do. 5 ftYs 3.7 158 75 2 1
37 do. -30 ft¥s -22.6 143 75 1 6
38 do. 7 ftYs +19.1 135 100 3 6
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TABLE 8.—Comparison of surface-water and ground-water discharge relations, hydraulic parameters, and head differences along selected

streams, lakes, and springs, southwest Georgia, northwest Florida, and southernmost Alabama—Continued

Identi- Node Estimated Node type and Net Water- Trans- Leakance Head
fication (row/ or meas- value assigned simulated table missivity (1x10°* differ-
number?! column) ured flow? (stgge, in ft, flow? altitude (1,000 £t2/d) (ft/d) /tt) ence!
(5432(31 ;al. (ft3/s) tg river rfng}le; (ft3fs) (ft) (ft)
lux, in ft3/s,
to well node)
Chickasawhatchee Creek
39 Well, 05 ft¥/s -9 203 5 5 0
40 do. 5 s 24 186 15 5 4
41 do. 5 ft's 4.1 169 37 5 5
42 do. 2 ft¥s +6.0 190 55 6 -1
43 do. 2 ft¥s -9 162 75 2 -1
Cooleewahee Creek
44 Well, -10 ft¥s -8 178 75 38 -3
45 do. -10  ft¥s +12.6 162 120 25 -2
46 do. 3 fths +4.0 142 200 6 8
Kinchafoonee Creek
47 Well, 3 ft¥s 2.4 255 5 2 1
48 do. 6 ft¥s 5.9 228 5 2 2
49 do. -10  ft¥s 3.6 221 20 3 8
50 do. -22 ft%s 21.2 203 48 2 7
51 do. -11  ft¥s +39.8 214 75 30 -1
Muckalee Creek
52 82,60 oo Well, 3 ftYs 2.0 261 5 2 -1
53 81,60 do. -10 ft¥/s 7.4 252 13 2 -7
54 80,60 .o do. -20 ft¥s -17.9 234 31 2 -1
55 29,60 ..o do. 5 fts +63.1 220 75 25 2
Turkey Creek
56 Well, -6 ft¥s -1.3 319 5 5 2
57 do. 2 ftYs +6.8 300 8 2 6
Gum Creek
58 82,66 oo, Well, 3 ft¥s +6.3 301 5 5 0
59 32,65 o, do. -4 ftfs +6 264 5 8 6
Cedar Creek
60 Well, -5 ft¥s +4.3 301 15 1 3
61 do. 5 ftYs -14 269 15 1 2
Swift Creek
62 Well, 7 ftYs +4.1 286 37 1 4
63 do. T ft¥s -1.7 271 37 5 3
Jones Creek
64 29,63 . Well, -7 ft¥s +6.3 266 37 1 2
65 29,62 .. do. -1 ft¥s +22.5 220 60 25 -1
Abrams Creek
66 2863 ... Well, -9 ft¥s +6.6 267 75 1 1
67 28,62 .o do. 5 fts +28.7 255 75 2 3

Footnotes at end of table.
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TABLE 8.—Comparison of surface-water and ground-water discharge relations, hydraulic parameters, and head differences along selected
streams, lakes, and springs, southwest Georgia, northwest Florida, and southernmost Alabama—Continued

Identi- Node Estimated Node type and Net Water- Trans- Leakance Head
fication (row/ or meas- value assigned simulated table missivity (1x10 differ-
number!  column) ured flow (stage, in ft, flow® altitude (1,000 ft2/d) (ft/d) /ft) encet
(see pl. (ft3/s) to river node; (ft3/s) (ft) (ft)
24) flux, in ft3/s,
to well node)

Spring Creek-Flint River
68 - River node, 77 ft -34 77 150 100 1
69 - do. 77 ft -63 77 200 100 2
70 - do. 78 ft -b4 78 200 100 4
71 --- do. 79 ft -49 79 200 100 6
72 - do. 80 ft 91 80 200 100 5
73 - do. 85 ft -104 85 200 100 11
74 - do. 90 ft -5 90 200 100 15
75 - do. 100 ft -79 100 200 100 18
76 -- do. 117 ft -63 117 200 100 2
77 - do. 120 ft -62 120 200 100 8
78 - do. 130 ft -49 130 200 100 9
79 -— do. 135 ft -100 135 200 100 12
80 -— do. 145 ft -106 145 200 100 4
81 - do. 155 ft -T2 155 200 800 10
82 -—= do. 182 ft -45 182 200 100 12
83 - do. 185 ft -58 185 200 100 19
84 - do. 190 ft -69 190 200 100 19
85 - do. 195 ft -82 195 200 100 23
86 - do. 200 ft -105 200 100 100 -2
87 - do. 236 ft -21 236 50 100 0
88 - do. 236 ft -14 236 50 100 0
89 --- do. 236 ft -20 236 50 100 0
90 - do. 236 ft -29 236 50 1,000 0
91 - do. 245 ft -13 245 35 100 15

