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FOREWORD

THE REGIONAL AQUIFER-SYSTEM ANALYSIS PROGRAM

The RASA Program represents a systematic effort to study a number of
the Nation’s most important aquifer systems, which, in aggregate, underlie
much of the country and which represent an important component of the
Nation’s total water supply. In general, the boundaries of these studies are
identified by the hydrologic extent of each system and, accordingly, tran-
scend the political subdivisions to which investigations have often arbi-
trarily been limited in the past. The broad objective for each study is to
assemble geologic, hydrologic, and geochemical information, to analyze and
develop an understanding of the system, and to develop predictive capabili-
ties that will contribute to the effective management of the system. The use
of computer simulation is an important element of the RASA studies to
develop an understanding of the natural, undisturbed hydrologic system
and the changes brought about in it by human activities and to provide a
means of predicting the regional effects of future pumping or other stresses.

The final interpretive results of the RASA Program are presented in a
series of U.S. Geological Survey Professional Papers that describe the
geology, hydrology, and geochemistry of each regional aquifer system. Each
study within the RASA Program is assigned a single Professional Paper
number beginning with Professional Paper 1400.

Grtes A Lok,

Gordon P. Eaton
Director
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CONVERSION FACTORS AND VERTICAL DATUM

For use of readers who prefer to use International System (SI) units, rather than the inch-pound
terms used in this report, the following conversion factors are provided:

Multiply inch-pound units By To obtain SI units

inch (in.) 25.4 millimeter (mm)

foot (ft) 0.3048 meter (m)
mile (mi) 1.609 kilometer (km)
square mile (mi®) 2.590 square kilometer (km?
square foot per day (ft%/d) 0.09290 square meter per day (m?/d)
cubic foot per second (ft%/s) 0.02832 cubic meter per second (m%/s)
* cubic foot per second 0.01093 cubic meter per second per
per square mile [(ft%/s)/mi®] square kilometer [(m®/s)/km?]
million gallons per day (Mgal/d) 0.04381 cubic meters per second (m®/s)

Temperature in degrees Fahrenheit (°F) can be converted to degrees Celsius (°C) as follows:
°F=1.8°C+32

Sea level: In this report “sea level” refers to the National Geodetic Vertical Datum of 1929 (NGVD
of 1929)—a geodetic datum derived from a general adjustment of the first order nets of both the
United States and Canada, formerly called “Mean Sea Level of 1929.”
























DATA SOURCES AND PREVIOUS WORK

1984, 1985) and Brooks and others (1985). In South
Carolina, specific-capacity data were reported by Siple
(19557, 1975).

Water use at about the beginning of the century at
several municipalities in the Georgia Coastal Plain was
reported by McCallie (1898, 1908) and Stephenson and
Veatch (1915). Similar data at about 1940 for the north-
ern part of the Alabama Coastal Plain and the South
Carolina Coastal Plain were included in Carlston (1944)
and South Carolina State Planning Board (1944), respec-
tively. Municipal water-use data for the southeastern
Alabama Coastal Plain at about 1945 were reported by
Carter and Williams (1949). Municipal and industrial
water-use data for 1960 for the entire study area were
included in U.S. Study Commission—Southeast River
Basins (1963). Recent water-use data for Alabama for
municipal, industrial, and irrigation purposes were
reported by Baker and others (1982). Similarly, recent
water-use data for the Coastal Plain of South Carolina
were listed in reports by South Carolina Water
Resources Commission (1971, 1977). Published referen-
ces to recent water use in Georgia are more numerous
and include those by Thomson and others (1956), Carter
and Johnson (1974), Pierce and others (1982, 1984),
Clarke and others (1983, 1984, 1985), and Brooks and
others (1985). In addition, numerous unpublished data on
municipal water use for Georgia were obtained for the
period 1955-70 from Insurance Services of Georgia.

A subregional hydrologic budget and conceptual mod-
els of subregional ground-water flow and ground-
water/surface-water relations were developed specifi-
cally for the Georgia subregion RASA and were
described by Faye and Mayer (1988). Elements of the
conceptual model were based largely on descriptions by
Toth (1962, 1963), Freeze (1966), Freeze and Wither-
spoon (1966, 1967), Hitchon (1969), and Winter (1976).
Much of the subregional hydrologic budget was based on
data listed by Thomson and Carter (1955).

The results of previous RASA model studies also were
incorporated into the calibration of the subregional,
digital flow model. These studies, described by Maslia
and Hayes (1988) and Krause and Randolph (1989), refer
to the Floridan aquifer system, which overlies the aqui-
fers of interest to this study throughout most of the
Georgia subregion. Similarly, the Georgia subregion
digital flow model was required to interface with neigh-
boring subregional RASA studies, as well as the regional
RASA digital model, which encompasses most of the
Coastal Plain of the Southeastern United States. Results
of adjacent subregional studies in South Carolina were
described by Aucott (1988). Corresponding results of
regional RASA modeling efforts were described by
Barker (1986).
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Geologic data utilized in this study included well-site
inventories and descriptions, logs and desecriptions of
borehole cuttings and cores, borehole geophysical logs,
outerop descriptions, paleontologic identifications, and
analyses of ground-water quality. Published references
included maps, guidebooks, and bulletins. Sources of
unpublished data included the files of the U.S. Geological
Survey, the Georgia Geologic Survey, and the Geological
Surveys of Alabama and South Carolina.

