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Geohydrology and Evaluation of Water-Resource 
Potential of the Upper Floridan Aquifer in the 
Albany Area, Southwestern Georgia 

By l.j. Torak, G.S. Davis, G.A. Stra1n, and j.G. Herndon 

Abstract 

In the Albany area of southwest­
ern Georg1a, the Upper Flondan aqui­
fer lies ent1rely w1thm the Dougherty 
Plam d1stnct of the Coastal Plam phys­
IographiC provmce, and cons1sts of 
the Ocala L1mestone of late Eocene 
age. The aqu1fer IS d1v1ded through­
out most of the study area mto an 
upper and a lower l1tholog1c umt, 
wh1ch creates an upper and a lower 
water-bearmg zone The lower water­
beanng zone cons1sts of alternatmg 
layers of sandy limestone and 
med1um-brown, recrystallized dolo­
mitic l1mestone, and ranges m thick­
ness from about SO ft to 100 ft It IS 
h1ghly fractured and exh1b1ts well­
developed permeab1llty by solut1on 
features that are responsible for 
transm1ttmg most of the ground water 
m the aqu1fer TransmiSSIVIty of the 
lower water-beanng zone ranges 
from about 90,000 to 178,000 fetd The 
upper water-beanng zone 1s a fmely 
crystall1zed-to-ool1tlc, locally dolo­
mitic limestone havmg an average 
th1ckness of about 60 ft TransmiSSIV­
Itles are cons1derably less m the 
upper water-beanng zone than m the 
lower water-beanng zone The Upper 
Flondan aqu1fer IS overlam by about 
20-120 ft of und1fferent1ated overbur­
den cons1stmg of fme-to-coarse 
quartz sand and noncalcareous clay 
A clay zone about 10-30 ft th1ck may 
be contmuous throughout the south­
western part of the Albany area and, 
where present, causes confmement 
of the Upper Flondan aqu1fer and 
creates perched ground water after 
penods of heavy ramfall The Upper 

Flondan aqu1fer 1s confmed below by 
the L1sbon Format1on, a mostly dolo­
mitic limestone that contams trace 
amounts of glaucomte The L1sbon 
Format1on 1s at least SOft th1ck m the 
study area and acts as an Imperme­
able base to the Upper Flondan aqUI­
fer The quality of ground water m the 
Upper Flondan aqu1fer 1s su1table for 
most uses, wells generally y1eld water 
of the hard, calc1um-b1carbonate type 
that meets the U S Environmental 
Protection Agency's Pnmary or Sec­
ondary Dnnkmg-Water Regulations 

The water-resource potential of 
the Upper Flondan aqu1fer was eval­
uated by compllmg results of dnllmg 
and aqu1fer testmg m the study area, 
and by conductmg computer s1mula­
t1ons of the ground-water flow system 
under the seasonally low cond1t1ons 
of November 198S, and under condi­
tions of pumpmg w1thm a 12-m12 area 
located southwest of Albany Results 
of test dnllmg, aqu1fer testmg, and 
water-qual1ty analyses md1cate that, 
m the area southwest of Albany, gee­
hydrologic cond1t1ons m the Upper 
Flondan aqu1fer, und1fferent1ated 
overburden, and L1sbon Format1on 
were favorable for the aqu1fer to pro­
VIde a large quant1ty of water Without 
havmg adverse effects on the ground­
water system The confmement of the 
Upper Flondan aqu1fer by the undif­
ferentiated overburden and the rural 
settmg of the area of potent1al devel­
opment decrease the llkel1hood that 
chem1cal const1tutents will enter the 
aqu1fer dunng development of the 
ground-water resources 

Computer s1mulat1ons of 
ground-water flow m the Upper Flo-

ndan aqu1fer, mcorporatmg condi­
tions for reg1onal flow across model 
boundanes, leakage from nvers and 
other surface-water features, and ver­
tical leakage from the undifferenti­
ated overburden, were conducted by 
usmg a fm1te-element model for 
ground-water flow m two dimen­
Sions Companson of computed and 
measured water levels m the Upper 
Flondan aqu1fer for November 198S at 
74 locat1ons md1cated that computed 
water levels generally were w1thm S ft 
of the measured values, wh1ch IS the 
accuracy to wh1ch measured water 
levels were known Water-level alti­
tudes ranged from about 260ft to 130 
ft above sea level m the study area 
dunng calibration Aqu1fer d1scharge 
to the Flmt R1ver downstream from 
the Lake Worth dam was computed 
by the calibrated model to be about 1 
b1ll1on gallons per day, about 300 mil­
lion gallons per day (Mgal/d} greater 
than was measured for s1mllar low­
flow cond1t1ons The excess com­
puted d1scharge was attnbuted par­
tially to stream Withdrawals for 
mdustnal use, nonreported use, and 
channel evaporation, but mostly to 
mcreased grad1ents and mcreased 
flow from the aqu1fer to the nver than 
ex1sted dunng cal1brat1on 

Results from the cal1brated 
fm1te-element model md1cate that 
ground-water flow IS dommated by 
mflow from reg1onal-flow compo­
nents to the west, north, and east of 
the study area, and by outflow to the 
Flmt R1ver downstream from the Lake 
Worth dam S1mulat1on results mdl­
cated that d1rect1ons of ground-water 
flow were not changed apprec1ably by 
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pumpmg at the November 1985 rates However, vert1cal 
leakage from the und1fferent1ated overburden caused 
local dev1at1ons m the reg1onal flow pattern 

A sens1t1v1ty analys1s was performed on 18 hydrolog1c 
factors affectmg the flow system m the Upper Flor~dan 
aqu1fer Results showed that computed water levels 
changed the most (were the most sens1t1ve) m response to 
changes m hydraul1c conduct1v1ty of the aquifer, vert1cal 
leakage coeff1c1ent and water level m the und1fferent1ated 
overburden, and stage of the Flmt R1ver downstream from 
the Lake Worth dam Computed water levels were least 
sens1t1ve to changes m well pumpage, flow across the 
northern boundary and from Lake Worth, the boundary 
coeff1c1ent for the Flmt R1ver downstream from the Lake 
Worth dam, and flow from Cooleewahee Creek 

S1mulat1ons of s1x pumpmg scenar~os m the area of 
potent1al development southwest of Albany showed that 
the Upper Flor1dan aqu1fer 1s capable of prov1dmg at least 
72 Mgal/d from f1ve locat1ons (14 4 Mgal/d each) w1thm th1s 
area w1thout causmg adverse affects on the flow system 
The 72-Mgal/d scenar1o y1elded a max1mum drawdown of 
about 9 4 ft, wh1ch placed the water level m the Upper 
Flor1dan aqu1fer about 50 ft above the top of the lower 
water-bear~ng zone Hence, there IS small llkel1hood of 
aqu1fer dewatering, well mterference, or smkhole devel­
opment from pumpmg as much as 72 Mgal/d from w1thm 
the area of potent1al development All pumpmg scenarios 
showed that about 81 percent of the ground-water pump­
age was der1ved from reg1onal flow that would have 
d1scharged to the Flmt R1ver downstream from the Lake 
Worth dam The dommant ground-water flow d1rect1on 
toward the Flmt R1ver was not changed, and no mduced 
recharge from the Flmt R1ver entered the potential­
development area Induced recharge from the undifferen­
tiated overburden contributed to about 1 5 percent of the 
total volume pumped dur~ng the s1mulat1ons 

INTRODUCTION 

Water-level dechnes have occurred m the Albany 
area of southwestern Georgia from heavy pumpmg from 
wells completed m deep aquifers of the Eocene Claiborne 
Group, Paleocene Clayton Formation, and Upper Creta­
ceous rocks that underlie the Upper Flondan aqmfer The 
declmes have caused concern for local and State resource 
managers and raised questiOns about the abihty of the deep 
aquifers to contmue to meet mcreasmg ground-water 
demands The Albany Water, Gas, and Light CommissiOn 
(WG&L) IS considenng usmg the Upper Flondan aquifer as 
an alternative mumcipal ground-water source 

A study of the hydrogeology, chemical quality, and 
availability of ground water m the Upper Flondan aquifer 
(Hicks and others, 1987) mdicated that spatial vanability m 
the hydraulic charactenstics of the Upper Flondan aqmfer 
could sigmficantly affect water-resource development m the 
Albany area Although that study Identified several areas 
havmg the greatest ground-water development potential 

(Hicks and others, 1987, p 38), most of these areas are not 
as suitable for water-resource development as the area 
selected for further mvestigatmn by this study Wells may 
penetrate maJor ground-water condUits m some areas, 
permittmg contammatmn from distant sources to reach 
mumcipal-supply wells qmckly and VIrtually unattenuated 
In other areas, the confimng umt IS absent or very "leaky", 
thus, contammatmn from sources duectly above the Upper 
Flondan aquifer could occur by percolatiOn through the 
undifferentiated overburden In still other areas, the undif­
ferentiated overburden may be thm or absent, thus offenng 
httle delay m the percolatiOn of any contammants to the 
aquifer from the surface Considenng these factors, the area 
located west of the Flint River m Dougherty County (fig 
1), Identified by Hicks and others ( 1987), can be considered 
as havmg the greatest potential for development of ground­
water resources 

In 1987, as part of an ongomg cooperative program 
With WG&L, the U S Geological Survey (USGS) began an 
mvestigatmn to evaluate the ground-water resources of the 
Upper Flondan aquifer m the Albany area There was 
particular mterest m the area Identified as havmg the 
greatest potential for development (fig 1) The complex 
hydrologic processes associated With karst terrane, regiOnal 
flow, and the relatiOn of ground-water to surface-water 
flow, as descnbed by Hicks and others ( 1987), reqmred that 
numencal simulatiOn be used to represent the flow system 
of the Upper Flondan aqmfer for this evaluatiOn Histoncal 
data along with geohydrologic data from more recent test 
dnlhng and aqmfer testmg m the area of potential develop­
ment were compiled and mcorporated mto the computer 
model 

This report extends the work of Hicks and others 
(1981, 1987), first, by reviewmg and updatmg mformatmn 
on the geohydrologic charactenstics of the Upper Flondan 
aqmfer m the Albany area and, second, by evaluatmg the 
hydrologic components of the ground- and surface-water 
flow systems The effects on the flow system of developmg 
the ground-water resource by pumpmg are determmed by 
analyzmg simulatiOn results, which are used to quantify 
components of the flow system, determme duectmns of 
ground-water movement, and evaluate the potential for 
smkhole development and for water-quahty changes 

Purpose and Scope 

The obJectives of this report are to descnbe bnefly the 
geohydrologic system of the Upper Flondan aqmfer and to 
evaluate the water-resource potential of the aquifer by 
determmmg the effects of ground-water development man 
area near Albany, Ga (fig 1), on the ground- and surface­
water flow system The hydrologic significance of the 
vanous lithologies Withm geologic umts that affect ground­
water flow m the Upper Flondan aquifer IS explamed as It 
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Figure 1. Location of study area, area of potential development, and conceptualized ground-water flow directions in the 
Upper Floridan aquifer (modified from Hicks and others, 1987). 

pertains to the evaluation. The evaluation uses results of test 
drilling and aquifer testing in the area of potential ground­
water development (fig. 1), and compiles available hydro­
logic information to determine the factors that control 
ground-water flow in the Upper Floridan aquifer. The 
effects of these factors are represented in a finite-element 
model of ground-water flow in two (areal) dimensions, and 
results of simulations are used to aid in evaluating the 
water-resource potential of the Upper Floridan aquifer. 
Sensitivity analyses were conducted, in which simulation is 

used to determine which factors, among 18 controlling 
ground-water flow, affect the flow system most, and hence 
require accurate definition in the system. 

The effects of ground-water development on the 
Upper Floridan aquifer and on the surface-water features 
were determined by simulating the hydrologic conditions 
that existed during a period of low flow and low water level 
(November 1985), and by simulating pumped wells located 
in an area of potential ground-water development. Six 
development scenarios were analyzed with regard to the 
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effects of pumpmg on water levels and with regard to the 
hydrologic factors that affect ground-water flow m the 
Upper Flondan aqmfer The response of the flow system to 
pumpmg was analyzed by evaluatmg the followmg factors 
aquifer drawdown, changes to water-budget components 
and to dtrectwns of ground-water flow, aqmfer dewatenng 
(which contnbutes to smkhole formatiOn), water-quality 
changes, and mduced leakage from the Flmt River (pl 1) 

Area of Study 

The Albany study area hes almost entirely wtthm the 
Dougherty Plam distnct (Clark and Zisa, 1976) of the 
Coastal Plam physiOgraphic provmce of Georgia, and 
covers an area of about 1 ,500 mt2 m the southwestern part 
of the State (fig 1) The area of potential ground-water 
development (area of potential development) occuptes 
about 12 mi2 of the southwestern part of the study area (fig 
1) The Dougherty Plam slopes from an altitude of about 
300 ft m the northern part of the area to about 150 ft at the 
southeastern border Details about the physiography of the 
Dougherty Plam and surroundmg distncts were summanzed 
by Hicks and others ( 1987) 

Methods of Investigation 

Methods used to descnbe the geohydrology and to 
evaluate the water-resource potential of the Upper Flondan 
aquifer were test dnlling, aqutfer testmg, analysts of 
ground- and surface-water data, and numencal stmulatwn 
Nme test wells were dnlled by S & ME, Inc , (formerly Soil 
and Matenal Engmeers, Inc), dunng February 198& for 
WG&L Five of the wells fully penetrated the Upper 
Flondan aqmfer, and four wells were completed m the 
matenal overlymg the aqutfer (undifferentiated overburden) 
(figs 2, 3) Dnll cuttmgs and 23 undisturbed core samples 
were collected dunng well mstallation, and all wells were 
cased and developed 

Permeability, bulk density, clay content, and percent 
mOisture were determmed for 16 of the 23 undisturbed core 
samples by S & ME, Inc Saturated permeabthty was 
determtned by the constant-head, controlled-gradtent 
method by usmg a tnaxtal testmg deviCe, as descnbed by 
the U S Army Corps of Engmeers tnaxial test EM 1110-2-
1906, Appendtx VII, m accordance wtth the Amencan 
Soctety for Testmg Matenals (ASTM) standard D 2850 

Core and dnll cuttmgs from the mne test wells were 
correlated wtth borehole-geophystcallogs, mcludmg elec­
tncal reststivtty, spontaneous potenttal, natural gamma, and 
caliper logs Ltthologtc data and geophystcallogs from mne 
other wells also were used to tdenttfy and correlate strati­
graphic and hydrologtc umts 

Water-level data from a network of 51 wells m the 
southwestern Albany area were used to construct a detailed 

map of the potentwmetnc surface for the Upper Flondan 
aqmfer Contmuous water-level data from recorders that 
were mstalled on stx wells provtded mformatwn on water­
level fluctuatiOns m the area of potential development 

Stream-dtscharge measurements were made m the 
Albany area m an attempt to relate changes m the base flow 
of streams to the ground-water level and stream stage 
Contmuous-streamflow and gage-hetght data were collected 
on the Flmt Rtver at Albany Base-flow measurements were 
made on selected streams dunng the low-flow penod of 
November 27 and 28, 1984, so that esttmates of the volume 
of ground water discharged by the Upper Flondan aqmfer 
mto area streams could be made (Htcks and others, 1987, 
p 32) 

Results of aqmfer tests conducted dunng the previOus 
mvesttgatton by Htcks and others ( 1987) at two locatiOns m 
the study area also aided m the water-resource evaluatiOn 
Water-level data from drawdown and recovery tests at the 
pumped wells and at observation wells were used to 
compute transmtsstvtty for the Upper Flondan aqutfer 

The USGS MODular Ftmte-Element model 
(MOD FE) of two-dtmenswnal ground-water flow (Cooley, 
1992, Torak, 1992a, b) was used to simulate flow m the 
Upper Flondan aqutfer The model used mathe­
mattcal representattons for the hydrologic factors that are 
conceptualized as controlling ground-water flow m the 
Upper Flondan aqmfer EvaluatiOn of the water-resource 
potenttal of the aqutfer was made based on results of 
stmulatwns conducted to represent htstoncal, current, and 
"potential" future ground-water condttions m the Upper 
Flondan aqmfer 

Well-Numbering System 

In thts report, wells are numbered usmg a system 
based on USGS topographtc maps Each 7lf2' topographtc 
quadrangle map m Georgta has been gtven a number and 
letter destgnation begmnmg at the southwest comer of the 
State Numbers mcrease eastward through 39, letters 
advance northward through "Z," then double-letter desig­
natiOns "AA" through "PP" are used The letters "I," "0," 
"II," and "00" are not used Wells mventoned m each 
quadrangle are numbered sequentially begmnmg wtth "1 " 
Thus, the forty-etghth well mventoned m the Albany West 
quadrangle (designated 12L) m Dougherty County ts des­
Ignated as well12L048 Wells numbered by S & ME, Inc , 
contam the prefix "WGL" followed by sequential dtgits, 
such as WGLl, WGL2 Some wells are not numbered and 
are defined by name, such as "Pretona Acres South well" 

GEOHYDROLOGY 

The study area ts underlam by Coastal Plam sedi­
ments of pre-Cretaceous to Quaternary age that constst of 
altematmg umts of sand, clay, sandstone, dolomite, and 
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Commission well 

Figure 2. Locations of wells used to construct section A-A' . 

limestone that dip gently to the southeast and generally 
thicken in that direction (Hicks and others, 1987). Only 
those geologic units pertinent to the functioning of the 
Upper Floridan aquifer were investigated in this study . 

Those units include middle to late Eocene age and younger 
sediments and are , in ascending order, the Lisbon Forma­
tion , the Ocala Limestone, and undifferentiated overburden 
(fig. 3). 