NORTHWEST FLORIDA

Apalachicola River
92 - River node, 47 ft -175 47 2,000 80 11
93 - do. 49 ft -134 49 2,000 80 7
94 --- do. 43 ft -131 43 2,000 80 9
95 - do. 42 ft -114 42 2,000 80 9
96 -8 do. 13 ft -9 13 300 . -10
97 -8 do. 10 ft -11 10 300 q -9
98 -5 do. 7t -30 7 300 3 3

Choctawhatchee River
99 River node, 45ft -27 45 300 60 5
100 do. 31ft -84 31 300 60 19
101 do. 30 ft -20 30 300 20 5
102 do. 24 ft -32 24 300 40 2
103 do. 17 ft -7 17 300 40 5
104 do. 18 ft -20 18 300 20 4
Econfina Creek
105 18,21 .. oo -276  River node, 42ft -113 42 600 40 5
Blue, Williford, Gainer, Pitts, Springs’

106 17,31 -208 River node, 14ft -116 14 600 10 -4

Holmes Creek
107 - River node, 25ft -64 25 600 30 -1
108 - do. 27 ft -104 27 600 30 -5
109 -185 do. 30 ft -162 30 600 15 -7
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TABLE 8.—Comparison of surface-water and ground-water discharge relations, hydraulic parameters, and head differences along selected
streams, lakes, and springs, southwest Georgia, northwest Florida, and southernmost Alabama—Continued

Identi- Node Estimated Node type and Net Water- Trans- Leakance Head
fication (row/ or meas- value assigned simulated table missivity (1x10 differ-
number! column) ured, flow? (stage, in ft, flow? altitude (1,000 ftz/d) (ft/d) /ft) ence!
(see pl. (ft¥/s) to river node; (ft3/s) (ft) (ft)
24) flux, in ft3/s,
to well node)
Jackson, Ponce de Leon
110 26,29 o -50 River node, 60 ft -28 60 50 10 15
Vortex Blne Springs
111 25,29 o -~ River node, 50 ft -11 50 50 10 18
Morrison Spring
112 2428 oo -82 River node, 32 ft -50 32 50 60 22
Bazemore Springs®
113 25040 o -10 River node, 130 ft -7 130 25 6 7
Hayes Springs
114 23,39 e -18 River node, 85 ft -35 85 50 6 24
Bosel Springs
115 2239 -73 River node, 75 ft -46 75 300 10 1
Blue Springs
116 21,40 -190 River node, 46 ft -181 46 300 15 8
Blue Hole Springs
117 -57  River node, 77 £t -43 7 300 8 -2
Double Spring, Gadsen Spring
118 21,37 oo -89 River node, 54 ft -92 54 300 7 -2
Mill Pond Spring, Black Spring
119 20,37 o -73 River node, 53 ft -59 53 300 5 -6
Springboard Spring
120 20,38 e -17 River node, 52 ft -37 52 300 3 -17
Chipola River
121 5 Rivernode, 115t -2 115 25 1 12
122 -12 do. 60 ft -20 60 300 2 -2
123 -40 do. 50 ft -3 50 600 2 8
124 -40 do. 40 ft -87 40 300 5 5
125 -35 do. 40 ft -50 40 600 3 -4
126 -10 do. 39 ft -22 39 600 1.5 -18
127 -15 do. 38 ft -33 38 300 3 -5
128 -10 do. 37 ft -18 37 100 25 -7
129 -9 do. 27 ft -18 27 100 2.5 -8
130 -8 do. 10 ft -12 10 200 1 -4

'See plate 24 for location of identification numbers.
+, recharge to aquifer; -, discharge to streams; 1 ft*/s per 16 miz cell block =

0.8481 in/yr.

®Net simulated flow: +, recharge to aquifer; -, discharge to stream.
“Input head-simulated head: +, head decline; -, head buildup.
*Simulated flow rate of well using Dougherty Plain model (DPM).

*Value determined by summing discharge of pumping well and simulated ground-
water flow at node: (-8 ft'/s+14.6 ft'/s + 6.6 ft*/s).

"Estimated or measured discharges and locations of Florida springs, from Rosenau
and others (1977).