Contributions to knowledge of Southeastern Coastal
Plain geology within the study area can be numbered in
the hundreds and include papers, theses, bulletins, jour-
nal articles, maps, and atlases. To some degree, most of
these publications were utilized in the development of
the subregional geologic and geohydrologic frameworks.
Those publications that were utilized extensively, how-
ever, are relatively few and are listed and briefly
described below. Emphasis was placed to a large degree
on articles that relate geology to aquifers and confining
units, that describe geologic or geohydrologic sections,
and that describe borehole lithology and paleontology.

Two texts that profoundly contributed to the develop-
ment of a geohydrologic framework are those of Herrick
(1961) and Applin and Applin (1964). Both reports con-
tain detailed descriptions of borehole lithology and pale-
ontology at numerous locations within the Georgia
Coastal Plain. These and other chronostratigraphic and
lithologic interpretations were combined into a compre-
hensive description of sediments of Late Cretaceous age
in southern Georgia and northern Florida by Applin and
Applin (1967). This text contains geologic sections and
contour and isopach maps of chronostratigraphic units
that were utilized extensively for this study. Maher
(1971) also presented cross sections and paleontological
data relative to boreholes in the Coastal Plains of eastern
and southwestern Georgia and in northern Florida.

In addition, ecritical paleontological data were pub-
lished in Applin (1955), McLean (1960), Swain and Brown
(1964), Pooser (1965), Herrick and Counts (1968), Hazel
(1969), Tschudy and Patterson (1975), Gohn and others
(1977), Hazel and others (1977, 1984), Christopher
(1982a,b), Colquhoun and others (1982), Valentine (1982,
1984), Gohn, Hazel, and others (1983), Gohn, Houser,
and others (1983), Owens and Gohn (1985), Prowell
and others (1985), and McFadden and others (1986).
In general, these data helped establish provineial
stage boundaries and the Cretaceous-Tertiary bound-
ary at boreholes throughout the study area. Beginning
with Hazel (1969), many of these studies also indicated
that sediments contained within much of the upper
Tuscaloosa and upper Atkinson Formations (Applin
and Applin, 1967) (pl. 1) were significantly younger
than previously considered. A younger age was also
suggested for the upper part of the lower Tuscaloosa
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and lower Atkinson Formations of Applin and
Applin (1967) (pl. 1). Together these age revisions signifi-
cantly affected interpretations of geologic and geohydro-
logic unit continuity north to south across the Georgia
subregion.

By far, the greatest number of fossil data utilized in
this study were obtained from unpublished data from the
files of S.M. Herrick, E.R. Applin, R.A. Christopher,
L.E. Edwards, L.M. Bybell, N.O. Frederiksen, J.E.
Hazel, and J.A. Miller of the U.S. Geological Survey; W.
McGlamery of the Geological Survey of Alabama; K.H.
Keahne of the Humble Oil and Refining Co.; E.T.
Caldwell of the Humble Oil and Refining Co. and Car-
penter Oil Co.; and B.W. McNeely and V.V. Vanstrum of
the Shell Oil Co.

The range of selected index fossils was determined by
charts and other tabulations published in Pessagno
(1967), Charm and others (1969), Owens and others
(1970), Pickering (1970), Postuma (1971), Skinner and
Steinkraus (1972), Stainforth and others (1975), Van-
Hinte (1976), Gibson (1980b, 1982a,b), Robertson
Research (1980), Sohl and Smith (1980), Hazel and
Brouwers (1982), and Valentine (1984).

Regional and large-area geological maps used in this
study were published by Carlston (1944), Eargle (1955),
Siple (1967), Georgia Department of Natural Resources
(1976), Buie and others (1979), Huddlestun and Hetrick
(1979), and Markewich and Christopher (1982). Corre-
sponding maps of local areas included those published in
Alabama by Scott (1961, 1962a), Newton (1965, 1968a,b),
and Shamburger (1968). Similar maps in South Carolina
by Overstreet and Bell (1965), Smith (1979, 1980), and
Nystrum and Willoughby (1982) were also utilized.

Lithostratigraphic cross sections that significantly
influenced the geologic interpretations presented in this
report were published by Toulmin and LaMoreaux
(1963), Gohn and others (1978), Gohn, Bybell, and others
(1980), Gohn, Smith, and others (1980), and Prowell and
others (1985).

References used to determine the top and nature of
rocks at the base of Coastal Plain sediments were those
by Christl (1964), Milton and Hurst (1965), Marine and
Siple (1974), Marine (1979), Chowns and Williams (1983),
and Gohn (1983).

Comprehensive descriptions of faulting and structural
effects on Coastal Plain sediments are included in Owen
(1963b), Zapp (1965), Prowell and O’Conner (1978),
Brown and others (1979), Behrendt and others (1981),
Faye and Prowell (1982), Gelbaum and Howell (1982),
Miller (1982), Cofer and Manken (1983), McDowell and
Houser (1983), Prowell (1983), and Wentworth and
Mergner-Keefer (1983).

Other geologic guidebooks, reports, and theses uti-
lized for this study include those written by Cooke
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(1943), Owen (1951), Cooke and MacNeil (1952), Siple
(1959), Clark (1965), Snipes (1965), Warren and Clark
(1965), Zapp and Clark (1965), Sandy and others (1966),
Nikravesh (1967), Hester (1968), Scrudato (1969a,b),
Herrick (1972), Huddlestun and others (1974), Marsalis
and Friddell (1975), Buie (1978), Huddlestun and Hetrick
(1978, 1982), Frazier and Taylor (1980), Frederiksen
(1980), Gibson (1980a), Gibson and others (1980), Rein-
hardt (1980, 1982), Oldham (1981), Cofer and Frederik-
sen (1982), Frazier (1982), Gohn and others (1982), Hack
(1982), and Huddlestun (1982).