Geohydrology 5 



FEET A 

SFA 
LEVEL 

A' 

.1 

~0--------------------------------------------------------------------------------------~ 

VERTICAL HYDRAULIC 
CORE CONDUCTIVITY, 

NO . IN FEET PER DAY EXPlANATION 
2 MILES 

2 KILOMETERS 
1 8.22 
2 22.7 
3 11.3 

~ 
~ ClAYEY MATERIAL­

From geophysica11ogs VERTICAL SCALE GREA'ILY EXAGGERATED 
4 0.001 
5 0.088 
6 0.85 UPPER FLORIDAN AQUIFER 

7 0.011 
8 1. 93 [f:::}:+:}J Upper water-bearing zone 
9 2.32 

10 11.3 
11 0.88 ~ Lower water-bearing zone 
12 4.88 
13 5.67 
14 0.001 + 5 CORE SAMPLE AND IDENTIFICATION NUMBER 
15 0.0004 
16 11.3 

Figure 3. Generalized geohydrology of section A-A'. 

Karst topography characterizes the study area, which 
is marked by numerous shallow, flat-bottomed or rounded 
depressions that may be remnants of ancient sinkholes. The 
depressions range in depth from only a few feet to more 
than 25 ft and usually are filled with sediment of low 
hydraulic conductivity. Many of these depressions hold 
water throughout much of the year. 

The Lisbon Formation is thick and dense and acts as 
an impermeable base of the Upper Floridan aquifer. The 
lower part of the Ocala Limestone has well-developed 
permeability along solution-enlarged joints, bedding 
planes, and fractures. The lower part of the Ocala Lime­
stone contains most of the lateral ground-water flow in the 

Upper Floridan aquifer. The upper part of the Ocala 
Limestone is dense in most places and functions primarily 
to supply water to the lower part of the Ocala. Together the 
upper and lower parts of the Ocala Limestone compose the 
Upper Floridan aquifer. The undifferentiated overburden 
consists of alternating layers of sand, silt, and clay. Where 
present, the upper, sandy part may contain a water-table 
aquifer, which acts as a source of recharge to or receives 
discharge from the Upper Floridan aquifer. The lower, 
clayey part of the undifferentiated overburden confines the 
underlying Upper Floridan aquifer. For a more complete 
description of the geology of the area, the reader is referred 
to Hicks and others (1987, p. 9-12). 
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Hydrologic Characteristics 

Undifferentiated Overburden 

Results of laboratory analyses of core samples mdl­
cate that the sand and clay content of the undifferentiated 
overburden IS the dommant htholog1c factor m controlling 
the vert1cal hydrauhc conductiVIty of these sed1ments 
Laboratory analyses of 16 undisturbed core samples that 
were collected from wells WGL2, WGL4, WGL6, and 
WGL8 (C A Turner, S & ME, Inc , wntten commun , 
1988) md1cate that the vert1cal hydrauhc conductiVIty of 
sed1ments m the overburden ranges from about 0 0004 ft/d 
for a s1lty clay to about 23 ft/d for a fine-to-medmm sand 
(fig 3) 

Th1ckness data for the undifferentiated overburden m 
the Albany area collected by H1cks and others ( 1987) were 
comptled for th1s study Thickness of the overburden ranges 
from about 20 ft at the Pretona Acres South well to about 94 
ft at well WGL5 (ftg 3), however, locally, the th1ckness 
may exceed 120 ft (H1cks and others, 1987, pl 2) 
Although most layers of s1mtlar lithology w1thm the undif­
ferentiated overburden are d1scontmuous and can be traced 
only for short d1stances, a layer of clay m the lower half of 
the overburden may be contmuous throughout the south­
western part of the Albany area (f1g 3) Thtckness of th1s 
clay ranges from about 10ft at well 12L048 m the northern 
part of the study area to about 29 ft at well WGL5, and 
averages about 20 ft Zones of equal thickness for the 
predommantly clayey sediments m the lower half of the 
overburden were defmed from these data (fig 4) and were 
used to determme values of vertical hydrauhc conductance 
(vertical hydraulic conductiVIty d1v1ded by thickness) for 
mput to the fimte-element model (see section on "Simula­
tion of Ground-Water Flow") The element s1des of the 
fimte-element mesh were used as zone boundanes (pl 1) 

The vertical hydraulic conductivity and thickness of 
the laterally contmuous clay layer withm the undifferenti­
ated overburden m the Albany area create a hydrologic 
bamer to the vertical flow of ground water to and from the 
Upper Flondan aqu1fer The clay layer can have the 
followmg effects on ground-water flow m the Upper Flon­
dan aqmfer system 
1 It can cause perched ground-water cond1ttons m the 

overburden followmg penods of heavy ramfall, 
2 It can decrease the amount of ground-water recharge to 

the Upper Flondan aqmfer from mfiltrat10n of precip­
ItatiOn, and 

3 It can control the rate of mfiltration of surface-applied 
chemicals, wh1ch could contammate the ground-water 
supply m the aquifer 

Upper Floridan Aquifer 

The Upper Flondan aqmfer m the Albany area 
conststs of the Ocala Limestone The aquifer varies m 

th1ckness throughout the Albany area from about 25 ft m the 
northwestern part of the study area to about 270 ft m 
southeast Dougherty County (fig 5) In the area of potent1al 
development, the aqmfer ranges m th1ckness from about 77 
ft at well WGL5 to about 145 ft at well WGL9 (fig 3) 

The Upper Flondan aqmfer IS divided mto upper and 
lower water-beanng zones havmg d1fferent hydraulic prop­
erties The relatively low permeability m the upper water­
bearmg zone greatly reduces 1ts abtlity to transmit large 
quantities of ground water Although no aqmfer tests were 
available to g1ve values of transmiSSIVIty or hydrauhc 
conductivity, y1elds from domestic wells that were com­
pleted m the upper water-beanng zone generally are low 
Well records prov1ded by the Dougherty County Health 
Department md1cate that the maJonty of domestic supplies 
are obtamed from the upper water-bearmg zone 

Th1ckness vanat10ns m the upper water-beanng zone 
determme the extent to whtch th1s zone acts as a hydrolog1c 
hamer for transm1ttmg water vertically between the lower 
water-beanng zone and the undifferentiated overburden In 
the northern part of the area of potent1al development, the 
lower water-beanng zone 1s separated from the undifferen­
tiated overburden by about 50-65 ft of the upper water­
bearmg zone (compare alt1tudes m figs 6 and 7) The 
average thickness of the upper water-beanng zone m the 
study area IS about 40 ft (fig 3) In the area of potential 
development, thickness of the upper umt ranges from about 
2 ft at well WGL5 to about 77 ft at well 12L048 (fig 3) 

Areal differences m hydraulic conductivity and m 
saturated thickness Withm the lower water-beanng zone 
create a vanable distribution of aqmfer transmissiVIty 
Aquifer tests at wells 12L048 and 12K016 m the northern 
and southern parts of the area of potential development, 
respectively, mdtcated that the transmiSSIVIty of the lower 
water-beanng zone ranged from about 90,000 fe/d at well 
12L048 to about 178,000 ft2/d at well 12K016 Usmg 
thicknesses for the lower water-beanng zone of about 58 ft 
at well 12L048 and about 88 ft at well 12KO 16 and these 
estimates of transmiSSIVIty, the hydraulic conductivity of 
the lower water-beanng zone was est1mated to range from 
about 1,500 ft/d at well 12L048 to about 2,000 ft/d at well 
12K016 

The highly permeable nature of the lower water­
beanng zone of the Upper Flondan aqu1fer IS the result of 
well-developed permeability caused by dtssolut10n of lime­
stone by ground water cuculatmg along beddmg planes and 
fractures (H1cks and others, 1987) The permeability of the 
lower water-beanng zone 1s Imparted by mterconnected 
condmts or solutiOn opemngs A system of maJor solutiOn 
condUits has developed m areas near the Flmt R1ver (fig 8) 
These maJor condmts transport large quantities of ground 
water from the Upper Flondan aqmfer to spnngs, such as 
Radmm Spnngs, which discharge water to the Flmt River 
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Figure 4. Zones of thickness of predominantly clayey sediments in lower half of undifferentiated overburden. 

Although the cross-sectional area that contributes ground 
water to the Flint River from the solution conduits is small 
in comparison with the cross-sectional area across which 
ground water enters the River from the entire aquifer, the 
solution conduits conduct a major part of the ground-water 
flow and contribute greatly to shaping the potentiometric 
surface of the aquifer (Hayes and others, 1983, p. 46). 
Consequently, the distribution of solution openings and 
fractures was used to define, in a qualitative sense, zones of 
high and low hydraulic conductivity for the digital model of 
the aquifer. 

Thickness of the lower water-bearing zone ranges 
from about 46 ft at Albany to about 85 ft northeast of 
Albany , and to about 58 ft to the southwest (Hicks and 
others , 1987 , p. 11 ). In the area of potential development, 
thickness of the lower unit ranges from about 48 ft at well 
WGL1 to about 104 ft at well WGL2 (fig. 3). The altitude 
of the top of the lower water-bearing zone (fig. 7) is 
hydrologically significant because declines in water level 
below the top of the lower water-bearing zone will increase 
the potential for sinkhole formation (Hicks and others, 
1987 , p. 40). 
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Figure 5. Thickness of Upper Floridan aquifer. 

Lisbon Formation 

The hard, well-cemented, and clayey nature of the 
limestone comprising the Lisbon Formation in the study 
area gives this unit a water-yielding capability that is 
distinctly lower when compared with the Upper Floridan 
aquifer. The Lisbon Formation thus acts as an impermeable 
base to the Upper Floridan aquifer (Hayes and others, 
1983). Because of the relatively low transmissivity com­
pared with the Upper Floridan aquifer (Watson, 1981), 
wells yield only a few gallons per minute from this unit. 
Southeast of the study area, however, domestic supplies of 

D 100-200 

- Greater than 200 

water may be obtained from the Lisbon Formation (Hayes 
and others, 1983). 

Results of an analysis of regional ground-water flow 
that included the Upper Floridan aquifer and the Lisbon 
Formation indicate that the Lisbon Formation acts as an 
impermeable base to the Upper Floridan aquifer in the study 
area (Robert E. Faye and Gregory C. Mayer, U.S. Geolog­
ical Survey , written commun., November 1990). These 
results indicate that recharge by vertical leakage to the 
Upper Floridan aquifer across the Lisbon Formation occurs 
north of the study area at a rate of about 10 fe /s, and that 
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F1gure 8. Wells used to defme hydraul1c conduct1v1ty m Upper Flondan aqu1fer 

discharge from the Upper Flondan aquifer through the 
Lisbon Formation occurs south of the study area at a rate of 
about 5 fets No leakage occurs m the Albany area With a 
total lateral-flow component through the aqmfer of about 
4,000 fets (Robert E Faye and Gregory C Mayer, wntten 
commun , November 1990), the Lisbon FormatiOn IS an 
effective Impermeable lower boundary to the Upper Pion­
dan aquifer 

Ground-Water Levels 

Ground-water levels m the transmissive parts of the 
undifferentiated overburden and m the Upper Flondan 
aqmfer respond positively (mcrease) to recharge and nega­
tively (decrease) to discharge Water levels generally are 
higher m areas where the aqmfer and the overburden are 
recharged, and lower m areas where the ground water 
discharges naturally to streams or m areas of heavy pump-
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Figure 9. Water-level fluctuations m wells 13M010 and 
13M012 m und1fferent1ated overburden, 1983-1988 

mg In the undtfferenttated overburden, water levels 
respond relatively qmckly to prectpttatwn and drought 
However, m the Upper Flondan aqutfer, neither the 
response time nor the magmtude of water-level changes 
resultmg from precipitatiOn or drought IS predictable, both 
vary areally and can be either nearly mstantaneous or very 
slow, either large or barely perceptible 

Seasonal Fluctuations 

The ground-water level m the Upper Flondan aquifer 
generally IS at a maximum dunng February through Apnl, 
dechnes through summer, and IS at a mmtmum dunng 
November and December Dunng years of normal precip­
ItatiOn, seasonal fluctuations m the water level range from 
about 2 ft 10 the eastern part of the study area to about 30 ft 
near Albany Near maJor agncultural and mdustnal pump­
mg centers, seasonal water-level fluctuatiOns probably 
exceed 30 ft However, unlike water-level fluctuatiOns m 
the deeper aqutfers, these fluctuatiOns (declines) do not 
result m the formatiOn of dtstmct cones of depressiOn m the 
potentwmetnc surface of the Upper Flondan aqmfer (Htcks 
and others, 1987) In the area of potential ground-water 
development, annual water-level fluctuatiOns range from 
about 7 ft to 18 ft 

The water level m the undifferentiated overburden IS 
highest dunng February through Apnl, declines dunng the 
summer and fall, and IS at a m101mum durmg November 
through January (fig 9) Begmn10g m late December and 
contmumg through January, water levels m wells expen­
ence a raptd mcrease m response to recharge by mftltratwn 
of prectpttatwn Monthly water levels m 22 wells tapp10g 
the undtfferenttated overburden ranged from about 1 ft to 22 
ft below land surface for the penod Apnl 1982 through 
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Figure 10. Water-level fluctuations m weii13L003 m Upper 
Flondan aqu1fer, 1963-1989 

December 1984 (Sandra C Cooper, U S Geological Sur­
vey, oral commun , 1984) Maxtmum annual fluctuatiOns 
m water level m Individual wells ranged from about 10 ft to 
16 ft 

Long-Term Effects of Drought Conditions and 
Pumping 

The water level m the Upper Flondan aqmfer m the 
Albany area has not shown long-term declines from drought 
conditiOns A typtcal response to drought condtttons m the 
Upper Flondan aqutfer IS shown by the water-level hydro­
graph of well 13L003 (fig 10), whtch IS located near the 
Dougherty-Worth County line Dunng the droughts of the 
early and late 1960's, 1980-81, and 1986, the water level m 
well 13L003 declmed to record or near-record lows, but 
recovered to predrought levels With the return of normal 
prectpttatwn (Htcks and others, 1987) Dunng the drought 
of 1986, water levels m wells 11K015, 12L028, and 
12K014 declined to record lows, but wtth the return of 
normal precipitation dunng the next season, they recovered 
to predrought levels (ftgs 11-13) 

The potentwmetnc surface of the Upper Flondan 
aquifer for conditions that extsted pnor to development 
(1957) (Watt, 1963) was compared wtth the potentwmetnc 
surface for November 1985 (Htcks and others, 1987, plate 
1) Stmtlanttes between the two surfaces show that 28 years 
of pumpmg at an average rate of about 66 Mgal/d from the 
Upper Flondan aqmfer has not produced a long-term 
decline 10 the ground-water level Thus, the ground-water 
flow system of the Upper Flondan aqmfer remams m 
eqmlibnum, recharge received from normal, annual ra10fall 
IS approximately equal to the combmed effects of natural 
and man-mduced dtscharge (Htcks and others, 1987, p 22) 
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Figure 12. Water-level fluctuations m weii12L028 m Upper 
Flondan aqu1fer, 1982-1989 

Ground-Water Quality 

Water m the Upper Flondan aqmfer IS of good quahty 
and generally does not contam constituent concentratiOns 
that exceed the maximum contammant levels established for 
dnnkmg water by the Georgta Department of Natural 
Resources ( 1977) and the U S Environmental ProtectiOn 
Agency's (EPA) Pnmary or Secondary Dnnkmg-Water 
RegulatiOns (1986a, b) The water generally ts a hard, 
calcmm-btcarbonate type and IS less mmerahzed than water 
m deeper aqmfers (Hicks and others, 1981) 

Water-quahty samples from the Upper Flondan aqUI­
fer and from the Fhnt Rtver at Newton were collected as 
part of a prevwus mvestigatwn by Hicks and others ( 1987), 

Well 12K014 
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Figure 13. Water-level fluctuations m weii12K014 m Upper 
Flondan aqu1fer, 1982-1989 

no samphng of water m the Upper Flondan aqmfer was 
conducted for thts water-resource evaluatiOn The analyses 
by Htcks and others ( 1987, p 33-36) mdtcated that the 
general quahty of water m the Upper Flondan aqmfer ts 
sUitable for most purposes, although trace concentratiOns of 
certam orgamc compounds were detected m some wells 
However, as stated by Htcks and others (1987, p 35), the 
samples mdtcated a one-time concentratiOn of these constit­
uents m the aqutfer at spectfic locatiOns, and flushmg 
(transport) or dilutiOn at these locations may have precluded 
detectiOn at a later ttme In addttion, water samples from 
wells m rural areas and m the area of potential development 
dtd not contam these constituents 

Water from a well completed m the Upper Flondan 
aqmfer m an urban area of Albany contamed htgher 
concentratiOns of trace metals and was more acidic than 
samples collected m rural or agncultural areas (Htcks and 
others, 1987, table 2) Water from another wellman urban 
area of Albany contamed a trace amount of chlordane, the 
use of whtch ts restncted by the EPA to subsurface mJectwn 
for termite control, and two volatile orgamc compounds 
(VOC), which are used as mdustrtal degreasers tetrachlo­
roethylene (5 9 f.Lg/L) and trans-1 ,2-dichloroethylene (16 
f.Lg/L) Orgamc compounds such as aldtcarb, a nemattctde, 
Its degradatiOn products sulfoxtde and sulfone, and the 
msectictde dieldnn occurred m some of the water samples 
from wells tappmg the Upper Flondan aqutfer for agncul­
tural supply These are compounds generally apphed to the 
sml as agncultural pesttctdes and probably entered the 
Upper Flondan aquifer as vertical recharge from the undif­
ferentiated overburden However, analyses of samples col­
lected from the same wells 6 months later showed no 
detectable concentratiOns of these constituents (Htcks and 
others, 1987, p 33) 
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Ground-Water and Surface-Water Relations 

In the study area, the base flow of the Fhnt Rtver and 
tts tnbutanes IS mamtamed by discharge from the Upper 
Flondan aqutfer Dtscharge to the streams IS at a maxtmum 
dunng wmter and early spnng, when ground-water levels 
are at a maxtmum, but as ground-water levels dechne m late 
spnng and summer, the volume of ground-water dtscharge 
decreases Base-flow measurements that were made for the 
Fhnt Rtver and Its tnbutanes dunng the low-flow penod 
October 27 and 28, 1986, mdtcated that the Fhnt Rtver 
recetved about 1 ,079 fe Is of ground-water dtscharge m the 
nver reach between Albany and Newton (fig 1) MaJor 
solution condUits emergmg m or near the Fhnt Rtver 
transmitted large volumes of water from the"'Upper Flondan 
aqmfer to the nver 