*Southernmost Alabama.
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Georgia—including discharge from both the residuum
and the Upper Floridan aquifer—should be about
4,000 ft*/s. Mean annual ground-water discharge from
the Upper Floridan aquifer simulated by the DPM, as
well as the value reported by Hayes and others (1983),
is about 3,400 ft*/s. The discharge simulated by the
SRM is about 1,000 ft*/s less than the discharge simu-
lated by the DPM and that reported by Hayes and
others (1983). The reduced aquifer discharge in the
coarser mesh indicated by the simulations of the SRM
is due solely to model grid size. The larger cell-block
area of the SRM grid (16 mi®) in comparison with the
DPM grid (1 mi?) results in a discrepancy of aquifer
discharges. Thatis, ina 16-square-mile area, the DPM
has 16 cell blocks, some of which simulate discharge
from the aquifer and some of which simulate recharge
to the aquifer. In the SRM, these 16 cell blocks are
represented by only one cell block, and this makes it
necessary to show ground water moving in one direc-
tion only (either discharge from or recharge to the
aquifer), thus creating discrepancies.

For the Dougherty Plain, where aquifer discharge
tostreams is occurring, calibrated leakance and trans-
missivity values derived from the DPM had to be
increased slightly to accurately simulate aquifer dis-
charge to streams with the coarse mesh (16-square-
mile cell block) SRM grid. The increased transmissiv-
ity values may be seen by comparing transmissivities
in the Upper Floridan aquifer (pl. 6) with the DPM
transmissivity values (pl. 15).

In summary, three conclusions can be drawn:

1. The SRM results in a poorer simulation than the
DPM and the FWBM, because less hydrologic
data in areas outside southwest Georgia and
southern Okaloosa and Walton Counties, Fla.,
are available for calibration.

2. Because in many areas covered by the SRM the
predevelopment potentiometric surface was con-
structed or inferred from a few sparsely located
data points, the potentiometric surface may be
in error, as suggested by the simulated heads.

3. A more effective method of determining the hydro-
geologic nature of a region stressed by pumping
is to develop and calibrate several finer grid
models (like the DPM and the FWBM) rather
than a large-grid-size model.

SENSITIVITY OF CALIBRATED AQUIFER PARAMETERS

In the SRM, the two areas of principal interest, the
Dougherty Plain in southwest Georgia and the Fort
Walton Beach area of southern Okaloosa and Walton
Counties, Fla., currently are incurring large pumping
stresses. Sensitivity analyses of hydrologic parame-
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ters in these areas have been made using the finer grid
models (DPM and FWBM). In areas outside southwest
Georgia and southern Okaloosa and Walton Counties,
Fla., no hydrologic data were available to improve the
SRM calibration. The SRM calibration outside the
DPM and FWBM areas is a “best guess” and may, in
fact, be in error. Therefore, conducting a sensitivity
analysis using questionable values of parameters in
areas outside southwest Georgia and southern Oka-
loosa and Walton Counties, Fla., was not considered
worthwhile.

POTENTIAL FOR GROUND-WATER
DEVELOPMENT BASED ON SIMULATIONS

The calibrated flow models for southwest Georgia
(DPM) and southern Okaloosa and Walton Counties,
Fla. (FWBM) were used in a series of simulations to
evaluate the effects of changes in recharge and pump-
age on the potentiometric surface of the Upper Flori-
dan aquifer. Simulation results from the DPM and the
FWBM are summarized in this section and are pre-
sented as a series of maps showing the projected net
water-level changes in the Dougherty Plain and Fort
Walton Beach areas.

EVALUATION OF POTENTIAL DEVELOPMENT
IN THE DOUGHERTY PLAIN AREA

EFFECTS OF IRRIGATION PUMPAGE DURING A
CONSECUTIVE THREE-YEAR DROUGHT

There was a significant increase in the use of ground
water for irrigation in southwest Georgia from 1975 to
1980 (Hayes and others, 1983). During a hydrologic
drought (reduced soil moisture and recharge condi-
tions), pumpage for irrigation from the Upper Flori-
dan aquifer in the Dougherty Plain area likely would
greatly increase. Consequently, simulations were con-
ducted to simulate water-level declines for a consecu-
tive 3-year drought beginning with initial water levels
of November 1979. During each year of the drought,
an irrigation season of 154 days (May 15 to October 15)
was simulated. Water levels in the residuum would be
affected by the drought. Therefore, recharge condi-
tions during the drought were simulated as follows:
1. Recharge for year 1 of the drought was the-esti-
mated recharge of 1981—a drought year in the
Dougherty Plain,

2. Recharge for year 2 of the drought was assumed to
be 80 percent of the 1981 recharge, and

3. Recharge for year 3 of the drought was assumed to
be 60 percent of the 1981 recharge.

Although actual recharge conditions are unknown,
the assumed recharged conditions probably are rea-
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sonable, judging from water-table (residuum) data
available before and during the 1980-81 drought
(Hayes and others, 1983).