GEOLOGIC AND GEOHYDROLOGIC
FRAMEWORKS

The correlation of the geologic and geohydrologic units
of the Georgia subregion and the relation of geohydro-
logic units to subregional model layers are summarized in
table 1 and plate 1. The correlation of Georgia subre-
gional framework units with units of adjacent Southeast-
ern Coastal Plain RASA subregions and units of the
Floridan RASA are also shown in plate 1. Geohydrologic
units defined for the Georgia subregion generally con-
form to the regional framework described by Renken
(1984).

Nomenclature schemes and corresponding regional
and subregional geohydrologic unit names were based on
criteria established by Laney and Davidson (1986). Geo-
hydrologic nomenclature for the entire Southeastern
Coastal Plain RASA is explained by Miller and Renken
(1988).

The subsurface distribution and relation of geologic
and geohydrologic units are shown in sections drawn
parallel to the Chattahoochee, Ocmulgee, and Savannah
Rivers in plates 2, 3, and 4, respectively. The location of
geohydrologic section lines and respective borehole loca-
tions are shown in figure 1. Site data for boreholes used
in geohydrologic sections A-A’, B-B’, and C-C’ are
listed in table 2.

GEOLOGIC FRAMEWORK

The geologic framework for the Georgia subregion was
developed to provide a basis for demonstrating the
lateral continuity and stratigraphic relations of subre-
gional aquifers and confining units. Subdivisions of the
geologic framework are chronostratigraphic and are
based on Gulf Coast provincial stages. Cretaceous units
of interest to the digital model analysis range in age from
Eaglefordian through Navarroan stages; Tertiary units
range in age from Midwayan through Jacksonian stages.
Geologic unit boundaries were determined in boreholes
by observing the occurrence of index fossils and by using
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TaBLE 1.—Relation of geohydrologic nomenclature and model layers used for regional and Georgia subregional
Regional Aquifer-System Analysis studies

Regional nomenclature Georgia subregional nomenclature

Model Hydrogeologic Model Hydrogeologic
layer unit layer unit
Al......... Chickasawhay River aquifer Does not occur in the Georgia subregion
Cl......... Pearl River confining unit Does not occur in the Georgia subregion
A2......... Pearl River aquifer A2al....... Barnwell-Upper Floridan aquifer
A2cl....... Lisbon-McBean confining unit
A2a2....... Tallahatta-Gordon aquifer
C2......... Chattahoochee River confining unit C2......... Tuscahoma-Fishburne confining unit!
A3......... Chattahoochee River aquifer A3al....... Clayton-Ellenton aquifer
A3el....... Providence Sand-Peedee confining
unit.
A3a2....... Providence Sand-Peedee aquifer
A3c2....... Ripley-Black Creek confining unit
A3a3....... Eutaw-Midville aquifer
C3..eenntn Black Warrior River confining unit C3......... Eutaw-Cape Fear confining unit
Ad......... Black Warrior River aquifer Adal....... Upper Atkinson-upper Tuscaloosa
aquifer.
Adel....... Middle Atkinson confining unit
Ada2....... Lower Atkinson-lower Tuscaloosa

aquifer.

'Includes Tuscahoma-Black Mingo aquifer in South Carolina and eastern Georgia.

borehole geophysical logs to characterize a distinet unit
lithology or lithologic sequence. Because of the fluviodel-
taic nature of Coastal Plain sediments, considerable
lithologic variability generally occurs within a single
chronostratigraphic unit.

Areas of outcrop of Upper Cretaceous sediments occur
along most of the length of the Inner Coastal Plain
Margin. In the western part of the subregion, areas of
outcrop may extend seaward as much as 50 mi. Com-
monly, the width of individual outcrop areas ranges from
about 5 to 15 mi. Maps showing areas of outcrop of Upper
Cretaceous sediments are included in Carlston (1944),
Eargle (1955), Overstreet and Bell (1965), Georgia
Department of Natural Resources (1976), Buie and oth-
ers (1979), Smith (1979, 1980), Markewich and Christo-
pher (1982), and Nystrum and Willoughby (1982).

The subregional lithostratigraphy of Upper Creta-
ceous sediments is characterized by areally extensive
layers of sand and clayey sand alternating vertically with
extensive beds of clay, marl, and shale. Where units
occur in outcrop in updip parts of the subregion, deposits
or beds of clay and marl are lensoidal or otherwise
discontinuous. Downgradient near the southern periph-
ery of the subregion, most of the vertical sequence of
Upper Cretaceous sediments consists of alternating lay-
ers of chalk, shale, clay, marl, sandstone, and, uncom-
monly, limestone. Areally extensive lithofacies of clay,
marl, and shale also occur at or near the tops of Eagle-
fordian, Austinian, Tayloran, and Navarroan sediments

(pls. 24). Note that the top of sediments mapped as
Eaglefordian age (fig. 5) generally conforms to the top of
the “marine shale,” which was originally identified as a
middle member of the Atkinson and Tuscaloosa Forma-
tions (Applin and Applin, 1947, 1964, 1967). This shale is
the uppermost stratum in the study area that can be
correlated with the Complexiopollis-Atlantopollis zone
of Christopher (1982a,b). The actual tops of sediments of
Eaglefordian age may occur above the “marine shale” in
generally unfossiliferous sediments located for this study
in the basal part of sediments of Austinian age.