Although the hthology and the degree of solutwmng 
of the Upper Flondan aqmfer near the Fhnt Rtver mdtcate 
good hydraulic connectiOn between the aqmfer and the 
nver, sudden changes m nver stage for short duratiOns of 
time do not necessanly cause a correspondmg water-level 
change m the aqmfer From February 21 to March 4, 1987, 
the stage of the Fhnt Rtver at Albany rose more than 12 ft 
m response to heavy ramfall m the northern part of the 
State However, the water level m well12K014, less than 2 
mt from the Flmt Rtver (fig 1), mcreased by less than 2ft 
dunng the same penod (ftg 14) 

EVALUATION OF WATER-RESOURCE 
POTENTIAL OF THE UPPER FLORIDAN 
AQUIFER 

Water-resource potential of the Upper Flondan aqUI­
fer IS defmed as the ability of the aqutfer to provtde an 
addttional supply of water over that whtch IS presently bemg 

pumped, Without causmg adverse hydrologic effects on the 
ground-water and surface-water systems Adverse effects 
that mtght occur generally are the result of excessive 
water-level declines near pumped wells, whtch could cause 
hydraulic gradtents from the Upper Flondan aqmfer toward 
surface-water features and toward the undifferentiated over­
burden to be reversed, could mcrease the potential for 
smkhole development due to aqmfer dewatenng, and could 
degrade the quahty of water The tmphcatwns of these 
posstble adverse hydrologic effects on the flow system 
mclude contammatwn of the Upper Flondan aqutfer by 
mduced recharge from the overlymg undtfferenttated over­
burden or from the Flmt Rtver, decreased well ytelds, 
mcreased power consumption to sus tam well ytelds, or 
lowenng of well-pump mtakes 

Interpretation of Results of Test Drilling, 
Aquifer Testing, and Data Analysis 

Test dnlhng, aqmfer testmg, and data analysts of the 
Upper Flondan aqutfer m the area of potential development 
mdtcated that large quantities of water could be withdrawn 
from the aqmfer Without causmg adverse hydrologic effects 
on the flow system Fractures and solution opemngs that 
were observed m wells tappmg the aqmfer also suggested 
that large quantities of water can move through the Upper 
Flondan aqmfer under conditiOns that approach condUit 
flow, thus, drawdown and well-Interference effects m the 
area of potential development would be mmimal This 
concept was venfied by testmg wells 12K016 and 12L048 
at rates of 5 8 Mgal/d and 3 6 MgaVd, respectively, and 
observmg draw downs m the aqutfer (Davtd W Htcks, U S 
Geologtcal Survey, wntten commun , Apnl 1988) 

InterpretatiOn and analysts of hydrologic data mdtcate 
that the Upper Flondan aqmfer IS capable of estabhshmg 
eqmhbnum or steady state conditions qmckly dunng the 
mtd-to-late fall months Results of pumpmg tests m the 
Albany area (on ftle at the Dtstnct Office of the U S 
Geologtcal Survey, 3039 Amwtler Rd , Ste 130, Atlanta, 
Ga ), mdtcate that ground-water levels are restored to 
prepumpmg conditions wtthm about 4 days after the stress 
IS removed Water levels m wells that are completed m the 
aqmfer and m the undifferentiated overburden (figs 9-14) 
appear to be constant durmg thts penod, these umts recetve 
httle or no recharge by mfiltratwn of prectpttatwn dunng 
the fall months, and trrtgatwn pumpage has decreased wtth 
the end of the growmg season The raptd mcrease m water 
levels m late December and early January caused by 
recharge to the Upper Flondan aqmfer by mftltratwn of 
prectpttatwn venfies the short duratiOn of time needed for 
the aqutfer to respond to stress and for eqmlibratwn to 
steady state conditions Therefore, It 1s reasonable to 
assume that the aqmfer exhtbtted steady state conditions 
dunng the low-flow penod of November 1985 
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The followmg ImplicatiOns about the water-resource 
potential of the Upper Flondan aqmfer were developed 
from mterpretmg results of test dnlling, aqmfer testmg, and 
data analysts 
• The aqmfer exhtbtted eqmlibnum or steady state con­

ditions for the November 1985 penod, whtch com­
ctded wtth seasonal low ground-water levels and 
streamflow conditiOns m the Albany area 

• The large postttve hydraulic gradtents that extend 
through the aqmfer to the Flint Rtver downstream 
from the Lake Worth dam mdtcate that a large 
component of aqmfer dtscharge to the nver occurs m 
thts area 

• The relatiOn between aqmfer head and nver stage 
mdtcates that large Withdrawals from the aqutfer 
would not reverse the hydraulic gradtent to the Flint 
Rtver and, therefore, not mduce leakage from the 
nver 

• The relatively thtck clay and silty-clay layers wtthm the 
undifferentiated overburden, and the masstve, recrys­
tallized and dolomtttzed limestone of the Ltsbon 
FormatiOn beneath the aqmfer mdicate that the Upper 
Flondan aqmfer IS confmed along Its upper and lower 
boundanes m the VICinity of the area of potential 
development 

• Vertical leakage across either boundary would be small 
m response to mcreased pumpmg from the aqmfer 
The effects of the development of water from the 

Upper Flondan aqutfer were analyzed m terms of-vertical 
leakage from the undifferentiated overburden, regiOnal flow 
to and mduced recharge from the Flint Rtver, well mterfer­
ence, and the potential for smkhole formatiOn The analysts 
was done usmg a fimte-element model that stmulated 
ground-water flow m the aqmfer, and results are dtscussed 
m the followmg sectiOns of this report 

Simulation of Ground-Water Flow 

A two-dtmensiOnal, fimte-element model of steady 
state ground-water flow was used to Simulate the flow 
system of the Upper Flondan aqutfer as tt extsted m 
November 1985, and to atd m evaluatmg the water-resource 
potential m a part of the study area located southwest of 
Albany StmulatiOn was used to test our conceptual models 
of the ground-water and surface-water flow system, whtch 
were based on mterpretat10ns of data and on results of test 
dnlling and aqmfer-test analysts Complexities m the 
ground-water and surface-water flow system, m aqutfer 
geometry, and m lateral and vertical boundary conditions 
reqmred that numencal stmulatiOn be used to mcorporate as 
many of these complexities mto the water-resource evalua­
tiOn as posstble The abthty of the fimte-element model to 
accurately represent these complexities was essential for 
providmg defimttve results that could be used to evaluate 

the water resources of the Upper. Flondan aqmfer and to 
define flow-system response to potential development 

Certam disadvantages and limitatiOns to usmg a 
steady state approach m the water-resource evaluatiOn of the 
Upper Flondan aqmfer need to be addressed and understood 
before dtscussmg the evaluatiOn and Its results Conversely, 
a steady state approach to evaluatmg the water-resource 
potential of the Upper Flondan aqmfer has dtstmct advan­
tages over a nonsteady state approach The water manager 
must be able to wetgh the advantages, dtsadvantages, and 
limitatiOns of the steady state approach used m thts evalu­
atiOn before makmg long-term dectstons about developmg 
the ground-water resources of the Upper Flondan aqmfer 

Disadvantages and Limitations of a Steady State 
Approach 

Because steady state ground-water flow IS netther 
time dependent nor time vanant, transtent effects of releas­
mg water from, or takmg water mto, storage wtthm the 
Upper Flondan aqmfer and wtthm the undtfferenttated 
overburden are not addressed by the steady state approach 
These transient effects are manifested m the leakage of 
water across the boundary between the Upper Flondan 
aqmfer and undifferentiated overburden and m a decrease m 
water-level changes as the aqmfer responds to changes m 
stress on the system Thus, a disadvantage or limitatiOn to 
usmg a steady state approach to evaluate the water-resource 
potential of the Upper Flondan aqutfer ts that transient 
responses wtthm the aqmfer and overlymg semtconfinmg 
umt are not represented when changes m stress are applied 
to the flow system These transient responses cause a ttme 
delay for the aqutfer to eqmlibrate to the new, long-term, 
steady state conditiOn that reflects long-term, flow­
system response to changes m stress (such as changes m 
pumpmg rates, nver stage, or recharge from mfiltrat10n of 
precipitatiOn) 

Although transient responses m the aqutfer and semt­
confinmg umt eventually dtsstpate wtth ttme, these 
responses might represent an Important source (or smk) of 
water to be released from (or taken mto) storage before they 
diSSipate completely, leavmg only steady state and steady 
leakage condttlons Hence, a limitatiOn of a steady state 
approach to the evaluatiOn IS that there ts no mechamsm to 
account for water that ts taken up or released by storage 
wtthm the Upper Flondan aquifer and undifferentiated 
overburden dunng InitiatiOn of stresses on the system A 
further limitatiOn ts that values for aqmfer storage coeffi­
cient and specific storage of the undifferentiated overbur­
den- the hydrologic properties that directly affect transtent 
response-cannot be denved from this evaluatiOn 

Advantages of a Steady State Approach 

Steady state simulatiOn of low-flow and low water­
level conditiOns m the evaluation of an aqmfer system 
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provides conservative estimates (worst case conditions) of 
the long-term effects of additiOnal ground-water develop­
ment on the system Imposmg additiOnal stress on an 
aqmfer that already exhibits low-flow and low water-level 
conditiOns causes the aquifer to be stressed beyond condi­
tiOns that actually might occur Withm the study area dunng 
normal penods of seasonal precipitatiOn Sustammg the 
additional stress unttl new steady state conditions are 
established m the aquifer and undifferentiated overburden 
provides conservative estimates of the water-resource 
potential of the aqmfer and allows evaluatiOn of the 
mcreased potential for smkhole development dunng water­
level conditiOns that are most conducive to their formatiOn 
Transient effects m the aqmfer and overlymg semiconfinmg 
umt will create a time delay m achievmg worst case 
conditions of maximum water-level declines m response to 
mcreased pumpage The water-resource potential and the 
mcreased potential for smkhole development can be evalu­
ated only under worst case conditions, whtch are attamed 
through a steady state approach dunng low water-level 
conditiOns Penods of drought or an extended penod of 
unusually low precipitation, such as m November 1985 and 
m two other penods dunng the last decade, exacerbate an 
already low water-level condition This SituatiOn, coupled 
with a rapid response ttme of the aqmfer to adJust to stress, 
renders the timmg of transient effects Withm the Upper 
Flondan aqmfer and the undifferentiated overburden Irrel­
evant to the water-resource evaluatiOn 

By adoptmg a steady state approach to the water­
resource evaluatiOn, the temporal, short-term (transient) 
responses of the undifferentiated overburden to contnbute 
water to the Upper Flondan aqmfer are ehmmated These 
responses tend to create smaller water-level dechnes m the 
aquifer than would occur under steady state conditions 
Transient responses also delay the establishment of a 
flow-through (steady) component of leakage, thereby delay­
mg the migratiOn of water on the land surface and, hence, 

NORlH SOUTII 
Potentlometnc surface of the Upper Flondan aqwfer 

Upper Flondan aqwfer 

Reg~onal flow lme 

Lisbon Formauon (confimng urut) (no verucalleakage) 

Not to scale 

Figure 15. Conceptual flow model of Upper Flondan aqUI­
fer (mod1f1ed from Hayes and others, 1983) 

any contammants from entenng the Upper Flondan aqmfer 
By elimmatmg transient effects, steady leakage from (or 
flow through) the undifferentiated overburden IS permitted 
to occur at the mstant that the additiOnal stress IS applied, 
thereby givmg a long-term, worse case estimate of the rate 
at which surface contammants can enter the aqmfer m 
response to additiOnal pumpmg Thus, m keepmg With the 
obJectives of this report, the water-resource potential of the 
Upper Flondan aqmfer, the potential for mcreased smkhole 
development due to dewatenng, and the likelihood of 
mfiltrat10n of contammants are evaluated by considenng 
those hydrologic conditions that are not only plausible m 
nature, but yield the most water-level declme, namely the 
conditions of steady state and low flow 

Conceptualization of the Flow System 

ConceptuahzatiOn of the flow system of the Upper 
Flondan aqmfer was based on mterpretation of available 
hydrologic data given m the precedmg sectiOns This 
conceptualizatiOn was a prelude to formmg a workmg 
hypothesis of the flow system, from which conceptual 
models were developed and tested by usmg simulatiOn 

The ground-water and surface-water flow system was 
m eqmlibnum for the November 1985 conditions Water 
levels m wells that were completed m the Upper Flondan 
aqmfer were near seasonal lows, and the aqmfer had not 
received any recharge (mftltrat10n from precipitatiOn) that 
would sigmficantly affect water levels 

The Upper Flondan aquifer IS semtconfmed above by 
undifferentiated overburden and effectively confined below 
by the Lisbon FormatiOn (fig 15) The pnncipal recharge 
mechamsm to the aquifer IS vertical leakage from perched, 
water-beanng zones Withm the undifferentiated overburden 
The vanable thickness and content of sand and clay m the 
overburden (Hayes and others, 1983) result m zones of 
locally large and small leakage rates to and from the 
overburden 

In the study area, the flow system of the Upper 
Flondan aqmfer IS dommated by regiOnal mflow across 
most of the boundanes and by discharge to the Flmt River 
(fig 1) Some regiOnal outflow occurs along the eastern 
boundary near Sylvester Along the southern boundary, 
flow IS generally east to west unttltt discharges to the Fhnt 
River (fig 1) Other surface-water features, such as creeks, 
streams, reservotrs, lakes, and solutiOn features that are 
typtcal of karst areas, have mmor effects on shapmg the 
potent10metnc surface of the Upper Flondan aqmfer 

The Upper Flondan aqmfer was conceptualized as a 
smgle, tsotropic, water-beanng umt of vanable thickness 
and hydraulic conductivity Honzontal and vertical vana­
tiOns m hydraulic properttes caused by changes m hthology 
and m the extent of solutiOn opemngs and fractures contnb­
ute to the lateral nonhomogeneity of the aqmfer Dependmg 
on the relative altitudes of the water level m the aqmfer and 
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the top of the aqmfer, water m the aqmfer was either 
unconfined (water table) or confmed (artesian) 

Mathematical Model 

The mathematical model used to simulate ground­
water flow m the Upper Flondan aquifer consists of 
partial-differential equatwns that are assumed to descnbe 
the physics of flmd flow m porous media, subJect to certam 
boundary conditiOns (Cooley, 1992) V anants of the gov­
ernmg equatiOn and boundary conditions are presented as 
they apply to flow m the Upper Flondan aquifer 

Governmg Equation 

Ground-water flow m the Upper Flondan aqmfer 
Withm the boundaries of any discontinUities m transmiSSIV­
Ity or withm external boundanes IS assumed to be governed 
by the followmg equatiOn of two-dimensiOnal, steady state 
flow 

a ( ah ah) a ( ah ah) - T -+T - +- T -+T -ax =ax xyay ay yxax YYay 
+R(H-h)+W+P=O (1) 

Outer boundary of aqutfer 

I 

X 

EXPlANATION 

emla ,emlb -NORMAL COMPONENT OFGROUND-WATERFLUXENTERING 
OR LEAVING WNES a AND b, RESPECTIVELY 

nxl a, nxl b -UNITIVECI'OR IN x DIRECTION ASSOCIATED WITH em Ia AND 
em b , RESPECTIVELY 

Dy I a, Dy I b -UNITIVECI'OR IN y DIRECTION ASSOCIATED WITH em I a AND 
em b , RESPECTIVELY 

'IB -SPECIFIED COMPONENT OF GROUND-WATER FLUX NORMAL 
TO A BOUNDARY 

Dx, Dy -UNIT OUTWARD-POINTING VECI'ORS IN x AND y DIRECTIONS, 
RESPECTIVELY, ASSOCIATED WITH '1B 

x, y -CARTESIAN COORDINATE DIRECTIONS 

Figure 16. Boundary fluxes qn across aqu1fer-zone bound­
ary, and q8 across outer boundary of aqu1fer (mod1f1ed 
from Cooley, 1992) 

where 
(x ,y) =Cartesian coordmate directiOns 

[length], 
h(x,y)=hydraulic head m the aquifer 

[length], 
H(x,y)=hydraulic head m the source layer 

[length], 

~ xi(~,y))] = symmetnc transmiSSIVIty tensor 
YY ,y wntten m matnx form [length2/ 

time], 
R(x,y)=vertical hydraulic conductance 

(vertical hydraulic conductiVIty 
divided by thickness) of a confm­
mg bed [time- 1

], 

W(x,y)=umt areal recharge or discharge 
rate (positive for recharge) [length/ 
time], 

p 

P(x,y)= L8(x-a)8(y-b)Q
1
=Dirac-delta 

j=l 

designatiOn for p pomt sources or 
sinks, each of strength Q

1 
[length/ 

time] and located at (a
1

, b) Q
1 

IS 
positive for InJection 

Boundary and lmt1al Cond1t1ons 

EquatiOn 1 IS subject to the followmg boundary and 
Initial condttions 
1 At a dtscontmmty m transmtsstvity (an mternal bound­

ary) the normal component of ground-water flow and 
the hydraulic head are unchanged as the dtscontmmty 
ts crossed Thus, at a discontmmty m transmiSSIVIty 
between aqmfer zones a and b (fig 16), the normal 
component of flow at the zone boundary ts gtven as 
qn I ., where*= a,b and 

or 

a 

(2) 
b 

where (nx,ny) ts a umt outward-pomtmg vector along a 
boundary and 

(3) 