Projected potential increase in agricultural land use
within the Dougherty Plain area was estimated from
county land-use maps prepared by the Soil Conserva-
tion Service of the U.S. Department of Agriculture
(R.R. Pierce, U.S. Geological Survey, written com-
mun., 1981). Projected pumpage was based on the
number of acres of potential agricultural land availa-
ble in a county for new or additional irrigation and an
average application rate per acre. Potential irrigation
pumpage was not assigned to urban or urbanizing
areas, to areas not suitable for irrigation by center-
pivot systems, or in counties mostly outside of the
Dougherty Plain.

Two drought scenarios (each drought lasting 3 irri-
gation seasons, as above) were simulated using the
DPM. In the first scenario, pumpage at the 1981 rate
was assumed, and in the second secenario, pumpage
nearly four times the 1981 pumpage was used. Pump-
age in the first scenario (a total of 339 billion gallons
for the 3-year drought) consisted of municipal and
industrial pumpage of 6 billion gallons per year and
irrigation pumpage of 107 billion gallons per year and
isshown graphically in figure 22. Pumpage during the
first year of the simulated drought (113 billion gallons)
was the 1981 estimated pumpage in the Dougherty
Plain area. Pumpage in the second scenario (a total of
1,224 billion gallons for the 3-year drought) also
included 6 billion gallons per year of municipal and
industrial pumpage. However, in this scenario, annual
irrigation pumpage was increased to 402 billion gal-
lons. This figure was calculated by assuming that 100
percent of available agricultural land in the Dough-
erty Plain was under cultivation and being irrigated
(fig. 22). The derivation of all quantities of pumpage
for the drought scenarios are described in detail in
Hayes and others (1983).

PUMPAGE AT 1981 WITHDRAWAL RATES
(ASSUMED DROUGHT CONDITION)

Simulated mean declines in the potentiometric sur-
face of the Upper Floridan aquifer in the Dougherty
Plain area for a consecutive 3-year drought in years 1,
2, and 3 were 18, 22, and 26 ft below the starting
potentiometric surface (low watér levels in November
1979), respectively. Simulated water-level declines at
the end of the hypothetical 3-year drought were
generally less than 50 ft (fig. 23) but ranged from 50 to
60 ft in about 15 percent of the modeled area. In some
of the area, water levels declined from 1 to 10 ft below
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the top of the Upper Floridan aquifer, as shown in
figure 24.

During the hypothetical 3-year drought, about half
of the total pumpage of 339 billion gallons (321 billion
gallons for irrigation and 18 billion gallons for all
other uses) was derived from aquifer storage and
about half from recharge. Simulated aquifer dis-
charge to streams was significantly reduced, and all
streams originating within the Dougherty Plain
stopped flowing. Simulated flow of the Flint River at
the end of the 3-year drought declined to about 800
ft*/s, whereas measured flow in August 1980 was
about 1,200 ft¥/s. Simulated flows of Ichawaynocha-
way, Kinchafoonee, and Muckalee Creeks were about
50, 100, and 40 ft*/s, respectively, with most of the flow
being derived from outside the Dougherty Plain. In
comparison, measured flows of the Ichawaynochaway,
Kinchafoonee, and Muckalee Creeks were 268, 105,
and 77 ft*/s in August 1980, respectively, and 144, 83,
and 387 ft*/s in July 1981, respectively. The effects of
stream diversion for irrigation were not simulated.
Consequently, quantitative comparisons of stream-
flow measurements with simulated streamflows should
not be made in areas where stream diversion is
significant.

PUMPAGE INCREASED TO IRRIGATE ALL POTENTIAL
AGRICULTURAL LAND IN THE DOUGHERTY PLAIN
(ASSUMED DROUGHT CONDITION)

Simulated mean declines in the potentiometric sur-
face of the Upper Floridan aquifer in the Dougherty
Plain area for a hypothetical 3-year droughtin years 1,

2, and 3 were 25, 29, and 33 ft, re

spectively, below the

low water levels of the November 1979 potentiometric

surface. Simulated head declin
hypothetieal 3-year drought wer
50 ft but ranged from 50 to 75 ft i

es at the end of the
e generally less than
n about 15 percent of

the area (fig. 25). Water levels declined from 1 to 10 ft
below the top of the aquifer in about 30 percent of the
modeled area and from 10 to 50 ft in some interstream

tracts, as shown in figure 26.