The maximum thickness of Upper Cretaceous sedi-
ments is unknown but probably exceeds 2,000 ft (pl. 2,
borehole Al). The maximum thickness of individual units
is about 1,500 ft, which occurs for Austinian sediments in
central-southwest Georgia and adjacent parts of Ala-
bama (pl. 3, borehole G87). Basal Austinian sediments
are composed of a thick, areally persistent unit of coarse
sand and sandstone thinly interbedded with clay and,
infrequently, with shale and mudstone. These sediments
were previously related to the upper parts of the Atkin-
son and Tuscaloosa Formations (Applin and Applin,
1967) and compose most of the upper Atkinson-upper
Tuscaloosa aquifer mapped for this study (pls. 1-4).
Laterally equivalent sediments compose the upper part
of the regional Black Warrior River aquifer (pl. 1) that
extends from northeastern South Carolina to northwest-
ern Mississippi (Miller and Renken, 1988).




F10

REGIONAL AQUIFER-SYSTEM ANALYSIS—SOUTHEASTERN COASTAL PLAIN

TABLE 2.—Index of boreholes used for geohydrologic sections

Borehole State Datum Total depth Date
number Operator: well Other altitude Latitude- (feet below of
(this report) owner name number number (feet) County longitude datum) completion
Section A-A’
Macon County, Alabama, to Jackson County, Florida
Al......... W.B. Hinton: AP3 - 504 Barbour 314540 8,112 September 1938
0.S. Creel. 852459
A2......... Williams Develop- —_ - 630 Barbour 315622 3,272 May 1948
ment Syndicate: 852554
T.R. Grubbs.
A5......... Town of Headland - 2 373 Henry 312037 720 June 1964
852020
A8......... R.W. Williams: I4 —_ 270 Houston 311401 6,008 June 1953
T.H. Whitfield. 852901
A9......... Union Producing Z-1 - 140 Houston 310033 8,100 July 1949
Company: 851934
E.P. Kirkland.
AlQ........ Paul R. Flowers - - 280 Houston 310713 3,201 November 1966
and Furnie W. 852418
Johnston:
P.E. Mixon.
Al3........ Vail Plantation U4 - 356 Macon 321511 600 September 1957
853937
Al4........ Wadsworth Service F-5 - 544 Macon 322802 375 -
Station. 853443
Al5........ U.S. Geological - - 245 Dale 312239 556 September 1980
Survey: 853449
Dale County.
AlT7........ Town of Union L-3 —_ 492 Bullock 320828 1,308 March 1947
Springs. 854240
Fl......... - Humble Oil and - - 128 Jackson 305122 9,245 March 1949
Refining Company: 852109
Claude W. Tindel.
Section B-B’
Bibb County to Echols County, Georgia
Gl......... Energy Resources — 2 442 Twiggs 323301 1,560 May 1975
Incorporated: 832639
Georgia Kraft.
G2......... J.M. Huber - 5 265 Twiggs 324150 615 December 1976
Company 833321
Plant Well.
Gl5........ Strietman GGS357 - 370 Bibb 324656 303 September 1953
Biscuit Company. 833826
G23........ City of GGS910 5 425 Houston 323552 455 October 1962
Warner Robins. 833848
GT4........ Georgia-Florida GGS619 - 446 Dooly 320345 3,748 April 1960
Drilling Company: 834004
H.E. Walton.
GM7........ U.S. Geological GGS3511 — 332 Pulaski 322245 1,558 April 1981
Survey: 832901
Arrowhead #1.
G78........ Leighton Drilling GGS491 — 300 Pulaski 321808 6,035 September 1958
Company: 832858

Dana.
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Borehole State Datum Total depth Date
number Operator: well Other  altitude Latitude-  (feet below of
(this report) owner name number  number  (feet) County longitude datum) completion
Section B-B’
Bibb County to Echols County, Georgia—Continued
G87........ Kerr-McGee GGS108 — 365 Crisp 314936 5,010 February 1946
0il Company: 834612
Cecil Pate.
G139....... Humble Oil and GGS189 - 181 Echols 304529 4,185 May 1949
Refining Company: 825436
Bennett and Langsdale.
Gl43....... Wiley P. Ballard, Jr.: GGS496 1A 215 Clinch 310906 4,232 February 1956
Timber Products 825150
Company.
Gl47....... Sun Oil Company: GGS107 - 222 Atkinson 311600 4,296 January 1945
Doster-Ladson. 825700
Gl54....... Carpenter Oil GGS445 1A 199 Coffee 314540 1,903 August 1954
Company: 825625
Nina McLean.
G156....... R.O. Leighton GGS508 - 267 Coffee 314107 4,151 May 1956
Drilling Company: 825319
T.H. Knight.
G157....... Chevron 0il GGS3127 — 295 Coffee 312705 4,342 February 1974
Company: 830806
Oveda Fussell.
Section C-C’
Aiken County to Beaufort County, South Carolina
G10........ Georgia Power Company - - 218 Burke 330828 928 June 1972
Plant Vogtle. 814548
G29........ Continental GGS585 - 153 Richmond 331941 370 March 1959
Can Company. 815712
G30........ Kimberly Clark GGS3446 — 287 Richmond 331630 710 April 1980
Corporation. 815558
SCl........ Savannah River AK-610 P4A 105 Aiken 331502 697 September 1962
Plant. 814812
SCll....... Town of Bath AK-438 — 240 Aiken 332921 220 September 1974
815250
SCie....... City of AL-23 - 181 Allendale 330101 882 February 1967
Allendale. 811808
SC17....... Fred Whitaker AL-19 - 162 Allendale 330429 800 November 1959
Company. 812649
SCas....... U.S. Marine Corps BFT-10 2 18 Beaufort 321947 3,450 November 1940
Parris Island. 804227
ScCart....... Westinghouse HAM-38 - 105 Hampton 325227 1,468 June 1965
Corporation. 810641
Scas....... Town of Estill HAM-92 — 110 Hampton 324453 1,015 November 1978
811406
SC29....... Buckfield HAM-30 - 40 Hampton 323855 1,390 April 1953
Plantation. 805317
SC30....... Unknown HAM-72 - 118 Hampton 325844 551 December 1976
810645
SC40....... U.S. Geological AL-324 — 203 Allendale 330737 1,356 May 1984
Survey: . 813245
Duncan Farm.
SC46....... Savannah River - P-5R 206 Barnwell 330848 1,270 November 1962
Plant. 813627
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Water containing dissolved-solids concentrations less
than 10,000 milligrams per liter (mg/L) is considered
freshwater for this study and occurs in post-
Eaglefordian, Upper Cretaceous sediments in all but the
most seaward parts of the subregion.