2 The normal component of flow qn (fig 16) at a hydro­
logic boundary ts given by the sum of a specified 
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component qB and a head-dependent component 
a(hs-h), or 

where 

a(x,y)=parameter equal to "mfimty" for a 
spectfied-head (Dmchlet) condttton and to 
zero for a spectfied-flux (Neumann) condt­
tton, a general (Cauchy) boundary condt­
tton ts spectfied by a fimte and positive a 
(Cooley, 1983), 

qs(x,y)=specified component of flux normal to a 
boundary [length2 /ttme], 

hs(x,y)=spectfied head at a boundary [length] 
3 The hydrauhc head IS known everywhere for the steady 

state penod, or 

h = h0 (5) 

where h0(x,y) ts the tmtial head [length] (requued 
because transmtssiVIty ts a functiOn of hydrauhc head 
for water-table cond1t10ns) 
Both artestan (hnear) and water-table (nonhnear) 

condtttons, whtch extst m the Upper Flondan aqutfer, are 
represented by equation 1 Ground-water flow under arte­
Sian conditiOns ts hnear (havmg hnear boundary condi­
tiOns), because terms m equation 1 that multiply either 
hydrauhc head h(x,y) or denvattves of head are not func­
tionally dependent on head Under water-table or semtcon­
fined cond1t10ns, equatiOn 1 con tams terms that are func­
tionally dependent on head, transmtssiVIty IS a function of 
aqmfer thickness, whtch m tum ts a function of hydrauhc 
head, and the steady-leakage term R(H-h) IS a functiOn of 
the difference between the head m the undifferentiated 
overburden and the altitude of the top of the aqutfer The 
latter cond1t10n ts nonlmear because the form of the expres­
ston for the leakage rate changes as a functiOn of the 
positiOn of the aqmfer head relative to the top of the aquifer 
The hnear case of steady verttcal leakage IS shown m 
equatiOn 1 by the hydrauhc conductance R multiphed by the 
head dtfference (H-h) 

The bracketed terms m equatiOn 2 are umt dtscharges 
across the aqutfer-zone boundary Ltkewtse, the sum of the 
first two terms m equatiOn 4 ts umt dtscharge across and 
normal to the outer boundary of the aqutfer and IS positive 
for mflow For convemence, specified and head-dependent 
components of equatiOn 4 are termed Cauchy-type bound­
anes because each component represents a spectal case of 
the Cauchy boundary cond1t10n (Nome and deVnes, 1973, 

Cooley, 1983) Lmear and nonhnear forms of equatiOn 4 
are used to represent boundary condttions m the study area 
Detatls of specific apphcat10ns are gtven m the followmg 
sectiOns 

Numerical Model MODFE 

The numencal model used to Simulate ground-water 
flow m the Upper Flondan aquifer ts the MODular Ftmte­
Element model (MODFE) of the U S Geological Survey 
(Cooley, 1992, Torak, 1992a, b) The govemmg equatiOn 
and boundary condttions are approxtmated m MODFE by 
usmg the extended Galerkm fimte-element method wtth 
tnangular elements and lmear coordmate (basts) functiOns 
m space (Cooley, 1983, Zienktewtcz, 1977, chap 3) 
Approximate solutiOns to the govemmg equatiOn are 
obtamed at the mtersections of element stdes, whtch are 
called nodes 

Finite-Element Mesh 

A fimte-element mesh conststmg of 3,061 tnangular 
elements and 2,962 nodes was used to represent the 
vanabthty m hydrauhc properttes, boundary geometry, 
surface-water features, and hydrauhc head wtthm the study 
area (pl 1) The general pattern of ground-water movement 
and of ground-water and surface-water mteract10n that was 
shown on figure 1 aided m definmg the model boundanes 
shown on plate 1 In general, the mesh was compnsed of 
eqmlateral tnangles of two stzes, 2,083 ft and 4,167 ft on a 
Side, however, element sizes were adJUSted by movmg 
nodes where spectfic flow-system geometnes needed to be 
represented, such as along stream reaches or along the 
external boundary of the model For these cases, the size of 
element stdes ranged from about 1, 100 ft along parts of 
streams to about 4,750 ft along part of the external 
boundary Part of the study area southwest of Albany was 
represented by usmg the smaller-stzed elements, because 
the model m thts area was used m evaluatmg the water­
resource potential of the aqutfer m the area of potential 
development The smaller elements permttted detatls m 
computed hydrauhc head and m aqmfer-property vanabthty 
to be represented more accurately than those m the larger 
elements m order to evaluate the effects of mcreased 
pumpage on the water level m the Upper Flondan aqutfer 

Selection of the sizes and shapes of elements used m 
thts study was the result of prehmtnary stmulatiOns that 
tested the abihty of vanous element sizes and shapes to 
accurately represent changes m aqmfer properties, bound­
ary geometry, and hydrauhc head The fimte-element mesh 
used here was destgned to accommodate more complex 
features m the potent10metnc surface than actually existed 
for the penod of November 1985, such as dtstmct cones of 
depressiOn caused by pumpmg, or large changes m hydrau­
hc gradtent over relattvely short dtstances 
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Outer boundary of aqwfer-

h 
B 

Figure 17. Applications of head-dependent Cauchy-type 
boundary along element-s1de J bounded by nodes k and I 
Boundary head h8 IS located at d1stance L from outer 
boundary of aqu1fer (modlf1ed from Torak, 1992a) 

Boundary Cond1t1ons 

Hydrologic boundanes to the study area of regtonal 
flow and leakage to and from surface-water features were 
represented m MODFE by the head-dependent part of a 
Cauchy-type boundary (Torak, 1992a) The exceptiOn to 
this representatiOn IS for the Flmt River downstream from 
the Lake Worth dam, which was represented as a nonlmear, 
head-dependent (Cauchy-type) boundary (Torak, 1992a) 
because of the potential for the water level m the Upper 
Flondan aqmfer to drop below the bottom of the nverbed 
sediments durmg SimulatiOns of water-resource develop­
ment Leakage to and from the undifferentiated overburden 
was represented m MOD FE as a nonlinear, vertical-leakage 
functiOn (Torak, 1992a) Specified-head boundanes were 
not used to represent any of the hydrologic boundaries, 
although the head-dependent parts of the Cauchy-type 
boundary and the nonlinear Cauchy-type boundary repre­
sent weak forms of the specified-head conditiOn 

Reg1onal Flow 

Regtonal mflow and outflow across external model 
boundaries were represented m MODFE by the head­
dependent part of a Cauchy-type boundary (Torak, 1992a) 
This boundary condition linearly relates the volumetnc flow 
rate across the boundary to a head difference The general 
form of the boundary condition Is given as the nght side of 
equatiOn 4, havmg q8 set to zero For representmg regtonal 
flow, the controllmg head h8 IS located m the aqmfer but 
external to the model area The controllmg head IS situated 
transverse to and at a distance L from the boundary (or 
element) s1de, so that It IS unaffected by water-level changes 
Withm the study (model) area (fig 17) Each node on an 
element Side that defmes a Cauchy-type boundary has an 
external head associated with It Thus, for node z on an 
element side defmed by nodes k and l where z = k or l, the 
volumetnc flow rate across the boundary IS expressed as 

(6) 

where 

Kb a=-
L (7) 

for which K and b are defined as the average hydraulic 
conductiVIty and thickness, respectively, of the aqmfer 
wtthm the distance L from the external boundary of the 
model The term Lk1 m equatiOn 6 ts the length of the 
element stde A distance of about 3 mi was used for L m 
equation 7 for computmg the boundary coefficient a and for 
determmmg the external head h8 , Values of h8 , for each 
node z on a Cauchy-type boundary that represents regtonal 
flow were mterpolated from a map of the potentiOmetric 
surface for November 1985 (Htcks and others, 1987) 

Element stdes that were used to simulate regtonal 
flow as Cauchy-type boundanes were grouped mto zones 
(pl 1) accordmg to the a values that were calculated by 
equatiOn 7 Of a total of 18 boundary zones, 17 were used 
to represent regtonal flow (table 1) Where some zones were 
situated along surface-water features, the effects of the 
surface-water features and regtonal flow were distmgmshed 
Withm the zone by usmg different a values for each element 
side (table 1) ZonatiOn of these boundary conditions 
facthtated data mput to MODFE, calibratiOn of the model, 
and the sensitiVIty-analysts procedure 

Surface-Water Features 

Leakage to and from streams, lakes, and reservOirs 
was represented m MODFE as the head-dependent part of a 
Cauchy-type boundary (Torak, 1992a) m a manner Similar 
to that m which regtonal-flow boundary conditions were 
represented For surface-water features, terms contamed m 
equatiOns 6 and 7 were defmed as follows (The nonlinear 
Cauchy-type boundary that represented the Flint River 
downstream from the Lake Worth dam (pi 1) IS an 
extensiOn of the head-dependent part of a Cauchy-type 
boundary and IS descnbed after the general descnptton IS 
given) The boundary coefficient becomes 

(8) 

where Wr IS the Width of the surface-water feature, br IS the 
thickness of the sediments (fig 18A), and Kr IS the vertical 
hydraulic conductivity of the surface-water sediments Val­
ues for a are specified either by reach or by zone, where a 
zone IS a collectton of reaches that contam the same 
hydraulic properties (see table 1 and pl 1) The controlling 
head h8 , m equatiOn 6 IS the surface-water level, such as 
stream stage or lake level, associated with node z Nodes are 
aligned along the stream reach or other surface-water 
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Table 1. Cauchy-type boundanes by zone 
[Boundary-coeffictent values obtamed from cahbrated model, Do, dttto] 

Boundary 
Number of coeff1c1ent a 

Zone element s1des (ft/d) Descnpt1on 

1 18 10 Northern model boundary, Kmchafoonee Creek 
2 3 200 Northern model boundary, Lake Worth and regiOnal flow 
3 24 05 Cooleewahee Creek 
4 15 60 Western model boundary, regiOnal flow 
5 8 0 Do 
6 13 24 2-63 1 Do 
7 6 160 Eastern model boundary, regional flow 
8 2 90 Do 
9 8 105 Do 

10 6 135 Do 
11 9 12 Northern model boundary, Fhnt River and regiOnal flow 
12 23 18 0-69 2 Northern model boundary, Lake Worth, reservou, and regiOnal flow 
13 3 70 Eastern model boundary, regional flow 
14 2 80 Do 
15 3 120 Do 
16 15 120 Do 
17 12 200 Do 
18 13 17 4-55 5 Western model boundary, regiOnal flow 

feature, and the Width Wr IS the average Width Of the 
surface-water feature, measured transverse to the element 
stde (ftg 18e) 

Imttal values for the leakage coefftctent a were 
obtamed from a previOus study by Hayes and others (1983) 
m the Dougherty Plam, whtch encompasses the Albany 
area These values were adJUSted dunng the calibratiOn 
procedure to account for dtfferences m the numencal 
approximatiOn of surface-water features that occur between 
the ftmte-dtfference model used by Hayes and others (1983) 

I and the fimte-element model MODFE Because the leakage 
coefftctent combmes three phystcal properttes of the 
surface-water feature- hydraulic conductivity, wtdth, and 
sedtment thtckness-mto one term (a), vanatwns many of 
these properttes cause vanations m a Values for the 
boundary coefficient that were used m the calibrated model 
are hsted m table 1 by zone 

The representatiOn of surface-water features m 
MODFE reqUires that a controllmg head h8 be mput at 
every node on a reach Therefore, surface-water levels were 
mterpolated between measurements to obtam these data 
mputs for MODFE An extensiOn to the general descnptwn 
of the head-dependent Cauchy-type boundary causes a 
nonlmear condttwn that hmtts leakage from the surface­
water feature mto the aqutfer to a maximum rate when the 
aqUifer head h drops below the bottom altitude of the 
surface-water sedtments Zr (fig 18A) Thts conditiOn IS 
termed a nonhnear, head-dependent, Cauchy-type boundary 
because the form of the leakage expression ts dependent on 
the relattve postttons of the aqUifer head and the altitude of 
the bottom of the nverbed sediments For node z on an 
element stde representmg a nonhnear, head-dependent, 
Cauchy-type boundary, the leakage expressiOns are gtven as 

-{en(hn-h,), where h, > Zn 
Qn- en(hn-zn), where h, ::::; Zn 

(9) 

where Qn ts the volumetnc flow rate [length3/time] at node 
l, en IS the nodal coefficient gtven as (1/2)aLkl• and l IS 
either k or l (Torak, 1992a) The boundary coefficient a 
COntamed Ill en IS defmed by equation 8 

The Flmt Rtver downstream from the Lake Worth 
dam was represented m MOD FE as a nonhnear, head­
dependent, Cauchy-type boundary (pl 1) Thts representa­
tiOn of the Fhnt R1ver was preferred over the lmear, 
head-dependent, Cauchy-type boundary, descnbed ear her, 
because the potential existed, dunng SimulatiOns of pump­
mg, for computed water levels m the Upper Flondan aqUifer 
to fall below the altitude of the bottom of the nverbed 
sedtments Computed water levels m the vtctmty of the 
other surface-water features were not expected to be below 
the bottom of the surface-water sediments, therefore, the 
nonhnear boundary condition was not used to represent 
these features 

Stage for the Flmt Rtver downstream from the Lake 
Worth dam was mterpolated between measured values and 
was mput to MODFE by node m the same manner as that 
descnbed above for the hnear head-dependent, Cauchy-type 
boundaries Although the stmulatwn was of November 
1985 conditions, recharge by way of precipitatiOn and 
runoff early m the month caused a nse m the stage of the 
Flmt R1ver of about 2-5 ft above a typical, low-flow 
conditiOn, wh1ch occurred the followmg year Therefore, 
nver stages for November 1986 were used m the calibrated 
model The effects of usmg November 1986 nver stages on 
the water budget for the Upper Flondan aqUifer are dts­
cussed m the sectiOn "Water-Budget Components " The 
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Figure 18. Surface-water features represented as lmear 
and nonlinear Cauchy-type boundanes (modified from 
Torak, 1992a) 

senstttvtty of computed water levels m the Upper Flondan 
aqutfer to changes m nver stage ts dtscussed m the sectton 
"Sensttivity Analysts " 

Values of boundary coefficient a and stage of the 
Fhnt River were obtamed m the same manner as that used 
for the other surface-water features The Flmt River down­
stream from the Lake Worth dam was dtvtded mto stx zones 
of nonlinear Cauchy-type boundanes (pl 1), based on the 
groupmg of nver reaches that contam the same value of a 
The a values used m the caltbrated model are hsted m table 
2 Note m table 2 that zone 1 contams one element stde, 
representmg the reach where the Lake Worth dam ts located 
(pl 1) 

Vert1cal leakage 

Verttcal leakage mto and out of the undifferentiated 
overburden was represented m MODFE by usmg a nonlm­
ear, verttcal-leakage functiOn (Torak, 1992a) Thts repre-

Table 2. Nonlmear Cauchy-type boundanes by zone rep­
resentmg the Flmt River downstream from the Lake Worth 
dam 
[Boundary-coefficient values obtamed from calibrated model] 

Number Boundary 
of coeff1c1ent a 

Zone element s1des (ft/d) 

1 1 120 
2 10 2,000 
3 21 300 
4 34 800 
5 5 260 
6 37 200 

sentation ts an extensiOn to the term R(H-h) m equation 1 
for steady verttcalleakage, m that the rate of recharge to the 
aqutfer by leakage ts limtted to a maxtmum value when the 
aqmfer head drops below the top of the aqmfer (fig 19) 
Dtscharge to the undtfferenttated overburden from the 
Upper Flondan aqmfer ts not hmtted by the nonlinear, 
verttcal-leakage function ExpressiOns for the volumetric 
flow rate Q01 across the verttcal boundary between the 
Upper Flondan aqutfer and the undtfferenttated overburden 
are gtven f-or node z as 

-{Ca,(H-h,), where h, > z,, 
Qar- Ca,(H-z,,), where h, s z,, 

(10) 

(Cooley, 1992), where z,, ts the altitude of the top of the 
aqUifer The term Cm IS a leakage coefficient, Whtch lS 

defined for node z as 

(11) 
e, 

where Re ts the hydraulic conductance of the undifferenti­
ated overburden m element e and de ts the area of ele­
ment e 

Imttal values of vertical hydraulic conductance Re 
that were mput to MODFE were computed from a value of 
0 0001 ft/d for verttcal hydraulic conducttvtty gtven by 
Hayes and others ( 1983, p 34), and from values of clay 
thtckness wtthtn the lower half of the undtfferenttated 
overburden A hydraulic conducttvtty of 0 0001 ft/d ts 
typtcal of the clay and clay-stzed sedtment that ts m the 
lower half of the undifferentiated overburden As dtscussed 
by Hayes and others (1983), the presence of more clay and 
less sand m the lower half of the undtfferenttated overbur­
den (termed restduum m their report) than m the upper half 
makes the lower half of these sedtments less conductive 
than the upper half Thus, 1t was reasonable to assume that 
only the thtckness of sedtments m the lower half of the 
undifferentiated overburden, specifically the clay thickness, 
was actmg as a confinmg bed to the Upper Flondan aqutfer 
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Figure 19. Four cases of poss1ble head changes dunng s1mulat1on that cause nonlmear, steady vert1cal leakage 
from und1fferent1ated overburden (mod1f1ed from Cooley, 1992) 

Clay thicknesses were established from data that were 
collected m the Albany area dunng the study by Htcks and 
others ( 1987) These data consist of dnllers' logs and 
hthologtc descnpt10ns of well-bore sedtments and were 
partitiOned mto zones of equal thickness The element stdes 
of the ftmte-element mesh were used as zone boundanes 
(ftg 4) Zones havmg a zero value for verttcal hydraulic 
conductance were established where the overburden was 
absent or had a total thickness less than 10 ft or where the 
clay thickness was zero It was assumed that the overburden 
could netther supply enough water nor act as a confimng 
bed m these areas to affect the flow system The dtstnbutiOn 
of vertical hydraulic conductance used m the calibrated 

model IS shown m ftgure 20, and the correspondmg zonal 
values are giVen m table 3 

Values for the source-layer head H were mput to 
MODFE as the water level above the confmmg sediments m 
the undifferentiated overburden Because the water m the 
undifferentiated overburden IS at or near seasonally low 
levels dunng November-January (Hayes and others, 1983), 
It was assumed that for November 1985 condtttons, only the 
clay wtthm the lower half of the overburden was saturated 
Thus, source-layer heads were computed as bemg the 
altitude of the top of the clay wtthm the lower half of the 
overburden, and were mput to MODFE by node The 
effects on simulation results of esttmatmg the head m the 
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F1gure 20. Zones of vert1cal hydraulic conductance of und1fferent1ated overburden 

undifferentiated overburden m this manner are dtscussed m 
the sectiOn "SensitiVIty Analysts " 