During the hypothetical 3-year drought simulation,
of the total pumpage of 1,224 billion gallons (1,206

billion gallons for irrigation and
others), 634 billion gallons was

18 billion gallons for
supplied by aquifer

storage, 410 billion gallons was induced recharge

from surface water, and 180

billion gallons was

recharge from the residuum. Most of the surface-
water recharge to the aquifer was from the Flint River

(water entering the Flint Riv
Dougherty Plain) and from Lake

er upstream of the
Seminole (from lake

storage and inflow from the Chattahoochee River).

Mean flows of the Chattahoochee

and Flint Rivers and
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FIGURE 22.—Distribution of pumpage for a hypothetical hydrologic drought, Upper Floridan aquifer, southwest Georgia.
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1978 to the year 2000 around Fort Walton Beach and
Mary Esther. Simulated head declines with the wells
relocated range from 10 to 20 ft around Fort Walton
Beach and Mary Esther, instead of from 40 to 60 ft.
Also, the area of 30-foot head decline near Valparaiso
is much smaller than in the first simulation. There-
fore, the FWBM-simulated results indicate that mov-
ing the well field, presently located on Santa Rosa
Island where the transmissivity of the Upper Floridan
aquifer is extremely low, to an area more inland where
the transmissivity is higher could be an effective
alternative to reduce the deep pumping cones cur-
rently existing in the coastal area near Fort Walton
Beach.

SUMMARY AND CONCLUSIONS

The hydrogeology of the Floridan aquifer system in
southwest Georgia, northwest Florida, and southern-
most Alabama, an area of about 20,000 mi®, was
investigated. The objectives of the study were to (1)
define the hydrogeologic framework, (2) describe the
ground-water-flow regimen prior to development and
after withdrawals began, and (3) develop a series of
digital models capable of evaluating the flow system
and the recharge-discharge relation, and of evaluat-
ing various pumping scenarios and their impact on the
Floridan aquifer system.

Two areas are significantly affected by pumping. In
the Dougherty Plain of southwest Georgia, seasonal
withdrawals for irrigation have increased from about
47 billion gallons in 1977 to about 76 billion gallons in
1980, and to about 107 billion gallons in 1981—a
drought year. However, these seasonal withdrawals
have not resulted in significant water-level declines in
the Upper Floridan aquifer over the long term.

In contrast, moderate withdrawals for public supply
in southern Okaloosa and Walton Counties, Fla., have
resulted in long-term water-level declines in the Upper
Floridan aquifer. Total pumpage amounted to about
15.5 Mgal/d (5.7 billion gallons per year) in 1978. At
the center of the cone of depression near Fort Walton
Beach, Fla., water levels have declined more than 140
ft since predevelopment time (prior to 1940).

Annual precipitation in the study area averages 51
in in southwest Georgia and 63 in in northwest
Florida. Because the Floridan aquifer system is not
deeply buried in southwest Georgia, during September
through May there generally is a direct correlation
between precipitation, streamflow, and water levels in
the aquifer. In the northwest Florida part of the study
area, the Floridan aquifer system is generally deeply
buried, and responses of ground-water levels to pre-
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cipitation are changes in artesian pressure rather
than additions of water to the unsaturated and satu-
rated zones.

In southwest Georgia and the Florida Panhandle,
streams receive most of their flow from ground-water
discharge. Analysis of eight watersheds within south-
west Georgia gave an annual mean base flow of
4,000 ft¥/s, a late-summer (September-November)
mean base flow of 2,300 ft*/s, and an early-spring
(February-April) mean base flow of 7,400 ft?/s.

Ground water in the study area is present in two
main aquifers: a surficial sand-and-gravel aquifer—
important only in westernmost Florida—and the Flor-
idan aquifer system. The sand-and-gravel aquifer
consists of fine to coarse sand, fine gravel, and lenses of
sandy clay. It is separated from the underlying Flori-
dan aquifer system by the Pensacola confining unit,
but there is some hydraulic connection through the
confining unit. The sand-and-gravel aquifer extends
from land surface to the Pensacola confining unit and
ranges in thickness from a few tens of feet in its east-
ernmost area to more than 400 ft in western Escambia
County. Water from the sand-and-gravel aquifer
generally has a pH of 4.5 to 6.5 and a dissolved-solids
concentration of less than 50 mg/L. Water from the
sand-and-gravel aquifer normally is of excellent qual-
ity and is suitable for public supply and industrial,
domestic, and irrigation use. Near the coast, though,
some water may have high concentrations of chloride
and other dissolved constituents as a result of surface
saline-water contamination.