Contour maps showing the altitude and the structure
at the base of the Coastal Plain sediments and at the top
of sediments of Eaglefordian, Navarroan, and Jackso-
nian age are shown in figures 4-7. The base of Coastal
Plain sediments is considered to be the base of rocks of
Cretaceous or Jurassic age. The dip at the top of individ-
ual units is variable in the vicinity of several major
structural features identified as the Apalachicola and the
Southeast Georgia embayments and the Peninsular arch
(Chowns and Williams, 1983). These structural features
are shown schematically in figure 1. Comparison of
figures 4-7 indicates the relative continuity of these
structural features through time. Depressions at the top
of Jacksonian sediments in the central part of the subre-
gion (fig. 7) may be related to the Gulf trough (fig. 1),
which is described by Miller (1986) as a narrow series of
northeast-trending grabens in central and southwestern
Georgia. The Gulf trough is the only structural feature
known to extensively influence ground-water flow in the
study area (Miller, 1986). A potentiometric map by
Johnston and others (1981) indicates that ground-water
flow through rocks of Jacksonian age is restricted across
the Gulf trough. Flow is probably also restricted through
underlying Claibornian rocks in the vicinity of the Gulf
trough.

Lower Cretaceous sediments also probably occur
within much of the Georgia subregion but have been
identified paleontologically only in the western panhan-
dle of Florida (J.A. Miller, U.S. Geological Survey,
written commun., 1984). Lower Cretaceous sediments
and sediments called Jurassic(?) by Chowns and Williams
(1983) occur in the western and south-central parts of the

Georgia subregion. The total thickness of these sedi-.

ments probably exceeds 3,000 ft in southwestern Georgia
and adjacent areas of Alabama and panhandle Florida.
Lower Cretaceous and older sediments contain saline
water throughout most or all of their area of occurrence.
Flow within Lower Cretaceous and older Coastal Plain
sediments was not simulated by the subregional digital
model.

Tertiary lithostratigraphic units of Midwayan through
Jacksonian age are characterized by generally clastic
sediments in outcrop that grade progressively to carbon-
ate rocks downgradient. The zone of transition between
clastic and carbonate rocks within different chronostrat-
igraphic units is variable within the subregion; however,
most Tertiary units consist of limestone, dolomite, and
coquina within the seaward half of the Coastal Plain.
Tertiary clastic units that are updip generally consist of

REGIONAL AQUIFER-SYSTEM ANALYSIS—SOUTHEASTERN COASTAL PLAIN

unconsolidated, frequently calcareous sands that com-
monly are interbedded with lensoidal deposits of clay,
marl, and limestone. Clay units at or near the top of
Claibornian sediments and within Sabinian sediments
seem to be areally persistent and extensive. Gypsum and
anhydrite commonly occur in basal Claibornian carbon-
ate rocks and may also occur locally in Sabinian or
Midwayan rocks in areas south and southeast of the Gulf
trough. In the south-central and eastern parts of the
subregion, a relatively thick unit of sand, sandy lime-
stone, or limestone occurs near the midpart and base of
Sabinian sediments. This unit is a major source of ground
water to wells in southwestern South Carolina (Tusca-
homa-Black Mingo aquifer; pls. 1, 3, 4) but was consid-
ered to be of insufficient areal extent for study as a
subregional aquifer (table 1, pl. 1).

Dissolved-solids concentrations in water samples from
lower Tertiary sediments upgradient of the Gulf trough
generally are less than 300 mg/L. Seaward of the Gulf
trough, in parts of southwestern Georgia and northern
Florida, saline water occurs in basal Claibornian rocks,
probably in conjunction with gypsiferous and anhydrous
rocks (Miller, 1986) and also may occur in contiguous
underlying Sabinian and Midwayan rocks. Saline
water also occurs in these rocks and in Jacksonian rocks
in coastal Georgia and southwestern coastal South
Carolina.

GEOHYDROLOGIC FRAMEWORK

Each geologic (chronostratigraphic) unit was subdi-
vided into areally extensive lithostratigraphic units
based on texture, lithology, and apparent permeability.
Lithologies characteristic of permeable sediments, such
as sands and clayey sands, were combined into aquifer
lithofacies. Aquifer lithofacies within each geologic unit
were combined with vertically contiguous aquifer litho-
facies from underlying and overlying geologic units and
mapped as subregional aquifers. Confining-unit lithofa-
cies were organized similarly and mapped as subregional
confining units. Consequently, the subregional geohy-
drologic units do not correspond everywhere to a single
geologic unit or to an entire geologic unit because of
lithofacies changes within chronostratigraphic units and
because geohydrologic units were assembled across
chronostratigraphic boundaries.