Hydrauhc-Property Zones 

Areal vartatwns m hydraulic properties that affect 
ground-water flow m the Upper Flondan aqmfer and 
through the undifferentiated overburden were represented m 
MODFE by usmg hydraulic-property zones Each zone 
consists of a group of elements contammg a umque com­
bmatiOn of values for the hydraulic conductiVIty of the 
Upper Flondan aqmfer and for the vertical hydraulic con-

ductance of the undifferentiated overburden V artatlons m 
the vertical hydrauhc conductivity and thtckness of the 
undifferentiated overburden cause vartatwns m zonal values 
of vertical hydrauhc conductance, whtch were dtscussed m 
the previOus sectiOn V artatwns m the hydraulic conductiV­
Ity of the Upper Flondan aqutfer were determmed from 
transmiSSIVIty and thickness data that were compiled m the 
Albany area by Hayes and others (1983), and from an areal 
representatiOn of well-bore data that descnbe the occurrence 
and extent of fractures and solutiOn openmgs (fig 8) These 
data led to the establishment of 32 hydrauhc-property zones 
for the study area (fig 21) Values for hydraulic conduc-
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Table 3. Values of vert1cal hydraulic con­
ductance by zone 

Zone 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 

Vert1cal hydraulic 
conductance (day-1

) 

Io 
1 oo-9

) 

1 oo-s) 
3 125(10-7

) 

8 oo-7
) 

6 25(10-6
) 

3 13(10-6
) 

1 oo-5
) 

1 25(10-5
) 

2 (10-5
) 

2 5(10-5
) 

5 (10-5) 

5 5(10-5) 

8 (10-5) 

2 5(104
) 

1 (10-3
) 

1 Clay thickness IS zero, or undifferentiated over­
burden thickness IS less than 10 ft 

ttvity used m the calibrated model are hsted m table 4 by 
hydraulic-property zone 

D1str1but1on of Well Pumpage 

The locatiOns and pumpmg rates of mumcipal, mdus­
trial, and ImgatiOn wells m the study area for November 
1985 were obtamed from files at the U S Geological 
Survey (Atlanta, Ga) Reports from the Georgia Imgat10n 
Reportmg System (GIRS) provided average monthly pump­
mg rates for mumcipal and mdustrial wells Locations of 
tmgatiOn wells were obtamed from data collected for the 
State Imgatton Well Survey of 1980 and from other 
mtscellaneous files that updated the 1980 data The GIRS 
mdicated that pumpmg rates for tmgatiOn wells dunng 
November 1985 were about one-fifth of the rates reported 
dunng the spnng growmg season Therefore, pumpmg rates 
for allimgatiOn wells were mput to the model as one-fifth 
of the rates of the spnng growmg season The estimated 
November 1985 pumpage from ImgatiOn wells was about 
77 Mgal/d, and the estimated mumcipal and mdustrial 
pumpage was about 30 5 Mgal/d The dtstributiOn of well 
pumpage m the Albany area IS shown m figure 22. 

Pumpmg rates from wells m the Upper Flondan 
aquifer were represented as pomt Withdrawals at the nodes 
m the fimte-element mesh nearest to the wells Thts 
procedure distnbuted the pumpmg rates from the locations 
shown m figure 22 to 583 nodes (fig. 23) The element stzes 
used m the mesh permttted well pumpage to be represented 
at nodes that were etther at or wtthm 2,000 ft of the actual 
well locatiOns The absence of distmct drawdown cones 
from the November 1985 potentiOmetric surface shown by 
Hicks and others ( 1987) mdtcated that well pumpage has an 
aggregate rather than an mdtvtdual effect on shapmg the 

Table 4. Hydraulic conduct1v1ty values by zone 

Number Hydraulic 
of conduct1v1ty 

Zone elements (ft/d) 

1 44 1,350 
2 53 2,100 
3 53 1,800 
4 13 1,000 
5 2 1,000 
6 8 500 
7 4 600 
8 520 1,120 
9 12 5,500 

10 11 9,500 
11 3 130 
12 7 300 
13 77 130 
14 737 1,600 
15 16 15,000 
16 20 19,500 
17 43 19,500 
18 110 250 
19 78 900 
20 257 8,000 
21 71 8,500 
22 56 350 
23 45 2,900 
24 400 3,200 
25 13 21,000 
26 36 1,150 
27 133 900 
28 15 2,000 
29 8 9,000 
30 10 10,500 
31 46 2,800 
32 160 2,200 

potentiOmetric surface of the Upper Flondan aqutfer 
Therefore, representmg well-pumpmg rates m MODFE as 
pomt Withdrawals at the nearest nodes to the well locatiOns 
was assumed to have httle effect on the accuracy of 
stmulatmg the potentiOmetnc surface of November 1985 
Thts assumption seems to be vahd, as computed water 
levels for the Upper Flondan aqutfer were relatively msen­
sittve to changes m well-pumpmg rates (see "SensitiVIty 
Analysts" section) 

Calibration 

The acceptance of model results for evaluatmg the 
water-resource potential of the Upper Flondan aquifer 

I 
depends on the accuracy of the model to represent the 
system of ground-water flow dunng an htstoncal penod for 
whtch suitable hydrologic data exist The term "cahbrat10n" 
means the process of adJUStmg the data mputs of hydrauhc 
properties, withm plausible hmtts, to produce a computed 
solution that ts Withm an acceptable level of error with 
respect to the htstoncal penod The obJective of cahbratiOn 
m the Albany area was to represent the system of ground-
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Figure 21. D1stnbut1on of hydraul1c-property zones 

water flow of the Upper Flondan aqutfer for the November 
1985 conditions wtth the computed results from MODFE 

Procedure 

The cahbrat10n procedure mvolved trial-and-error 
adJustments to hydraulic properttes that affected computed 
water levels from MODFE and compansons of computed 
water levels with measured values at discrete pomts (wells) 
AdJUStments to the followmg hydraulic properttes were 
made wtthm plausible hmits to effect cahbratton 
• Hydraulic conductlvtty of the Upper Flondan aqutfer, 

• VertiCal hydraulic conductance of the undifferentiated 
overburden, 

• Head m the undifferentiated overburden, 
• Leakage coefftctents for Cauchy-type boundartes that 

represent boundary conditions and surface-water fea­
tures, 

• Controlling heads to boundary condtt10ns and surface-
water features 

Well-pumpmg rates were not adJUSted for the calibratiOn, 
however, the effects of changmg pumpmg rates on com­
puted water levels IS dtscussed m the "Senstttvtty Analysts" 
sectiOn 
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Figure 22. Locat1ons of pumped wells m the study area, November 1985 

An acceptance cntenon of 5 ft was established for 
companng computed water levels With measured values 
Water-level residuals (computed mmus measured water 
levels) were calculated and compared wtth the acceptance 
cntenon To achteve a successful cahbratiOn, water-level 
restduals were reqmred, on the average, to sattsfy the 
acceptance cntenon Thts cntenon represents the accuracy 
to whtch altttudes of land surface were known at wells 
where water levels had been measured Thus, computed 
water levels were not expected to be more accurate than the 

well altttudes In addition to sattsfymg the acceptance 
cntenon, the distributiOn of water-level residuals was ana­
lyzed after each simulatiOn, and changes to hydraulic 
properties were made m an attempt to obtam a random 
distnbutiOn of residuals m magmtude and m sign 

Water-Level Res1duals 

Differences between computed and measured water 
levels, or water-level residuals, were determmed dunng 
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Figure 23. Locat1ons of nodes s1mulatmg pumpmg 1n November 1985 

calibratiOn at 74 well locatiOns wtthm the Albany area (ftg 
24) Water levels were computed at the locatiOns of wells 
where measurements were made by applymg the fimte­
element concept of hnear vanatwn (of head) wtthm an 
element (Ztenktewtcz, 1977, p 93-95) The water-level 
restduals from the calibrated model are gtven m table 5 

The plot of water-level restduals over the study area 
(fig 24) shows that the dtstnbutwn of stgns and magmtudes 
of the values was nearly random, wtth two exceptiOns A 
cluster of three wells havmg negative restduals (computed 
water levels were less than measured values) was located 
along the northern model boundary east of the Lake Worth 

dam and the reservOir Another area of negative restduals 
was located east of the Dougherty-Worth County lme, m 
the east-central part of the study area Reasonable changes 
to hydraulic properties that affect ground-water flow m 
these areas were not able to change the water-level residuals 
so that they would be etther randomly dtstnbuted or wtthm 
the acceptability cntenon The effects of changmg hydrau­
lic properttes on ground-water levels ts dtscussed m the 
"Senstttvtty Analysts" sectiOn 

The water-level restduals (table 5) mdtcate that the 
acceptabthty cntenon was met and that cahbratwn of the 
model was successful for the ground-water condtttons m the 
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Figure 24. Locat1ons of water-level measurements for November 1985 and values of water-level res1duals 

Upper Flondan aqmfer for November 1985 Water-level 
residuals were evaluated With regard to the acceptability 
cntenon by computmg the root-mean-square residual 
(RMSE), given as 

where N IS the number of residuals (74) and h,model and h,obs 

are the computed and measured hydraulic head, respec­
tiVely, for the zth residual The RMSE value that satisfied 
the acceptability cntenon was computed as 4 8 ft The 
anthmetic average of the water-level residuals was com-

puted as 0 2 ft Changes m the RMSE and sum of squares 
dunng the cahbratwn process are discussed m the "Statis­
tics" sectiOn Of the 74 water-level residuals, 53 values 
were Withm ±5 ft, four values were greater than ± 10 ft, 
and none was larger than 12 6 ft A frequency distributiOn 
of water-level residuals was produced, usmg 5-ft mtervals, 
to Illustrate the distributiOn of residuals for the calibrated 
model (fig 25) 

StatistiCs 

StatiStics of sum of squares, RMSE, and standard 
deviation were computed from the water-level restduals 
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Table 5. Water-level res1duals from cal1brated model Table 5. Water-level res1duals from cal1brated model-
Contmued 

h,modet* h * 1obs h * 'model h,obs * 
Computed Measured Computed Measured 
water-level water-level Water-level water-level water-level Water-level 

Well alt1tude alt1tude res1dual Well alt1tude alt1tude res1dual 
No (feet) (feet) (feet) No (feet) (feet) (feet) 

111020 132 0 132 6 -0 6 15K009 218 4 215 4 30 
11K017 147 3 145 2 2 1 14K011 210 1 210 7 -7 
11K016 148 3 143 3 50 14K006 211 2 213 2 -2 1 
12K014 140 4 136 4 40 14K012 224 3 222 3 20 
12K009 143 0 1363 67 14L013 215 8 211 2 46 
11K015 151 6 148 2 3 5 15K010 213 0 216 2 -3 3 
12K016 139 5 152 1 -12 6 15L020 221 2 219 4 1 8 
11K003 158 8 163 5 -4 7 14L012 224 5 231 4 -6 9 
12K015 152 9 154 3 -14 14L011 206 6 210 7 -4 1 
11L019 167 1 166 8 3 14L009 229 8 234 5 -4 7 
11L014 181 3 181 8 -5 15L022 240 1 241 7 -17 
11L020 184 2 183 5 7 14L014 235 4 238 0 -2 7 
11L021 196 5 191 7 49 15L023 246 6 246 4 1 
11L022 195 4 187 9 75 14M009 226 7 225 1 1 6 
11L017 196 0 193 8 22 15M005 259 0 255 8 32 
11LOl8 192 5 196 5 -4 0 15M004 264 9 260 8 4 1 
12L028 164 6 162 4 22 14M008 253 3 253 1 2 
12L023 159 6 147 9 116 
12L030 151 2 152 9 -17 N 

13K014 148 5 148 9 - 5 *Average restdual=.!_ L<h, od 1-h, b )=0 2ft, N=74 N m e o s 

13K019 149 1 145 2 3 9 •=I 

13K017 165 6 158 5 7 1 after each simulatiOn to assist m determmmg the ability of 
13K011 163 6 151 5 12 1 

the model to represent the November 1985 ground-water 14K009 182 5 190 6 -8 1 
13K018 179 5 179 6 - 1 levels Seventy-eight tnal-and-error changes were made to 
13L048 173 8 175 5 -17 the data mputs of MODFE, and subsequent simulatiOns 
13L033 165 0 161 8 3 1 were performed before obtammg a computed solutiOn that 
13L028 168 0 168 8 -8 

was accepted as the calibrated model Changes m statiStics 13L012 156 5 149 9 66 
13L032 164 7 156 1 87 that occurred dunng the calibratiOn process were shown by 
13L003 173 6 183 7 -101 plottmg the statistical values after each simulatiOn (fig 26) 
13L057 164 8 159 6 5 1 Plots of statiStical values (fig 26) mdicated Improve-
13L058 163 8 162 9 8 ment m the ability of the model to represent ground-water 
13L047 199 1 199 4 -3 
13L055 184 1 185 9 -18 levels of November 1985 dunng the process of achievmg 
13L054 178 7 177 5 1 2 calibratiOn Values for the sum of squares decreased from 
13L052 173 0 181 2 -8 2 6,853 to 1,717 ft2

, standard deviatiOn decreased from 8 6 to 
13L014 168 5 177 5 -9 1 48ft, and the RMSE decreased from 9 6 to 48ft from the 
13L049 161 7 166 8 -52 
12L044 164 6 171 4 -6 8 first to the last simulatiOn m the calibratiOn process 
12L029 154 5 149 0 55 Statistics that were computed from the water-level residuals 
11M017 228 7 232 7 -40 obtamed from the calibrated model mdicated that the 
11M010 211 8 211 7 1 acceptance cntenon for calibratiOn had been met (table 6) 
12M027 211 1 210 5 6 
12M015 187 4 182 9 45 
111012 1168 1169 - 1 Predominant Directions of Ground-Water Movement 
131004 150 4 146 7 3 7 
121003 128 7 1337 -50 The predommant directiOns of ground-water move-
13K021 175 0 180 4 -54 ment m the Upper Flondan aquifer can be mferred from 
13K022 184 5 184 0 4 contours of the computed potentiOmetric surface and from 
11M007 233 1 240 2 -7 1 flow-directiOn plots from the calibrated model (pl 2) 
14J021 185 4 185 8 -4 

These representations support the directiOns of ground-141020 190 9 192 6 -17 
14J018 184 9 181 1 3 7 water movement that were descnbed earlier for the concep-
141022 192 9 197 4 -4 5 tual model of the flow system Along the external bound-
14K007 190 5 187 3 3 2 anes, ground water flows mto the study area from the west, 
14K008 192 7 189 4 3 3 north, and northeast, and flows out of the study area to the 
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Figure 25. Frequency d1stnbut1on of water-level res1duals 
from callbrat1on 

east and south (pl 2) The predommant flow dtrectwns at 
these boundaries mdtcate that ground-water flow IS con­
trolled by regiOnal components emanatmg from outside the 
study area and by surface-water features Situated at the 
study area (or model) boundartes Thetr mfluence on water 
levels wtthm the study area IS dtscussed m the "Sensttivtty 
Analysts" sectiOn The method used to compute flow 
dtrectwns was obtamed from M L Maslia (U S Geologtcal 
Survey, wntten commun , 1989) 

Wtthm the study area, ground-water movement IS 
mostly from the model boundaries, descnbed above, toward 
the Fhnt Rtver south of the Lake Worth dam (pl 2) The 
relatively steep hydraulic gradtents on the potentiometric 
surface m the northeastern part of the study area, near the 
Dougherty-Worth County lme, appear to be mfluenced by 
a zone of low hydraulic conductivity Situated among zones 
of htgher hydraulic conductivity m the surroundmg areas 
(ftg 21, table 3) To the west of the zone of low hydraulic 
conductiVIty, the hydraulic gradtent IS relatively flat, yet 
ground water flows readily because relatively htgh hydrau­
lic conductiVIties exist m the Upper Flondan aqmfer m thts 
area These htgh conductivities are a result of near-condUit 
flow conditiOns that were created by extensive fractures and 
solutiOn openmgs wtthm the limestone (Htcks and others, 
1987) 

Local Irregularities m ground-water flow directiOns 
are caused by a combmatwn of hydrologic mfluences on the 
regwnal flow system (pl 2), such as nonhomogeneities m 
hydraulic properties for the Upper Flondan aquifer and 
undtfferenttated overburden In additiOn, local effects of 
pumpmg could cause flattenmg of the potentiometnc sur­
face and possibly cause slight depressiOns Withm a limited 
area, givmg the appearance of anomalous flow patterns by 
the flow-direction mdicators Thts occurrence can be 
mferred by companng the locatiOns of nodes that were used 
to simulate pumped wells (fig 23) With the flow-dtrectiOn 
mdicators In particular, m the southeast part of the study 
area, there are many pumped wells to create the local effects 
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F1gure 26. Sum of head differences squared, root-mean­
square res1dual, and standard dev1at1on of water-level 
res1duals by s1mulat1on dunng callbrat1on process 

JUSt descnbed The hm1ted extent of these local flow 
patterns IS attested by the locatiOn and shape of the 
potentwmetnc contours, larger flow Irregulanttes would 
have created closed contours around the hydrologic feature 
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Table 6. Stattsttcs for water-level restduals from calibrated 
model 
[ft2

, feet squared, ft, feet, RMSE, root-mean-square residual] 

Parameter 

Number of terms 
Sum of squares 
RMSE 
Standard deviatiOn 
Average re~Idual 

Percent of reszduals wzthm 

1 standard deviation, 
2 standard deviations, 
3 standard deviatiOns, 

Number of water-level reszduals between 

Class 
(feet) 

-20 to -15 
-15 to -10 
-10 to -5 
-5 to 0 

0 to 5 
5 to 10 

10 to 15 
15 to 20 

Value 

74 
1,717 ft2 

48ft 
48ft 

2ft 

70 3 
94 6 

100 

Number of 
occurrences 

0 
2 
9 

24 

29 
8 
2 
0 

However, m the absence of closed contours or contour 

shapes that would mdiCate flow duect10ns other than the 
regiOnal pattern descnbed earlier, It can be mferred that the 
local aberratiOns m the regiOnal flow directiOns are not 
areally extensive 