In southwest Georgia, the Floridan aquifer system
consists primarily of the light-colored, fossiliferous
Ocala Limestone of late Eocene age. The upper surface
of the Upper Floridan aquifer generally dips south-
westward and occurs from about 300 ft above sea level
in Dooly County to about sea level in Decatur County.
However, the surface is highly irregular because of
differential weathering. The Upper Floridan aquifer
ranges in thickness from a few feet at the updip limit
to approximately 700 ft in Decatur County. In south-
west Georgia the Upper Floridan aquifer is confined
by a leaky confining unit (residuum) that allows sig-
nificant vertical movement of water into and out of the
aquifer.

In northwest Florida, the top of the Floridan aquifer
system ranges from about 200 ft above sea level near
the updip limit to about 2,000 ft below sea level in
Escambia County. In parts of Escambia, Santa Rosa,
and southern Okaloosa Counties, and in a small part of
coastal Walton County, Fla., the Floridan aquifer sys-
tem is distinguishable as two separate hydrologic
units owing to the presence of the Bucatunna confin-
ing unit. In these areas, the Lower Floridan aquifer is
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composed of white to gray, soft to hard limestone.
Some sections, particularly in Walton County, are
highly fossiliferous and consist principally of forami-
nifera and shell fragments. In southern Okaloosa
County, the Bucatunna Formation confines the Lower
Floridan aquifer. Cores of the Bucatunna Formation
from a well in Santa Rosa County had laboratory-
measured vertical hydraulic conductivities ranging
from 1.9x10-6 to 2.6x10-7 ft/d.

Transmissivity values derived from aquifer-test
and specific-capacity data for the Upper Floridan
aquifer range from 200 to 330,000 ft?/d. Model-
calibrated transmissivity values, which are assumed
to be effective areally, range from 250 to 600,000 ft*/d.
The lowest transmissivity value occurred in the south-
east part of the study area between coastal Florida and
the assumed position of the freshwater-saltwater
interface. High transmissivity values are in areas
adjacent to major streams such as the Apalachicola,
Chipola, Chattahoochee, and Flint Rivers and Spring
Creek. The highest transmissivity value occurs in a
belt extending from Decatur County, Ga., to Washing-
ton County, Fla. In southwest Georgia, transmissivity
may vary abruptly by more than 200 percent within a
square mile, but in northwest Florida, transmissivity
does not vary abruptly.

In southwest Georgia, where the Upper Floridan
aquifer is semiconfined, storage coefficients range
from 3x10-2to 2x10-¢ but are generally in the 1x10-3 to
1x10-* range. Storage coefficients in southern Oka-
loosa and Walton Counties, Fla., where the aquifer is
thickly confined, range from about 6x10-4 to 2x10-5.

Within the study area, the Upper Floridan aquifer
flow system is bounded on the east by a ground-water
divide, on the south and west by the presumed salt-
water-freshwater interface (which cannot be located
precisely owing to insufficient data), and on the north
by the updip limit of the aquifer. In southwest Geor-
gia, water moves downward through the overlying
residuum, with the lower, less permeable half of the
residuum acting as a leaky confining layer. The aqui-
fer discharges water to streams that are hydraulically
connected to the aquifer, thus giving rise to many local
flow systems. In southern Okaloosa and Walton Coun-
ties, the Upper Floridan aquifer is thickly confined by
the Pensacola confining unit and is recharged by
water in the overlying sand-and-gravel aquifer seep-
ing downward through the Pensacola confining unit.
Because there are no significant surface-water bodies
directly connected hydraulically to the Upper Flori-
dan aquifer, except for Choctawhatchee Bay, the
major natural method for Upper Floridan aquifer dis-
charge in southern Okaloosa and Walton Counties is
diffuse leakage upward through the Pensacola confin-
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ing unit into the overlying sand-and-gravel aquifer or
into overlying streams, the bay, or the ocean. Diffuse
upward leakage occurs when the heads in the Upper
Floridan aquifer are higher than the heads in the
overlying sand-and-gravel aquifer or higher than the
stages in the overlying water bodies.

Prior to development, recharge to the Upper Flori-
dan aquifer occurred in most inland areas. Aquifer
dischargeoccurred along and seaward of coastal areas
and along flood plains of major streams. Model simu-
lation indicates that about 94 percent of the mean
annual aquifer discharge of 1,175 billion gallons (157
billion ft?) occurred in thinly confined or semiconfined
areas, generally east of Washington County, Fla. The
general direction of ground-water flow during prede-
velopment time was from outcrop areas to coastal
areas.