The correlation and stratigraphic location of subre-
gional geohydrologic units are shown in plate 1. Aquifer
and confining unit names generally are based on paired
rock-stratigraphic unit names; most of the names are
from formations occurring within the Chattahoochee and
Savannah River valleys.

Maps showing contours at the top of the Tallahatta-
Gordon aquifer, the Tuscahoma-Fishburne confining
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TABLE 5.—Summary of mean annual ground-water discharge to regional drains from combined intermediate and regional flow regimes based
on drought streamflows

Regional drai Unit area
egional grain Net gain in discharge
Intermediate Discharge discharge (cubic feet
Station Station drainage area (cubic feet (cubic feet per second
name number (square miles) per second) Date per second) per square mile)
Chattahoochee River:
Columbus, Ga........... 02341500 1640 Oct. 5, 1954
2,060 237 0.12
Eufaula, Ala............ 02342960 1877 Oct. 5, 1954
840 243 .28
Fort Gaines, Ga. ....... 02343260 21,120 Oct. 5, 1954
470 250 .53
Columbia, Ala. ......... 02343500 21,370 Oct. 5, 1954
Flint River:
Culloden, Ga............ 02347500 3315 Sept. 1981
1,050 482 .46
Montezuma, Ga......... 02349500 3797 Sept. 1981
Ocmulgee River:
Macon, Ga. ............. 02213000 %165 Oct. 1954
1,560 282 .18
Hawkinsville, Ga. ...... 02215000 8447 Oct. 1954
Oconee River:
Milledgeville, Ga........ 02223000 8438 Oct. 1941
1,450 495 .34
Dublin, Ga.............. 02223500 8933 Oct. 1941
Ogeechee River:
Ga. Highway 4 near L
Louisville, Ga. ....... 02200500 1,140 59.3 Oct. 13, 1954 84 073
Scarboro, Ga............ 02202000 2143 Oct. 13, 1954
Savannah River:
Augusta, Ga. ........... 02197000 82,320 Oct. 1941
1,140 660 .59
Burtons Ferry Bridge
near Millhaven, Ga... 02197500 82,980 Oct. 1941
Total............... 9,710 — —_ 2,733 -

!Discharge measurement.
2Daily mean discharge.
3Monthily mean discharge.

regional ground-water flow rates were computed
by balancing tributary contributions in a downstream
direction with discharge gained between respective
regional drain gaging stations over a short time interval.
The observed difference in base flow discharge between
regional drain gaging stations that could not be
accounted for by tributary contributions was attributed
to discharge from the regional flow regime. This meth-
odology was applied to selected reaches of regional
drains on the Chattahoochee and Flint Rivers in south-
western Georgia and in eastern Alabama, and to the
Ogeechee River and Brier Creek in eastern Georgia.
Stream discharge data used in the analysis were

reported by Thomson and Carter (1955); the data repre-
sented tributary and regional drain discharges near the
end of the extreme drought of 1954. The computed mean
unit area discharge from the regional flow regime was
0.08 (ft/s)/mi?, which, when applied to the total of the
intermediate drainage areas listed in table 5 (9,710 mi®),
provided an estimate of about 780 ft%/s for discharge
from the regional flow regime for the Georgia subregion
(table 6).

Riparian evapotranspiration from the water table
within the upstream drainages of several regional drain
gaging stations was computed in conjunction with hydro-
graph separations (table 4). The average of the evapo-
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TaBLE 6.— Components of the subregional ground-water budget

Mean annual discharge (cubic feet per second)

Mean annual recharge Discharge from Discharge from Discharge from Riparian Down-
(cubic feet local flow intermediate regional flow evapotrans- gradient
per second) regime flow regime regime piration discharge
8,850 5,150 1,950 780 660 310

transpiration rates (0.0025 inches per day (in/d)) was
applied to the entire intermediate drainage area (9,710
miZ, table 5), to compute a mean annual rate of ground-
water evapotranspiration of about 660 ft%/s.

Downgradient discharge is defined for this study as
that part of regional flow that is not discharged to
streams within or near aquifer outcrop areas and that
drains seaward to the southern part of the Coastal Plain.
The ultimate fate of downgradient discharge is probably
diffuse upward leakage to the Barnwell-Upper Floridan
aquifer or lateral subsurface flow to southeastern Ala-
bama and southwestern South Carolina. Callahan (1964,
p. 13) estimated that a discharge of about 0.77 (ft*/s)/mi
moved downgradient across a 400-mi width of the Geor-
gia subregion. The line of discharge shown by Callahan
(1964) approximates the seaward extent of outcrops of
the subregional aquifers (table 1). The resultant dis-
charge equals approximately 310 ft?/s and is considered a
reasonable estimate of downgradient discharge for this
study.

The elements of the hydrologic budget for the Georgia
subregion are summarized in table 6. Total mean annual
recharge to the subregion is about 9,000 ft3s. Those
budget elements that are most important to this study
are downgradient discharge and regional flow regime
discharge, which total about 1,100 ft%/s.