Directions of groond-water movement that were 
mfluenced by vertical leakage from the undifferentiated 
overburden can be seen by companng the flow dtrect10ns 
and contours of the perertt10metnc surface (pl 2) wtth the 
plot of water-level differences between the Upper Flondan 
aqutfer and the undifferentiated overburden (ftg 27) About 
5 mi southeast of the Dougherty-Worth County lme, the 
flow dtrections allld t'lw cont-OGrs of the potentiOmetnc 
surface mdicate an area of .l:ug.h water level and divergmg 
ground-water flow (pl 2) Thts area, JUSt west of Sylvester, 
also has higher land-surlace altitude and mcreased thickness 

of undifferentiated overburden than does the surroundmg 
areas The apprectable positive difference between the 
water level m the undtffereRttated overburden and the water 
level m the Upper Flendafl aqt~tfer (fig 27) suggests that 
thts ts an area of relatively }ugh vertical leakage from the 

overburden mto the aqu1fer 
In other areas, gro1:1nd-water flow directiOns show 

subtle effects of vertrcal leakage to the undtfferenttated 
overburden Thts occ\irs ]'t1'8t south of the area of potential 
development, near tire l)oo.gherty-Baker County hne, and 
m the vtcimty of the Flmt River near Radtum Spnngs (pl 
2) Flow vectors m these areas show small circular, or 

convergent, patterns that appear to comcide With upward 

leakage to tbe undtfferenttated overburden from the Upper 
Flondan aqutfer (Compare plate 2 With ftgure 27 ) 

Importance of Surface-Water Features to 
Ground-Water Flow 

Ground-water flow m the study area for November 
1985 condttiOns was dommated by surface-water features, 
pnnctpally the Flmt River south of the Lake Worth dam 
Here, the Flmt River acted as a dram for regiOnal flow that 
entered across most of the study-area boundaries The Fhnt 
Rtver downstream from the Lake Worth dam caused con­
tours m the potent10metnc surface of the Upper Flondan 
aqutfer to bend sharply upstream, mdtcatmg a large com­
ponent of aqutfer dtscharge to the nver (pl 2) These 
contours bend sharply m the vtcimty of Radtum Spnngs, 
where the occurrence of solutiOn cavtttes and near-condUit­
flow condtttons m the aqutfer are mtercepted by the Fhnt 
River (Hicks and others, 1987) The presence of solutiOn 
opemngs and condutts m the aquifer northeast of Radtum 
Spnngs (fig 4) enabled ground water to flow easily toward 
the Fhnt Rtver, creatmg condtt10ns m the aquifer of high 
ground-water flow and gentle hydraulic gradtents (pl 2) 
Discharge rates to the Flmt River and other surface-water 
features from the Upper Flondan aqutfer were computed by 
the calibrated model of November 1985 condtttons and are 
given m the sectiOn "Water-Budget Components " 

Other surface-water features appear to have less of an 
mfluence on the potentiometric surface of the Upper Flon­
dan aqutfer than does the Flmt River downstream from the 
Lake Worth dam Although the Chickasawhatchee, Coolee­
wahee, and Kmchafoonee Creeks dram the Upper Flondan 
aquifer, computed dtscharge rates from the aqutfer are small 
compared With discharge to the Fhnt River, and contours of 
the computed potent10metnc surface are hardly affected by 
discharges to these creeks (pl 2) Along the northern 
boundary of the study area, some water leaks from Lake 
Worth and from the reservOir that was created behmd the 
Lake Worth dam (pl 2) However, most of the mfluence on 
ground-water flow m this area ts from regiOnal flow that 
enters the study area beneath the surface-water features 
East of the Fhnt Rtver, the surface-water features typtcally 
are creeks and streams that seem to be hydraulically 
connected to the undifferentiated overburden rather than to 
the Upper Flondan aqutfer (Htcks and others, 1987) 

Water-Budget Components 

Water budgets were prepared from model output for 
the calibratiOn penod, November 1985, to account for 
mflows and outflows to the ground-water flow system by 
hydrologtc feature, and to assess the Importance of mdivtd­
ual hydrologtc features m shapmg the potent10metnc sur­
face of the Upper Flondan aqutfer Volumetnc flow rates 
were computed, and percentages of flow m the entue 
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Figure 27. Head differences between source layer in undifferentiated overburden and Upper Floridan aquifer 
from calibrated model. 

system, relative to the November 1985 pumping rate from 
wells, were determined for each water-budget component. 
The percentage of flow that each water-budget component 
contributes to the withdrawal rate from wells was computed 
from the results of a simulation having no pumping and the 
simulation of November 1985 conditions. 

November 1985 Conditions 

The volumetric flow rates and percentages of flow in 
the entire system, relative to the November 1985 with­
drawal rates from wells, is given in table 7 for each 
water-budget component. These rates and percentages indi­
cate that ground-water discharge from the Upper Floridan 
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Table 7. Water-budget components for cal1brat1on penod, 
November 1985 

Volumetnc Percent 
flow rate of 

Budget component (Mgal/d) pumpmg rate 

Discharge to Fhnt River -1,051 0 978 
Discharge to reg10nal flow -290 5 270 
Discharge to wells -107 5 100 
Discharge to undifferentiated 

overburden -3 3 3 

Total discharge -1,452 3 

Recharge from undifferentiated 
overburden 727 5 677 

Recharge from reg10nal flow and 
other nvers 694 0 646 

Recharge from Flmt River 31 0 29 

Total recharge 1,452 5 

aquifer to the Fhnt River downstream from the Lake Worth 
dam was about an order of magmtude larger than the 
withdrawal rate from all wells Recharge to the Upper 
Flondan aqmfer by vertical leakage from the undifferenti­
ated overburden, pnmanly m upgradient areas, was about 
6 8 times as large as the Withdrawal rate from wells 
Ground-water mflow across model boundanes (regwnal 
flow) and by leakage from nvers and surface-water features 
other than the Fhnt River was about 6 5 times as large as the 
withdrawal rate from wells Recharge to the Upper Flondan 
aqmfer from the Fhnt River downstream from the Lake 
Worth dam was about 29 percent of the Withdrawal rate 
from wells Ground-water discharge from the Upper Flon­
dan aquifer to the undifferentiated overburden, pnmartly 
along the southern boundary of the study area, was about 3 
percent of the Withdrawal rate from wells Discharge to 
regwnal flow, pnmanly along the southern and eastern 
model boundaries, was about 2 7 times larger than the 
Withdrawal rate from wells 

The largest water-budget component and, conse­
quently, the most Important hydrologic feature to shape the 
potentwmetnc surface of the Upper Flondan aqmfer for 
November 1985 was ground-water discharge to the Flmt 
River downstream from the Lake Worth dam (table 7) 
About 1,050 Mgal/d was simulated as the discharge rate 
from the Upper Flondan aqmfer to the Flmt River down­
stream from the Lake Worth dam (fig 1) This discharge 
rate compares well with base-flow measurements that were 
made on the Fhnt River at Albany and at Newton (fig 1), 
which mdicated that between these statwns, the Fhnt River 
received ground-water discharge, mamly from the Upper 
Flondan aqmfer, at a rate of about 1,080 fe/s, or about 700 
Mgal/d The excess m discharge computed by the model 
can be attnbuted parttally to stream withdrawals for mdus­
trtal use (22 Mgalld), nonreported use, and channel evap­
oration, but mostly to greater Simulated water-level differ-

Table 8. Water-budget components that compnse the 
November 1985 pumpmg rates 

Volumetnc Percent 
flow rate of 

Budget component (Mgal/d) pumpmg rate 

Discharge to wells -107 5 1000 
Reduced discharge to Flmt Rtver 79 2 73 7 
Reduced discharge to reg10nal flow 8 3 7 8 
Reduced discharge to undifferentiated 2 2 

overburden 
Induced recharge from reg10nal flow 17 6 16 4 

and other nvers 
Induced recharge from undifferentiated 2 1 20 

overburden 
Induced recharge from Flmt River 05 04 

ences between the Upper Flondan aqmfer and the Fhnt 
River than occurred dunng the November 1985 penod The 
possible sources of error m these water-level differences 
and their effects on the water budget are discussed m the 
sectiOn "Sources and Effects of Error " 

Results from a simulatiOn that used the November 
1985 boundary conditions and no ground-water pumpage 
were compared With results from the calibrated model 
(which contamed pumpage) to determme the effect of 
pumpmg on water-budget components for the Upper Flon­
dan aquifer In effect, the companson of simulatiOn results 
mdicated which water-budget components changed from 
predevelopment conditiOns as a result of pumpmg m the 
Upper Flondan aqmfer and, hence, whiCh components 
contnbuted water to the pumped wells The volumetric flow 
rates and percentages of flow that each water-budget com­
ponent contnbuted to the November 1985 Withdrawal rate 
are given m table 8 Of the 107 5 Mgalld total Withdrawal 
rate from wells m November 1985, about 79 Mgal/d, or 
about 74 percent, was denved from ground water that 
would have discharged to the Fhnt River under predevel­
opment conditions Induced recharge from regwnal flow 
and leakage from other surface-water features contnbuted 
about 16 percent of the water Withdrawn by wells, and 
reduced discharge to these hydrologic features contnbuted 
about 7 8 percent of the Withdrawal rate from wells (see 
table 8) About 2 1 Mgal/d, or about 2 0 percent of the 
Withdrawal rate from wells, was denved from reduced 
discharge to and mcreased recharge from the undifferenti­
ated overburden Of this leakage rate, about 0 12 Mgal/d 
was reduced discharge from the Upper Flondan aquifer to 
the overburden (table 8) Induced recharge from the Flmt 
River mto the Upper Flondan aqmfer contnbuted about 
0 04 percent of the withdrawal rate from wells 

Sources and Effects of Error 

Dunng the SimulatiOn process, errors are mtroduced 
mto the computed solutiOn of hydraulic head These errors 
need to be evaluated With respect to their effect on results 
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and on conclustons about the flow system Some errors are 
unavmdable and, through the advancement of stmulatton 
techmques, are very small, as they ongmate from the 
phystcal or mathematical limttattons for representmg the 
phystcs that descnbe ground-water flow and boundary 
condtttons Other errors can be kept to a mmtmum through 
proper conceptuahzatton of the flow system and apphcatton 
of dtgttal models that suffictently address the conceptual 
scheme Still other, larger errors are assoctated wtth meas­
unng and reportmg of phystcal phenomena such as hydrau­
hc head, hydrologtc charactensttcs, well-pumpmg rates, 
and stream stage and dtscharge These measurement errors 
need to be tdenttfted and mmtmtzed because they could 
obscure the true behavtor of the flow system and lead to 
erroneous conceptualizatiOns or conclustons about flow­
system response to stresses 

Dtscrepanctes (errors) extst between computed results 
from the calibrated model for the Upper Flondan aqmfer 
and measurements of ground-water dtscharge to the Flint 
Rtver and of altitudes of water levels m wells The excess 
ground-water dtscharge to the Flint Rtver from the Upper 
Flondan aqmfer that was computed dunng calibratiOn was 
attnbuted to greater computed water-level dtfferences 
between the aqmfer and the nver than were measured 
dunng the November 1985 penod Computed ground-water 
levels were about 5-7 ft htgher than measured values m 
areas of the Upper Flondan aqutfer where solution opemngs 
would permtt the most ground-water discharge to the nver, 
m the vtctmty of Radmm Spnngs (figs 1, 8) In addttton, 
the November 1986 nver stages were used for calibratton 
because recharge events (prectpttatton and runoff, see 
sectton on "Surface-Water Features") occurred dunng 
November 1985 The data resulted m nver-stage mputs to 
MODFE that were from 2 ft to 5 ft lower than measured 
stages for the calibratiOn penod The combmatton of these 
water-level dtfferences accounted for almost 200 Mgal/d of 
the 332 Mgal/d excess m ground-water dtscharge to the 
Flint Rtver that was computed by the calibrated model Thts 
value was determmed by a stmulatton that was performed m 
whtch nver stage between the Lake Worth dam and Newton 
(ftg 1) was mput to MODFE at values that were 10 ft 
htgher than the values used m the calibrated model The 
10-ft mcrease m nver stage represented the combmed 
effects of the dtfferences between values of aqutfer head 
(lower) and nver stage (htgher) that were used m the 
calibrated model and values that were measured dunng the 
cahbratton penod 

In addttton to errors m computed water levels for the 
Upper Flondan aqmfer, errors m determmmg or reportmg 
altitudes of land surface at wells can cause maccuractes m 
measured ground-water levels that range wtthm at least ±5 
ft of the true values Altttude of land surface at wells ts 
known to less than half a topographic contour mterval of 
altttude, thus, water-level dtfferences between the Upper 
Flondan aqmfer and the Flmt Rtver could be as much as 5 

ft smaller or larger than what ts mdtcated by the measured 
values Thts range m accuracy of ground-water levels can 
account for about 100 Mgal/d of computed dtscharge to the 
Flmt Rtver from the Upper Flondan aqmfer Because other 
water-budget components contribute much less to the 
ground-water flow system of the Upper Flondan aqmfer 
than dtscharge to the Flmt Rtver, errors m measured water 
levels have less of an effect on assessmg the tmportance of 
these components than on dtscharge to the Fhnt Rtver 

Sensitivity Analysis 

The effects on computed ground-water levels of 
mdependently changmg values for hydrologic factors of the 
flow system were determmed m a sensttlvtty analysts 
mvolvmg MODFE and the data mputs for the calibrated 
model The obJective of the analysts was to determme 
whtch of the hydrologtc factors, when changed from values 
used m the calibrated model, produced the most change m 
computed water levels m the Upper Flondan aqmfer 
Presumably, the hydrologtc factors to whtch computed 
water levels are the most senstttve would be those phystcal 
properttes of the ground-water and surface-water system 
that, when changed m the model, stmulated the most 
change m the flow system and m the potenttometrtc surface 
of the Upper Flondan aqutfer 

Procedure 

Values for hydrologic factors that were conceptual­
Ized as havmg an mfluence on computed ground-water 
levels of the Upper Flondan aqmfer were changed um­
formly over the model area or over segments of boundanes 
(zones) from the values that were used m the calibrated 
model, and a stmulatton was performed Changes were 
made to each hydrologtc factor over a range of values, and 
the sum of squares of the water-level restduals was com­
puted after each stmulatton Etghteen hydrologic factors 
were determmed to have an mfluence on the ground-water 
and surface-water system m the study area (table 9) The 
hydraulic conducttvtty of the Upper Flondan aqutfer, With­
drawal rates for wells, and verttcal-leakage coeffictent and 
source-layer heads for the undifferentiated overburden were 
each treated as smgle hydrologic factors that were changed 
over the entire model area No changes were made to 
mdtvtdual values m a zone or at a node for these factors 
Other hydrologic factors defined aspects of the flow system 
that were stmulated m MODFE as the zones of a Cauchy­
type boundary, either the leakage coefftctent or the external 
(or boundary) head (table 9) 

S1gmf1cance to the Ground-Water Flow System 

The stgmficance of the hydrologtc factors m table 9 to 
ground-water flow m the Upper Flondan aqutfer IS demon­
strated by plots showmg the relatton of the sum of water-
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Table 9. Hydrolog1c factors used m sens1t1v1ty analys1s 

Aquzfer and confinmg-bed factors 

Hydraulic conductivity of Upper Flondan aqmfer 
Vertical-leakage coeffiCient of undifferentiated overburden 
Withdrawal rates for wells 
Source-layer heads of undifferentiated overburden 

Zone(s) 4-6, 18 
4-6, 18 
7-10, 13-17 
7-10, 13-17 
1 
1 
2, 12 
2, 12 
11 
11 
2-6 
2-6 
3 
3 

Cauchy-type boundary factors 

Regional flow across western model boundary, boundary coefficient 
Regional flow across western model boundary, external head 
Regional flow across eastern model boundary, boundary coefficient 
Regional flow across eastern model boundary, external head 
Kmchafoonee Creek, northern model boundary, boundary coefficient 
Kmchafoonee Creek, northern model boundary, creek stage 
Lake Worth and reservOir, regional flow, northern model boundary, boundary coefficient 
Lake Worth and reservOir, regional flow, northern model boundary, external head 
Flmt River and regional flow, northern model boundary, boundary coefficient 
Flmt River and regional flow, northern model boundary, nver stage and external head 
Flmt River downstream from the Lake Worth dam, boundary coefficient 
Flmt River downstream from the Lake Worth dam, nver stage 
Cooleewahee Creek (west of area of potential development), boundary coefficient 
Cooleewahee Creek (west of area of potential development), creek stage 

level residuals squared (termed "sum of head differences 
squared" m the plots of figures 28-45) to changes m 
hydrologic factors for each simulatiOn Hydrologic factors 
that are mfluential to the flow system yielded plots that 
resemble a parabola havmg a deep trough and steeply 
dippmg sides (figs 28-33) The shapes of these "sensitivity 
curves" mdicate that small changes to the values of these 
hydrologic factors produced large changes m computed 
water levels and, hence, have a greater mfluence on the 
ground-water flow system than hydrologic factors that 
produce relatively flat sensitiVIty curves (shown m figs 
34-45) Thus, the hydrologic factors that have the most 
mfluence on water levels are the factors that are assumed to 

govern ground-water flow m the Upper Flondan aqmfer 
under steady state conditiOns Consequently, these factors 
need to be deterrnmed wtth the most accuracy to ensure a 
meanmgful analysts of the water-resource potential by usmg 
simulatiOn 
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F1gure 28. Changes m sum of head differences 
squared w1th respect to changes m aqu1fer hydraulic con­
ductiVIty 

Results of the senstttvtty analysis mdtcate that com­
puted water levels and, hence, steady state ground-water 
flow m the Upper Flondan aqmfer were mfluenced mostly 
by the followmg hydrologic factors 
• Aqmfer hydraulic conductiVIty, 
• Verttcal-leakage coefficient of the undtfferenttated 

overburden, 
• Source-layer heads of the undifferentiated overburden, 
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Figure 29. Changes m sum of head d1fferences 
squared w1th respect to changes m aqu1fer vertical­
leakage coeff1c1ent of und1fferent1ated overburden 
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Figure 31. Changes m sum of head d1fferences squared 
w1th respect to changes m stage of Flmt R1ver downstream 
from the Lake Worth dam 