Comparison of the estimated predevelopment and
May 1980 potentiometric surfaces indicates very little
difference in head during this period, with the excep-
tion of a cone of depression near the Fort Walton Beach
area. Pumping in the Fort Walton Beach area
increased from about 1.5 Mgal/d in 1940 to about 11.8
Mgal/d in 1968. By 1978, average water use had
increased to 15.5 Mgal/d. The moderate pumpage
(15.5 Mgal/d) in an area having low transmissivity
(250 to 15,000 ft?/d) and limited recharge results in
present-day (1980) water-level declines of more than
140 ft since predevelopment time. Owing to pumping
in the Fort Walton Beach area, the direction of
ground-water flow is now (1980) from the northeast,
north, and northwest toward the centers of pumping
near Valparaiso, Niceville, and Fort Walton Beach.

During predevelopment time, southern Okaloosa
and Walton Counties were primarily areas of Upper
Floridan aquifer discharge to the overlying sand-and-
gravel aquifer, Choctawhatchee Bay, and the Gulf of
Mexico. Currently (1980), however, because pumping
has lowered heads in the Upper Floridan aquifer
below those in the overlying sand-and-gravel aquifer
and below sea level, substantial induced recharge to
the Upper Floridan aquifer from the sand-and-gravel
aquifer takes place. In southern Okaloosa and Walton
Counties, the Bucatunna Formation, where present,
separates the Floridan aquifer system into an upper
and lower aquifer. Heads in the Lower Floridan aqui-
fer are still higher than those in the Upper Floridan
aquifer. However, flow from the Lower to the Upper
Floridan aquifer through the Bucatunna Formation is
considered minimal owing to the low vertical hydrau-
lic conductivity of the Bucatunna Formation. Aquifer
discharge takes place only in the southeastern and
coastal areas of Walton County. According to model
simulation (predevelopment time to March 1978), 8.6
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billion gallons (1.1 billion ft’) of water was removed
from aquifer storage by pumping about 147 billion
gallons (19.7 billion ft®). Thus, storage accounted for
less than 6 percent of total pumpage. Additionally, 85
percent of the water removed from aquifer storage
occurred before 1970.

During average hydrologic conditions, pumpage
accounts for about 5 to 10 percent of the aquifer’s
discharge in southwest Georgia. Use of ground water
for irrigation in southwest Georgia has increased from
47 billion gallons in 1977 to 76 billion gallons in 1980,
and to 107 billion gallons in 1981—a drought year. In
addition, pumpage for municipal supplies and indus-
tries accounts for about 6 billion gallons of water
annually. Long-term water-level records indicate that,
except for cyclic seasonal fluctuations and hydrologic
extremes, the potentiometric surface of the Upper
Floridan aquifer in southwest Georgia has not changed
since predevelopment time. This implies that over the
long term, aquifer storage changes have been minimal
and recharge approximately equaled discharge. Addi-
tionally, simulation indicates that about 90 percent of
the annual discharge in southwest Georgia occurs as
discharge to streams, lakes, and springs.

Pesticides were detected in water from 10 of 16 wells
open to the residuum and 4 of 16 wells open to the
Upper Floridan aquifer in southwest Georgia. None of
the water samples from the Upper Floridan aquifer,
though, contained total pesticide concentrations exceed-
ing the limits for public drinking supply recommended
by the U.S. Environmental Protection Agency (1976).
Some wells in coastal Walton County, Fla., contain
more than 500 mg/L of chloride.

Three two-dimensional finite-difference ground-
water-flow models were calibrated to simulate flow in
the Upper Floridan aquifer. The subregional model
(SRM), having an areal extent of about 20,000 mi®, was
calibrated in a steady-state simulation against meas-
ured and estimated predevelopment water levels of
the Upper Floridan aquifer. Small, more detailed flow
models were constructed and calibrated to better
define the hydrologic parameters in two major pump-
ing areas. The finer grid finite-difference models con-
sisting of 1-square-mile cell-block areas were used to
simulate the flow system of the Upper Floridan aqui-
fer in the Dougherty Plain area of southwest Georgia
and the Fort Walton Beach area of southern Okaloosa
and Walton Counties, Fla.

The Dougherty Plain model (DPM), having an area
of 4,400 mi?, was calibrated in a steady-state simula-
tion against November 1979 measured water levels.
Most simulated heads were within +5 ft of measured
or estimated water heads. The calibrated hydrologic
parameters were further tested by using a transient
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simulation against the measured or estimated heads of
the Upper Floridan aquifer from May to November
1980—the irrigation season in southwest Georgia.
Simulated seasonal water-level declines of the poten-
tiometric surface compared reasonably with recorded
hydrographs for selected wells in southwest Georgia.