SIMULATION OF GROUND-WATER FLOW

A steady-state model representing predevelopment
flow conditions was first used to determine preliminary
distributions of aquifer transmissivities, confining-unit
leakances, rates of net recharge, and net discharge to
streams. After preliminary calibration, the steady-state
model was used as a basis for developing a transient
model to simulate ground-water pumping and water-
level declines. The final calibrated model was the result
of sequential simulations of steady-state and transient
flow conditions accompanied by selective adjustments to
net recharge rates and hydraulic characteristic values. A
satisfactory final calibration was achieved when the same
model data bases for transmissivity, leakance, riverbed
conductance, river stage, and net recharge were used for
both steady-state and transient simulations and when

simulation results conformed to predetermined error
criteria. The model data bases used in the final calibrated
model are henceforth termed “calibrated” values in this
report and are briefly described in the section below
called “Hydrologic Input Data.” Predevelopment
(steady-state) and 1980 potentiometric surfaces and cor-
responding ground-water budgets computed by the final
calibrated model are termed “simulated” in this report.

The nomenclature used to describe model layers is
listed in table 1. Also shown are the relations of the
Georgia subregion geohydrologic units and model layers
to the corresponding regional units of Barker (1986).
Each model layer corresponds to a subregional aquifer or
confining unit and generally does not encompass the
entire study area.

MODEL DESCRIPTION

The model code used in this study was written by
McDonald and Harbaugh (1984) and simulates ground-
water flow in three dimensions. The movement of ground
water of constant density through a porous medium can
be described by the partial differential equation

d oh ad oh oh

ﬁ(waﬁ) +@(Kyy@) + %(Kzz% —W=Ssg—t— ¢))
where

x,y, and z are Cartesian coordinates aligned along the

major axes of hydraulic conductivity
Kzxx, Kyy, and Kzz. Hydraulic conduc-
tivities are dimensioned in LT,
h is hydraulic head, in L;

W is a volumetric flux per unit volume and
represents sources and sinks, in 77,

Ss is the specific storage of the porous mate-
rial, in L™ and

L and T represent dimensions in length and time,

respectively.

Equation 1 describes ground-water flow under non-
equilibrium conditions in a saturated heterogeneous and
anisotropic porous medium. The model is represented as
a three-dimensional matrix of discrete nodes or grid cells;
for each cell, a finite-difference equation is formulated
that constitutes an approximation of equation 1. These
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approximations are assembled into a set of simultaneous
finite-difference equations that are solved by using the
strongly implicit procedure.

For purposes of simulation, subregional aquifers are
represented by six model layers; the uppermost layer,
A2al (Barnwell-Upper Floridan aquifer) (fig. 15), is
designated a source-sink layer, and the underlying five
layers are defined, herein, as active layers. The lower
Atkinson-lower Tuscaloosa aquifer (table 1) is not areally
extensive within the Georgia subregion and contains
saline water throughout most of its area of occurrence.
Accordingly, flow within this aquifer was not modeled.

The horizontal grid of the model consists of 50 rows
and 82 columns, and the constant grid cell dimension is 4
mi per side. The grid cell distribution is shown in figure
16 and coincides with that of the larger regional model of
Barker (1986). The boundary configurations for each
model layer are dissimilar and are based largely on the
areal distribution of subregional aquifers and confining
units (figs. 16-21). All model layer boundaries, however,
are within the 50-row and 82-column model grid config-
uration (fig. 16).

The model version used in this study does not account
for changes in storage or for horizontal flow within
confining units. Vertical flow through confining units is
simulated and represents leakage from one subregional
aquifer to another. Only horizontal flow is simulated
within active model layers. Vertical flow components in
subregional aquifers are considered to be negligible and,
therefore, are ignored.

BOUNDARY AND INITIAL CONDITIONS

Boundary conditions simulated in this model are
no-flow, specified head, and specified flux. Simulated
boundary conditions for each active model layer are
shown in figures 17-21. No-flow boundaries represent
boundaries that naturally inhibit the transverse or ver-
tical flow of ground water. Transverse no-flow bound-
aries occur at ground-water divides, at interfaces
between freshwater and saltwater, and at upgradient
limits of aquifer sediments. Ground-water divides result
from the distribution of hydraulic heads within the
aquifer and generally correspond to topographic divides
in the northern part of the subregion (figs. 12, 13).
Accordingly, ground-water divides simulated by trans-
verse no-flow boundaries were established along the
southwestern and northeastern peripheries of the model
that generally correspond to the western drainage divide
of the Chattahoochee River and the eastern drainage
divide of the Savannah River, respectively. Transverse
no-flow boundaries also were simulated at the Inner
Margin of Coastal Plain sediments or, where appropri-
ate, at the upgradient extent of aquifer sediments.

REGIONAL AQUIFER-SYSTEM ANALYSIS—SOUTHEASTERN COASTAL PLAIN

A downgradient, transverse no-flow boundary for
model layers A3a2, A3a3, and A4dal (figs. 19-21) was
placed in the general vicinity of the 10,000-mg/L
dissolved-solids concentration line shown by Brown and
others (1979, units A, C, and D) (fig. 10) and considered
in this report to represent saline water. A transverse
no-flow, downgradient boundary for model layer A2a2
was also approximately located at the 10,000-mg/L: con-
centration line in central and southeastern Georgia and in
southwestern South Carolina. This line was arbitrarily
placed near the modern shorelines of the Atlantic and
Gulf Coasts. In central Georgia, the transverse no-flow
boundary for model layer A2a2 conforms to the upgradi-
ent boundary of the occurrence of rocks containing
gypsum and anhydrite at the base of the Upper Floridan
aquifer as described by Miller (1986, pl. 29) (fig. 17).
Transverse no-flow boundary conditions for model layer
A3al are similar to those described for layer A2a2,
except that specified heads are replaced by a no-flow
boundary in the southwestern part of the study area
(figs. 17, 18).