• Stage of the Fhnt Rtver downstream from the Lake 
Worth dam, and 

• Boundary heads along the eastern and western model 
boundanes 
Plots of the senstttvtty curves for these hydrologtc 

factors (figs 28-33) show that large changes to the sum of 
squares occurred when relatively small changes were made 
to values used m the calibrated model Although the Fhnt 
Rtver downstream from the Lake Worth dam and the 
eastern and western model boundanes were not areally 
extenstve wtth respect to the model area (pl 1), thetr 
tmportance to ground-water flow m the Upper Flondan 
aqutfer m the entue model area was demonstrated by the 
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Figure 32. Changes m sum of head d1fferences squared 
w1th respect to changes m boundary heads along western 
model boundary 
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Figure 33. Changes m sum of head d1fferences squared 
w1th respect to changes m boundary heads along eastern 
model boundary 

magmtude of changes m the sum of squares that was 
observed m the sensttlvtty curves (figs 31-33) 

Other hydrologic factors from table 9 ytelded sensi­
tivity curves that mdtcate they were not as mfluenttal to 
ground-water flow m the Upper Flondan aqmfer as the 
factors whose curves were plotted m ftgures 28-33 The 
senstttvtty analysts demonstrated that ground-water levels 
were affected very httle by changes m well-pumpmg rates 
that were less than about a fivefold mcrease m the rates for 
November 1985 (ftg 35) Small differences m the sum of 
squares were reahzed between the calibrated model and the 
sensitiVIty stmulatwn that had no pumpage from the Upper 
Flondan aqmfer (ftg 35), mdtcatmg that ground-water 
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Figure 35. Changes m sum of head d1fferences squared 
w1th respect to changes m well-pumpmg rates 

Withdrawal from wells m the Upper Flondan aqmfer had a 
mmor effect on shapmg the potent10metnc surface for 
November 1985 Of lesser Importance than well pumpage 
m affectmg ground-water flow m the Upper Flondan 
aqmfer were the followmg hydrologic factors the northern 
model boundary, Kmchafoonee Creek, boundary coeffi­
cients for the eastern and western model boundanes, and 
Cooleewahee Creek SensitiVIty curves for these hydrologic 
factors were relatively flat (f1gs 34, 36--39, 44--45), mdi­
catmg that large changes to values that were used m the 
calibrated model produced small changes m computed 
water levels 

The stgmficance of the apparent msensitiVIty of 
ground-water flow to values for the hydrologic factors 
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Figure 36. Changes m sum of head d1fferences squared 
w1th respect to changes m boundary coeff1c1ent of Kmcha­
foonee Creek 
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Figure 37. Changes m sum of head d1fferences squared 
w1th respect to changes m stage of Kmchafoonee Creek 

depicted m figures 34--45 IS that these hydrologic factors 
mittally were conceptualized as bemg Important to the 
ground-water flow system (see earlier section on "Concep­
tualizatiOn of the Flow System") The fatrly umform distn­
butiOn of wells havmg water-level measurements and the 
proximity of the measurements to these hydrologic factors 
(pis 1 and 2) preclude the possibility that sensitiVIty of 
computed water levels to these hydrologic factors was 
obscured by a sparse set of water-level measurements 
Leakage coefficients for surface-water features and the 
eastern and western model boundanes ytelded sensitiVIty 
curves that were relatively flat (figs 36, 38-42, 44) 
However, sensitiVIty curves mdicated that boundary heads 
and surface-water levels mfluence ground-water flow m the 
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Figure 38. Changes m sum of head d1fferences squared 
w1th respect to changes m boundary coeff1c1ent of west­
ern model boundary. 
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Figure 39. Changes m sum of head d1fferences squared 
w1th respect to changes m boundary coeff1c1ent of eastern 
model boundary 

Upper Flondan aqutfer more than do the boundary coeffi­
Cients (figs 31-34, 37) Thts greater sensit1VIty mdicates 
that the ground-water flow system was mfluenced by heads 
along the boundanes and surface-water features m a manner 
simtlar to that for situations m whtch a flow system IS 
mfluenced by specified-head boundanes The accuracy of 
water-level measurements along model boundanes and at 
surface-water features, therefore, plays an Important part m 
the accuracy of computed water levels withtn the model 
area 

The plot of sensitiVIty curves for Cooleewahee Creek 
mdicated that ground-water flow m the Upper Flondan 
aqmfer essentially IS unaffected by changes m the leakage 
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Figure 40. Changes m sum of head d1fferences squared 
w1th respect to changes m boundary coeff1c1ent of Fhnt 
R1ver downstream from the lake Worth dam 
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Figure 41. Changes m sum of head differences squared 
w1th respect to changes m boundary coeff1c1ent of Lake 
Worth and reg1onal flow from north 

coefficient and creek stage (figs 44, 45) Thts factor IS 
Important to ground-water flow m the Upper Flondan 
aquifer because Cooleewahee Creek IS Withm a few mtles of 
the area of potenual development that was evaluated by 
simulaung pumped wells m that area The response of the 
ground-water flow system to well pumpage IS discussed m 
the followmg sect10n 

Flow-System Response to Pumpage 

Pumpage withtn the area of potenual development 
located south of Albany (fig. 46) was simulated by MODFE 
to evaluate the water-resource potenual of the Upper 
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Figure 42. Changes m sum of head d1fferences squared 
w1th respect to changes m boundary coeff1c1ent of Flmt 
R1ver and reg1onal flow from north 

~ 
0 25~--~----~--~----r----+----+----+----1 
~ fi1 
§~ 
~ g 201----~----~--~--~r----+----+----+----1 
Ill ~ ....J 

~ s ~ 
~ ~ 15~---r--~----~--~er---~---r----r---~ 
~ t:; ~ 

~ ~ 10 ~ 
~ ;g 
""0 
0~ 
~ 05~--~----~--~----~---+----~---+--~ 
~ 
~ 

?300 -225 -150 -75 0 75 150 225 300 
CHANGE IN RIVER STAGE AND BOUNDARY HEADS, IN FEET 

Figure 43. Changes m sum of head d1fferences squared 
w1th respect to changes m stage of Flmt R1ver and bound­
ary heads to north 

Flondan aqmfer m that area Six scenarios of pumpmg were 
simulated by addmg wells to the cahbrated model at the 
nodallocatwns (fig 46) and by computmg the steady state 
solutiOn In the first three scenarios, the pumpmg rate was 
7 2 Mgal/d at one well (node) at three different locatiOns, m 
the next scenario, 21 6 Mgalld was withdrawn from three 
wells (7 2 Mgal/d each), and m the last two scenarios, 36 
and 72 Mgal/d were Withdrawn from five wells (7 2 and 
14 4 Mgal/d each, respectively) The water-resource poten­
tial of the Upper Flondan aqmfer was evaluated by deter­
mmmg the effects of pumpmg on the ground-water 
and surface-water system These effects were expressed 
as aquifer drawdown, changes to water-budget com-

~ 
0 25~--~----~---+----+----+----+----+----4 

~fi1 
~~ 
~~2or-~rr-----r----+----+----+----+----+--__, 
~~ 
UE-< 
Zlll 

~IE 15~ 
~~ -

~~10r----r~--~----~---+----+----+----+---~ 
~5 -
0 ~05~--~----~---+----~---+----+----+----4 ~ 
~ 

0 0~~~1~25~~2~50~~3~75~~5~00~~6~25~~7~5~~8~7~5~~100 

MULTIPLIER FOR BOUNDARY COEFFICIENT 

Figure 44. Changes m sum of head d1fferences squared 
w1th respect to changes m boundary coeff1c1ent of 
Cooleewahee Creek 
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F1gure 45. Changes m sum of head d1fferences squared 
w1th respect to changes m stage of Cooleewahee Creek 

ponents and to duectwns of ground-water movement, and 
mcreased potential for smkhole development or water­
quahty Impairment 

Drawdown 

Water-level drawdown m the Upper Flondan aquifer 
m response to pumpmg Withm the area of potential devel­
opment was determmed by simulatmg pumpmg for the SIX 

scenarios descnbed prevwusly and by subtractmg the result­
mg computed water levels from water levels that were 
obtamed from the cahbrated model of November 1985 
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Figure 46. Locations of area of potential development and nodes used to simulate p~J!f.¥lp.ing 
in MODFE. 

conditions. Drawdown values from the six pumping scenar­
ios were obtained at all nodes in the finite-element mesh. 
The drawdowns represent point (nodal) values at the inter­
sections of elements in the finite-element mesh, and are 

distinct values that can be compared with the actual draw­
downs that would occur in wells under steady state condi­
tions. Lines of equal drawdown were contoured on a map of 
the potential-development area (figs. 47-52) to show the 
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Figure 47. Lines of equal computed drawdown in the Upper Floridan aquifer from simulated 
pumping rate of 7.2 million gallons per day at node 1446. 

areal extent of drawdown in the Upper Floridan aquifer that 
resulted from pumping. Maximum drawdowns occurred at 
the nodes where pumped wells were simulated. 

The drawdown resulting from each of the six scenar­
ios of pumping (table 10) indicated that the Upper Floridan 
aquifer was minimally affected by increased ground-water 
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Figure 48. Lines of equal computed drawdown in the Upper Floridan aquifer from simulated 
pumping rate of 7.2 million gallons per day at node 1226. 

withdrawal over the November 1985 rates. Of the three 
simulations that involved pumping 7.2 Mgalld at different 
nodal locations, pumping at node 1446 caused the most 

drawdown, about 1.9 ft (table 10). The plot showing lines 
of equal drawdown for this simulation (fig. 47) showed a 
fairly symmetric pattern around the pumped node. The 

Evaluation of Water-Resource Potential of the Upper Floridan Aquifer 43 



31"30 1 

I 

1------------

() 

0 

Zb 
0 

mgCyp•·ess 
LAke 

f 
0 

Base from U.S. Geological Survey 
1:62,500 quadrangles 0 

I I I I i I 11 

0 
I 
2 

2 
I 

LEE CO 

I 

3 

I 

4 KILOMETERS 

4 MILES 
I 

EXPlANATION 

D AREA OF POTENTIAL GROUND-WATER 
DEVELOPMENT 

-0.1- LINE OF EQUAL ORA WDOWN-Interval, 
in feet, is variable 

1~ PUMPED WELL- Number indicates node 
in finite-element mesh 

Figure 49. Lines of equal computed drawdown in the Upper Floridan aquifer from simulated 
pumping rate of 7.2 million gallons per day at node 1294. 

slight elongation of drawdown to the northwest may result 
from thinning of the aquifer toward the northwest, which 
results in lower aquifer transmissivity in that area. The 

effect of pumping on the Flint River downstream from the 
Lake Worth dam appeared to be minimal; the 0.1-ft line of 
equal drawdown was west of the river. Plots of computed 
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Figure 50. Lines of equal computed drawdown in the Upper Floridan aquifer from simulated 
pumping rate of 21.6 million gallons per day at nodes 1226, 1294, and 1446. 

drawdown for the other two scenarios of 7 .2-Mgal/d pump­
ing (figs. 48, 49) showed a smaller area of influence from 
the pumped well than from the simulation of pumpage at 

node 1446 (fig. 47) . This result probably was caused by the 
Upper Floridan aquifer's being thicker toward the south­
east, which results in higher aquifer transmissivity there, 
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Figure 51. Lines of equal computed drawdown in the Upper Floridan aquifer from simulated 
pumping rate of 36 million gallons per day at nodes 1156, 1226, 1294, 1367, and 1446. 

and by the occurrence of more solution openings in the 
vicinity of the southernmost wells (fig. 8). 

The plot of computed drawdown from the simulation 
of pumping 21.6 Mgalld at three nodes (7. 2 Mgal/d each 

from nodes 1226, 1294, and 1446) in the area of potential 
development (fig. 50) showed how possible variations in 
hydraulic conductivity and in aquifer thickness (that is, 
variations in transmissivity) affect ground-water flow in the 
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Figure 52. Lines of equal computed drawdown in the Upper Floridan aquifer from simulated 
pumping rate of 72 million gallons per day at nodes 1156, 1226, 1294, 1367, and 1446. 

Upper Floridan aquif~r. Maximum drawdown varied among 
the three nodes from about 2.3 ft at node 1294 to about 3.1 
ft at node 1446. As discussed previously, the aquifer is 

thicker and more transmissive in the vicinity of nodes 1226 
and 1294 and contains more solution openings than in the 
vicinity of node 1446 (fig. 8). 
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Table 10. Max1mum drawdown due to s1mulated pumpmg m area of potent1al development 
[Dash md1cates pumpmg not simulated at node] 

Drawdown (feet) 

Node Node Node 
S1mulat1on 1226 1294 1446 

1 1 16 
2 110 
3 1 85 
4 2 58 2 29 3 14 
5 4 15 3 53 4 70 
6 8 35 7 12 944 

The effect on the Fhnt River downstream from the 
Lake Worth dam of Withdrawmg a total of 21 6 Mgal/d at 
three locatiOns Withm the proposed well field appears to be 
mmimal, accordmg to the drawdown plot (fig 50) The 
0 1-ft lme of equal drawdown crosses the nver east of the 
area of potential development and remams on the east side 
of the nver for about 2 mi Most of the 2-ft lme of equal 
drawdown hes withm the area of potential development, 
and the 1-ft lme of equal draw down extends a maximum of 
about 4 mi from the area of potential development m the 
northwesterly directiOn (fig 50) 

Plots of computed draw down m the water level of the 
Upper Flondan aqmfer (figs 51, 52) understandably mdi­
cated a greater effect on the aqmfer of pumpmg m the area 
of potential development for the scenanos mvolvmg 36 and 
72 Mgal/d than for the scenanos mvolvmg less pumpage 
(table 10) The maximum drawdowns ranged from about 
3 5 ft at node 1294 to about 4 7 ft at node 1446, for the 
scenano of Withdrawmg a total of 36 Mgalld from fiVe 
wells For the scenariO mvolvmg Withdrawal of 72 Mgal/d 
from the aqmfer, maximum draw downs were about double 
the values that were obtamed from the 36-Mgal/d scenano 
For the 36-Mgal/d Withdrawal rate, most of the 3-ft lme of 
equal drawdown was contamed Withm the area of potential 
development, but the 1-ft lme of equal drawdown extended 
from the well field a maximum of about 6 mi (fig 51) The 
shape of the equal-drawdown hnes for the 72-Mgal/d 
Withdrawal rate was Identical to the shape of lmes that were 
plotted for the 36-Mgal/d Withdrawal rate (figs 51, 52), 
except the magmtude of drawdown for the 72-Mg~l/d 

scenano was double the values that were obtamed from the 
36-Mgal/d scenano The 6-ft lme of equal drawdown for the 
72-Mgal/d scenano comcided With the 3-ft lme of equal 
drawdown for the 36-Mgal/d scenano, and so forth 

Changes to Water-Budget Components 

Values for the volumetnc flow rates of water-budget 
components that were obtamed from simulatmg the SIX 
scenanos were subtracted from values of Similar compo­
nents obtamed from the calibrated model of November 1985 
conditiOns The effects of pumpmg withm the area of 

Node Node Pumpmg rate 
1367 1156 (Mgal/d) 

72 
72 
7 2 

21 6 
4 38 3 77 36 
8 81 7 33 72 

potential development on the water resources m the Upper 
Flondan aqmfer were analyzed m terms of changes to 
water-budget components that were caused by the pumpmg, 
and m terms of percentages that each component contnb­
uted to the pumpmg rate Results of these computatiOns are 
hsted m table 11 

The three scenanos of pumpmg 7 2 Mgal/d from 
different locatiOns Withm the area of potential development 
created different effects on water-budget components of the 
ground-water flow system m the Upper Flondan aqmfer 
The amount of regwnal ground-water flow that would have 
discharged to the Flmt River but was mtercepted by 
pumpmg IS hsted m table 11 as "Reduced discharge to Flmt 
River " The average volumetnc flow rate of ground water 
that was mtercepted by the 7 2-Mgal/d pumpage was about 
81 percent of the pumpmg rate, or about 5 9 Mgal/d The 
volumetnc flow rates and percentages of the pumpmg rate 
that this water-budget component contnbuted to the pumped 
well vaned by about 0 7 Mgal/d, or by about 10 percent of 
the pumpmg rate, among the three 7 2-Mgal/d scenanos 
Values vaned dependmg on hydrologic factors descnbed 
previOusly and on the proximity of the pumpmg node to the 
Flmt River The well locatiOn closest to the nver, node 
1294, mtercepted the most water from regiOnal flow, that IS, 
of the three 7 2-Mgal/d scenanos, node 1294 had the largest 
volumetnc flow rate and percentage of the pumpmg rate as 
discharge to the Fhnt River The farthest locatiOn, node 
1446, mtercepted the least water from regwnal flow and, 
consequently, had the smallest rate and percentage of 
discharge from the Flmt River of the three 7 2-Mgal/d 
scenanos (see table 11, figs 47-49) 

Commensurate With the decrease m ground-water 
discharge to the Fhnt River caused by pumpmg m the area 
of potential development was the mcrease m recharge from 
regwnal flow and other nvers over the November 1985 
conditions (see "Induced recharge from regwnal flow and 
other nvers," table 11) Recharge to the Upper Flondan 
aqmfer across model boundanes (mcludmg nver reaches) 
located mostly to the north and west of the potential­
development area vaned With each pumpmg scenano of 7 2 
Mgal/d accordmg to the proximity of the pumpmg node to 
the model boundanes Of the three pumpmg scenanos of 
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Table 11. Water-budget components from vanous pumpmg scenanos m area of potent1al development 

Component 
Node 
1446 

Node 
1294 

Node 
1226 

Nodes 
1446, 1294, 
and 1226 

Nodes 
1156, 1226, 
1294, 1367, 
and 1446 

Nodes 
1156, 1226, 
1294, 1367, 
and 1446 

Volumetric rates for md1cated pumpmg scenarws (gal/d) 