The Fort Walton Beach model (FWBM) was used to
simulate the Fort Walton Beach area and areas in
southern Okaloosa and Walton Counties, Fla. The
model covered a land area of about 1,700 mi. Hydro-
logic parameters were calibrated using a transient
simulation against the measured or estimated potenti-
ometric surface from January 1941 to March 1978.
Pumpage wasincreased by steps during simulation to
the March 1978 level of 15.5 Mgal/d. Most simulated
heads were within +4 ft of measured or estimated
heads of the Upper Floridan aquifer. A predevelop-
ment (prior to 1941) potentiometric surface of the
Upper Floridan aquifer in southern Okaloosa and
Walton Counties was constructed by using the cali-
brated hydrologic parameters in a steady-state simu-
lation (all pumping stresses were removed).

Transient simulations were conducted using the
DPM to simulate changes in the potentiometric sur-
face of the Upper Floridan aquifer and discharge to or
recharge from overlying streams for three hypotheti-
cal hydrologic conditions. The first simulation was
based on the assumptions that (1) there would be a
droughtlasting 3 consecutive years, and (2) the amount
of irrigation pumpage would remain at 1981 levels
(total annual pumpage of 113 billion gallons, consist-
ing of 1981 irrigation pumpage of 107 billion gallons
plus other-use pumpage of 6 billion gallons). The
second simulation was made on the assumptions that
(1) there would be a drought lasting 3 consecutive
years, and (2) all available agricultural land would be
irrigated (total annual pumpage of 408 billion gallons,
consisting of 1981 irrigation pumpage of 107 billion
gallons plus a projected increase in annual irrigation
pumpage of 295 billion gallons plus other-use annual
pumpage of 6 billion gallons). The third simulation
was based on the assumptions that (1) a 10-year nor-
mal recharge condition would prevail and (2) annual
pumpage would be 287 billion gallons (1980 pumpage
of 82 billion gallons plus a projected increase in annual
pumpage of 205 billion gallons).

Simulated head declines at the end of a 3-year
drought with pumpage of 113 billion gallons annually
averaged about 26 ft and were generally less than 50
ft. Declines varying from 50 to 60 ft occurred in about
15 percent of the modeled area. In some areas, heads
declined from 1 to 10 ft below the top of the Upper
Floridan aquifer. Aquifer discharge to streams was
significantly reduced, and all streams originating



H70

within the Dougherty Plain area of southwest Georgia
stopped flowing.

Simulated head declines at the end of a 3-year
drought with annual pumpage of 408 billion gallons
averaged about 33 ft and were generally less than 50
ft. Declines of 50 to 75 ft occurred in about 15 percent
of the modeled area. Water levels declined from 1 to 10
ft below the top of the aquifer in about 30 percent of the
modeled area and from 10 to 50 ft in some interstream
tracts. Induced recharge to the aquifer from streams
exceeded aquifer discharge to streams. About half of
the pumpage came from aquifer storage and about
half came from induced stream infiltration to the
aquifer and leakage through the residuum.

The mean decline in the potentiometric surface at
the end of the 10 years of average recharge conditions
and annual pumpage of 287 billion gallons was 4 ft,
with the general range of decline being 0 to 9 ft. Max-
imum declines of 9 to 15 ft occurred in less than 15
percent of the area. Over the 10-year simulation
period, only 6 Mgal/d was removed from storage—
about 1 percent of the total pumpage. Net discharge to
streams, however, was reduced by 30 percent. Conse-
quently, the major effect of increased pumping under
average recharge conditions would be to reduce the
base flow of streams in the southwest Georgia area
during the irrigation season.

Transient simulations were conducted using the
FWBM to evaluate the effects of increased pumping
on water levels in the Upper Floridan aquifer in the
Fort Walton Beach area from 1978 to 2000. Total
pumpage used in the simulation was 20.5 Mgal/d. In
the first simulation, all increased pumpage was allo-
cated to existing well fields. In the second simulation, the
coastal well field located on Santa Rosa Island, where
transmissivity is low (less than 1,000 ft?/d), was moved
inland, west of Valparaiso where transmissivity is
higher (5,000 ft?/d).

In the first simulation, head declines ranging from
40 to 60 ft (below the March 1978 levels) occurred in
the vicinity of Fort Walton Beach. Destin, Valparaiso,
Niceville, and Mary Esther had averaged simulated
head declines of 20 to 30 ft.

Relocating coastal wells from Santa Rosa Island
inland to west of Valparaiso resulted in much smaller
head declines in the year 2000. Simulated water-level
declines ranged from 10 to 20 ft at Fort Walton Beach.
Also, the area of the 30-foot head decline near Niceville
and Valparaiso was much smaller than in the first
simulation. Therefore, the simulation indicates that
moving the coastal well field now on Santa Rosa Island
to an area more inland could be an effective alterna-
tive inreducing the deep pumpingcone currently cen-
tered in the coastal area at Fort Walton Beach.
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