Discharge to wells -7,200,000 -7,200,000 -7,200,000 -21,600,000 -36,000,000 -72,000,000 
Reduced discharge to Flmt River 5,494,530 6,196,180 5,880,430 17,574,720 29,384,650 58,826,870 
Reduced discharge to regiOnal 169,670 108,450 131,490 408,820 668,260 1,330,240 

flow 
Reduced discharge to 38,360 23,890 30,360 90,370 145,850 280,150 

undifferentiated overburden 
Induced recharge from regiOnal 1,357,470 781,740 1,045,430 3,183,080 5,236,220 10,446,110 

flow and other nvers 
Induced recharge from 139,210 88,100 110,600 340,060 558,500 1,102,520 

undifferentiated overburden 
Induced recharge from the 1,680 1,230 1,380 4,350 7,070 14,140 

Flmt River 

Percentage of pumpmg rates 

Discharge to wells 100 00 100 00 
Reduced discharge to Flmt River 86 10 81 70 
Reduced discharge to regiOnal 1 50 1 80 

flow and other nvers 
Reduced discharge to 30 40 

undifferentiated overburden 
Induced recharge from regiOnal 10 90 14 50 

flow and other nvers 
Induced recharge from 1 20 1 50 

undifferentiated overburden 
Induced recharge from the 02 02 

Flmt River 

7 2 Mgal/d, the pumpmg node closest to the model bound­
anes, node 1446, yielded the highest volumetric flow rate 
and percentage of well pumpage denved from the bound­
ary The most distant node to these boundanes, node 1294, 
yielded the lowest flow rate and percentage of well pump­
age from the boundary (table 11) The flow rates and 
percentages from this water-budget component represented 
an mcrease m ground-water flow across all model bound­
anes and m leakage from all nvers, other than the Fhnt 
River downstream from the Lake Worth dam However, the 
effects of pumpmg m the area of potential development did 
not extend far enough to the east of the Fhnt River 
downstream from the Lake Worth dam to cause other 
boundary conditions or nver reaches to be affected Thus, 
changes m volumetric flow rates and percentages of the 
pumpmg rate for this water-budget component were con­
sidered to be caused by the mfluence of the pumpmg on 
flow across model boundanes and from nver reaches that 
are located west of the Fhnt River downstream from the 
Lake Worth dam 

Water-budget components other than reduced dis­
charge to the Fhnt River and mduced recharge from 
reg10nal flow and other nvers had mmor effects on supply­
mg water to wells that simulated a 7 2-Mgal/d pumpmg rate 
m the area of potential development The mtercept10n of 

100 00 100 00 100 00 100 00 
81 40 81 60 81 60 81 70 

190 1 90 1 90 1 90 

40 40 40 40 

14 70 14 60 14 60 14 50 

160 160 160 1 50 

02 02 02 02 

ground-water discharge across model boundanes (reg10nal 
flow) and to nvers other than the Fhnt River downstream 
from the Lake Worth dam contributed between 1 5 and 1 9 
percent of the 7 2-Mgal/d pumpmg rate to the wells (table 
11) Induced recharge from the undifferentiated overburden 
accounted for about 1 2-1 6 percent of the pumpmg 
Intercept10n of discharge to the undifferentiated overburden 
from the Upper Flondan aqmfer contributed about 0 3-0 4 
percent of the pumpmg withm the area of potential devel­
opment (table 11) 

The water-budget component that changed the least 
from the November 1985 condittOns m response to pumpmg 
7 2 Mgal/d Withm the area of potential development IS 
leakage (mduced recharge) to the Upper Flondan aqmfer 
from the Flmt River downstream from the Lake Worth dam 
This water-budget component results from lowered water 
levels m the aquifer near the nver m response to the 
pumpmg About 0 02 percent of the 7 2-Mgal/d pumpmg 
rate, or between about 1,200 and 1, 700 gal/d, was com­
puted as the rate of mduced recharge to the Upper Flondan 
aquifer from this water-budget component However, 
because hydraulic gradients m the Upper Flondan aqmfer 
west of the Flmt River were toward the nver and away from 
the potential-development area for all pumpmg scenanos, 
the water Identified as recharge from the Fhnt River would 
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not flow mto the potential-development area to supply water 
to the pumped wells Analyses of ground-water movement 
by usmg plots of flow dtrectwns (discussed m the sectiOn 
"DirectiOns of Ground-Water Movement") mdicate that 
ground-water flow directiOns m the aqmfer were changed 
shghtly near the Fhnt River because of pumpmg m the 
potential-development area The mcreased recharge to the 
aqmfer from the Fhnt River occurs m a narrow band to the 
southeast of the potential-development area, JUSt beneath 
and west of the nver, where recharge also was occumng 
dunng November 1985 conditiOns The rechargmg water IS 
hmited to this area because the regwnal flow of ground 
water IS from the northwest toward the nver Thus, the 
regwnal hydraulic gradient m the Upper Flondan aqmfer 
remamed the dommant hydrologic factor m determmmg 
ground-water flow for all SIX pumpmg scenanos, and 
prevented water that might have recharged the aquifer from 
the Fhnt River to flow westward toward the area of potential 
development 

The volumetnc flow rates of all water-budget com­
ponents mcreased for the pumpmg scenanos of 21 6, 36, 
and 72 Mgal/d Withm the area of potential development 
The percentage of ground-water flow that each component 
contnbuted to the pumpmg rates remamed nearly constant 
and about equal to the percentages that were computed for 
the 7 2-Mgal/d Withdrawal from node 1226 For all pump­
mg scenanos, reduced discharge to the Flmt River from 
regwnal flow accounted for about 82 percent of the pump­
mg rates Induced recharge from ground-water flow across 
the northern and western model boundanes and leakage 
from nvers other than the Flmt River contnbuted about 15 
percent to the pumpmg rates The remammg 3-4 percent of 
the pumpmg rates was contnbuted by reduced discharge to 
regwnal flow (about 2 percent), mduced recharge from the 
undifferentiated overburden (about 1 5 percent), reduced 
discharge to the undifferentiated overburden (about 0 4 
percent), and mduced recharge from the Flmt River down­
stream from the Lake Worth dam (about 0 02 percent) The 
effects of these pumpmg scenanos on ground-water flow m 
the Upper Flondan aqmfer and on leakage from the Fhnt 
River downstream from the Lake Worth dam mto the 
aqmfer are evaluated by usmg plots that mdicate dtrectwns 
of ground-water movement m the area of potential devel­
opment and near the Fhnt River These effects are discussed 
m the followmg section 

D.rect1ons of Ground-Water Movement 

Directions of ground-water movement m the Upper 
Flondan aquifer near the area of potential development and 
near the Fhnt River downstream from the Lake Worth dam 
were analyzed for the scenarios of proposed pumpmg to aid 
m evaluatmg the water-resource potential of the aquifer Of 
particular Importance to the evaluatiOn were changes to 
ground-water flow dtrectwns m response to pumpmg that 

mtght cause leakage from the Fhnt River mto the potential­
development area Flow-dtrectwn plots, Similar to the plot 
used m an earher sectiOn (pl 2), were created from results 
of simulatmg the SIX scenariOs of pumpmg and were 
compared With a Similar plot for the November 1985 
conditiOns (figs 53-59) 

Changes m ground-water flow dtrectwns m the Upper 
Flondan aqmfer m response to pumpmg 7 2 Mgal/d Withm 
the area of potential development were Imperceptible when 
flow-dtrectwn plots for these scenanos were compared to a 
similar plot of Simulated November 1985 conditiOns (figs 
53-56) DirectiOns of ground-water flow m the Upper 
Flondan aqmfer, as discussed earher, appear to be domi­
nated by regwnal flow from the northwest and by vertical 
flow mto and out of the undifferentiated overburden, to the 
extent that pumpmg 7 2 Mgal/d from the aquifer has httle 
effect on lateral ground-water flow directiOns Conse­
quently, ground-water flow directiOns m the area of poten­
tial development and near the Flmt River were VIrtually the 
same as the November 1985 flow directiOns for the scenar­
IOS of pumpmg 7 2 Mgal/d 

The plot of ground-water flow directiOns m the Upper 
Flondan aqmfer that resulted from simulatmg 21 6 Mgal/d 
of pumpmg from three locatiOns m the potential­
development area (fig 57) showed no change m flow 
dtrectwns from the November 1985 conditions (fig 53) m 
this area The directiOn of ground-water flow IS changed 
shghtly beneath the Flmt River between the 141- and 143-ft 
contours of water levels m the aqmfer However, the 
ground water flows toward the nver and beyond It, away 
from the area of potential development, m a southeasterly 
directiOn (figs 53-57) 

The shght changes m the ground-water flow direc­
tiOns that occurred m the scenario of pumpmg 21 6 Mgal/d 
from three wells m the area of potential development 
contmued to occur m the scenano of pumpmg 36 Mgal/d 
from five wells (fig 58) Flow directiOns at a few locatiOns 
near the pumpmg nodes were changed shghtly from the 
directiOns shown m the previOus plots (figs 53-57) How­
ever, ground water contmued to flow through the area of 
potential development from the northwest toward the Fhnt 
River With no sigmficant change m directiOn from the 
November 1985 conditions (fig 53) 

Flow directiOns from the scenario of pumpmg 72 
Mgal/d from five locatiOns m the area of potential devel­
opment (fig 59) showed the most change of all pumpmg 
scenanos, although none of the changes to flow directiOns 
mduced flow from the Fhnt River mto the potential­
development area Ground-water flow directiOns were 
altered m the VICimty of the potential-development area, 
and about 1 mt east of this area (fig 59), plots of about 
seven flow-dtrectwn mdicators changed from the southeast­
erly direction that occurred under November 1985 condi­
tiOns (fig 53) to a north-south onentatwn parallel to the 
area of potential development This change m the ground-
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Shows altitude at which water level would have 
stood in tightly cased wells. Contour interval, 
in feet, is variable. Datum is sea level 

< FLOW -DIRECTION INDICATOR-Indicates 
direction of ground-water movement, 
computed at center of element 

Figure 53. Computed potentiometric surface and directions of ground-water movement in the 
Upper Floridan aquifer in simulation of November 1985 conditions. 
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Figure 54. Computed potentiometric surface and directions of ground-water movement in the 
Upper Floridan aquifer in simulation of pumpage of 7.2 million gallons per day at node 1446. 
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Figure 55. Computed potentiometric surface and directions of ground-water movement in the 
Upper Floridan aquifer in simulation of pumpage of 7.2 million gallons per day at node 1226. 
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Figure 56. Computed potentiometric surface and directions of ground-water movement in the 
Upper Floridan aquifer in simulation of pumpage of 7.2 million gallons per day at node 1294. 
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Figure 57. Computed potentiometric surface and directions of ground-water movement in the 
Upper Floridan aquifer in simulation of pumpage of 21.6 million gallons per day at nodes 1226, 
1294, and 1446. 
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Figure 58. Computed potentiometric surface and directions of ground-water movement in the 
Upper Floridan aquifer in simulation of pumpage of 36 million gallons per day at nodes 1156, 
1226, 1294, 1367, and 1446. 
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Figure 59. Computed potentiometric surface and directions of ground-water movement in the 
Upper Floridan aquifer in simulation of pumpage of 72 million gallons per day at nodes 1156, 
1226, 1294, 1367, and 1446. 
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water flow dtrectwn probably was caused by changes m 
vertical leakage rates to or from the undifferentiated over­
burden, whtch were caused by lower water levels m the 
Upper Flondan aqmfer for this pumpmg scenano than for 
the November 1985 conditions Even With the changes to 
ground-water flow directions that occurred m response to 
pumpmg 72 Mgal/d, most of the flow dtrectwns that were 
plotted between the area of potential development and the 
Flint Rtver were unchanged from the November 1985 
conditiOns, and the regwnal directiOn of ground-water 
movement was VIrtually unaffected by this pumpmg rate 

Potent1al for Smkhole Development 

The potential for dewatenng the Upper Flondan 
aqmfer and, thus, mcreasmg the potential for smkhole 
development caused by developmg the ground-water 
resources was analyzed Simulated water levels from the 
36- and 72-Mgal/d pumpmg scenanos were used along With 
maps showmg altitudes of the water-beanng zones of the 
aqmfer Aqmfer dewatenng occurs when the water level IS 
below the altitude of the top of the aqutfer This condition 
IS hazardous geologically and hydrologically, m that the 
rock matnx compnsmg the aqmfer may actually collapse 
from the removal of hydrauhc pressure when the potentto­
metnc surface IS lowered excessively by pumpmg Smkhole 
development may cause damage to overlymg structures, 
such as utility lines, bmldmgs, and roads, and may change 
the topography by creatmg circular depressiOns or similar 
collapse features 

The potential for aqmfer dewatenng was determmed 
by companng the water-level surface of the Upper Flondan 
aquifer that resulted from the 72-Mgal/d (worst case) 
pumpmg scenano (fig 59) With the altitude of the top of the 
the lower, prmctpal water-beanng zone m the aqutfer (fig 
7) The massive and unfractured nature of the upper 
water-beanng zone m the area of potential development 
mdicates that It would be less prone to structural collapse 
than the lower water-beanng zone tf dewatered The exist­
ence of fractures and solution features m the lower water­
bearmg zone makes thts zone susceptible to smkhole 
formation tf water levels were to drop below the top of this 
zone A comparison was made of maps showmg altitudes of 
the top of the lower water-beanng zone and of the top of the 
Upper Flondan aqmfer (figs 6, 7) with the water level m 
the aqmfer that resulted from the 72-Mgal/d scenano (fig 
59) The companson showed that the water level m the 
vtctmty of pumped nodes 1226, 1367, and 1446 was about 
5 ft below the top of the Upper Flondan aqmfer but about 50 
ft above the top of the lower water-beanng zone Because 
the water level m the Upper Flondan aqmfer was above the 
fractures and solutiOn features of the lower water-beanng 
zone for all of the pumpmg scenariOs, the potential for 
aqmfer dewatenng and smkhole development was deter­
mmed to be negligible 

Potent1al for Changes m Water Quahty 

Possible changes m the chemical quality of water m 
the Upper Flondan aqmfer resultmg from developmg the 
ground-water resources were analyzed by evaluatmg the 
changes to the hydraulic mechamsms that control water 
quality m the aqmfer These mechamsms are the directiOn 
of ground-water flow, vertical leakage from the undifferen­
tiated overburden, and leakage from the Flint Rtver down­
stream from the Lake Worth dam Based on the analyses 
descnbed m earlier sections, none of these hydraulic mech­
amsms were changed enough by the proposed pumpmg to 
affect the quality of ground water m the Upper Flondan 
aqmfer Ground water contmued to flow toward the Flint 
Rtver from the area of potential development dunng all 
pumpmg scenanos Thus, no water from the Flint River 
downstream from the Lake Worth dam entered the 
potential-development area, and all water removed from the 
Upper Flondan aqmfer dunng the simulated pumpmg sce­
narios was denved from the aqmfer The amount of water 
that was supplied to the area of potential development by 
vertical leakage from the undifferentiated overburden was 
small (table 11) m comparison With the vertical leakage rate 
and the percentage of the pumpmg rate that this water­
budget component compnsed of the total budget for the 
November 1985 calibratiOn penod (table 7) Therefore, 
because changes to the mechamsms that were assumed to 
govern ground-water quality m the Upper Flondan aqmfer 
were affected very httle by pumpmg m the area of potential 
development, It was assumed that water-quality changes m 
the aqmfer would be negligible as a result of developmg the 
ground-water resources m this area 

CONCLUSIONS 

The Upper Flondan aqmfer has a potential for large 
water-resource development m the area near Albany, Ga 
Thts conclusiOn was based on the ability of the Upper 
Flondan aqmfer to transmit large amounts of water as 
regiOnal flow from the west, north, and east of the study 
area to be discharged to the Flmt Rtver downstream from 
the Lake Worth dam, and the relatively mmor effects of 
ground-water pumpmg on water quality and water levels m 
the aqmfer The hydrologic conditions of the area mclude 
large regional-flow components, low verttcalleakage from 
the undifferentiated overburden, small drawdowns, and a 
low potential for smkhole development Thus the area 
located m Dougherty County to the west of the Flint River 
and downstream from the Lake Worth dam IS a smtable 
locatiOn for developmg the Upper Flondan aqutfer Because 
hydraulic gradients and dtrectwns of ground-water flow m 
the Upper Flondan aqmfer were affected only slightly by 
pumpmg scenanos, and because computed water levels 
remamed at least 50 ft above fractures and solutiOn features 
of the lower water-bearmg zone of the aqmfer, withdrawals 
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of as much as 72 Mgal/d from the area appear to be possible 
without adversely affectmg the ground-water and surface­
water flow system of the Upper Flondan aqmfer 

Results of the Simulations show a large potential for 
developmg the water resources of the Upper Flondan 
aqmfer m the study area, and a htgh degree of accuracy 
when compared to measured values However, a more 
accurate evaluation of the water-resource potential of the 
Upper Flondan aqmfer would be possible by decreasmg the 
uncertamty m measured ground- and surface-water levels 
and m the defimtwn of hydrologic factors that govern flow 
m the aqmfer Results from sensitivity analyses mdtcate that 
computed water levels are most sensitive to changes m the 
hydraulic conductivity of the Upper Flondan aqmfer and m 
the vertical-leakage coefficient (or vertical-hydraulic con­
ductance) of the undifferentiated overburden The hydro­
logic factors to which computed water levels are the next 
most sensitive are source-layer heads m the undifferentiated 
overburden and nver stages m the Fhnt River downstream 
from the Lake Worth dam Because measured water levels 
m the aquifer and m the overburden are known only to 
withm 5 ft of their true values, many combmatwns of values 
for these, and other, hydrologic factors would provide an 
acceptable computed solutiOn for the cahbratwn penod 
However, computed results for the pumpmg scenanos 
would vary for each combmatwn of hydrologic factors The 
amount of variation m computed results can be decreased by 
mmimizmg maccuracies m measured water levels and m 
better defmmg hydrologic factors of the flow system, 
thereby providmg a more accurate water-resource evalua­
tiOn 
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