Throughout most of the subregion, a vertical no-flow
boundary at the model base corresponds to the top of the
middle Atkinson confining unit (table 1, fig. 11). In
upgradient areas, the base may locally correspond to the
top of the Eutaw—Cape Fear confining unit or to the base
of Coastal Plain sediments (table 1, fig. 4).

Specified-head boundaries were applied to the entire
area of model layer A2al (fig. 15), to the northeastern
and southwestern peripheries of all model layers down-
gradient of outcrop areas, and to the westernmost down-
gradient boundary of model layer A2a2 (fig. 17).
Specified-head eells correspond to locations where the
designated head is held constant throughout all model
computations and act as infinite sources or sinks of
ground water for simulated flow. Specified heads at
model boundaries were sufficiently removed from pump-
ing centers that transient flow simulations were unaf-
fected, or only minimally affected, by these boundaries.

Specified-flux boundaries were represented in each
model layer at recharge cells. Flux rates correspond to
average annual net recharge (figs. 17-21).

River cells occur only in the northern part of the
Georgia subregion, where streams are well connected
hydraulically to subregional aquifers (figs. 17-21). River
cells were chosen by layer and by location according to
the occurrence of aquifer sediments in outcrop. Because
of the coarse grid spacing of the digital model, river cells
were located most commonly at regional drains and
correspond, from west to east, to upstream Coastal Plain
reaches of the Chattahoochee, Flint, Ocmulgee, Oconee,
Ogeechee, and Savannah Rivers. Discharge to upstream
reaches of Brier Creek, a major tributary to the Savan-
nah River, and to Big Sandy Creek, a tributary to the
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TaBLE 10.— Summary of statistical evaluations of the simulated predevelopment potentiometric surfaces

Residual quartile (feet) Iig:;gﬁ;]g f Root mean

Model Number of less than or square error

layer residuals First Second Third equal to 15 feet (feet)
A222 ............. 259 5.0 12.0 19.0 158 20.2
A3al ............. 99 4.0 13.0 20.0 56 19.2
A3a2 ............. 160 6.0 11.0 21.0 104 20.4
A3a3 ............. 198 5.0 11.0 18.0 130 21.0
Adal ............. 47 9.0 15.0 28.0 24 23.5
All layers......... 763 5.0 12.0 20.0 472 20.5

well with interpolated field heads, where comparisons
can be made (pl. 6). Potentiometric features characteris-
tic of homoclinal flanks (LeGrand and Pettyjohn, 1981)
were simulated by the model downstream of the outerop
area along the Chattahoochee and Savannah Rivers. In
the central and eastern parts of the model layer, prede-
velopment downgradient flow is simulated to the south-
east toward the Atlantic Ocean and toward an area of
local discharge in southwestern South Carolina, which
generally is delimited by the 100-ft contour. Simulated
downgradient flow in the western part of layer A3al
generally is to the south and slightly toward the Chatta-
hoochee River. Simulated predevelopment heads are
shown to be higher than interpolated field heads along
the Chattahoochee River in central Clay County, Ga.,
and near the Flint River in southwestern Dooly County,
Ga. (pl. 6).

Simulated, homoclinal potentiometric features also
occurred along the Chattahoochee and Savannah Rivers
in model layer A3a2 (pl. 7). These homoclinal features
correspond closely to interpolated field heads, as do the
simulated predevelopment potentiometric contours
across most of the upgradient parts of the model layer.
Predevelopment simulations also correspond closely to
limited field data in the southern half of the study area.
Simulated downgradient flow generally is to the south
and southeast, and the more southerly flow occurs west
of the Ocmulgee River. Comparisons between simulated
heads and interpolated field heads were made at 160
cells.

Simulated predevelopment potentiometric contours
for model layer A3a3 are shown in plate 8. Agreement
between simulated contours and interpolated field heads
(198 observations) generally is within 15 ft, where com-
parisons can be made. The low heads noted in field
observations along the Chattahoochee River may be the
result of a natural cone of depression, a characteristic of
homoclinal potentiometric features that was not simu-
lated by the model. The Chattahoochee, Flint, and
Savannah Rivers are represented in mode] layer A3a3 as
major lines of simulated aquifer discharge in upgradient

parts of the study area, a condition that is supported by
field observations (table 4). Simulated predevelopment
downgradient flow east of the Flint River seems to be to
the east or slightly to the northeast. Downgradient flow
in the western part of layer A3a3 seems to be to the
south or slightly to the southwest. Simulated downgra-
dient flow in the southeasternmost part of the subregion
seems to be to the east and slightly to the northeast, and
more parallel to than toward the Atlantic Ocean.

Simulated predevelopment potentiometric contours
for model layer A4al and corresponding interpolated
field heads (47 observations) are shown in plate 9. The
occurrence of field heads is limited almost exclusively to
the northwestern part of the model layer. Agreement
between interpolated field heads and simulated contours,
including comparisons made near the simulated homoeli-
nal potentiometric feature along the Chattahoochee
River, is generally within 20 ft. Elsewhere in model layer
Adal, simulated contours largely are uncorroborated,
the exception being several measurements from deep
wells in Houston County, Ala., Liberty County, Ga., and
Beaufort County, S.C. Simulated predevelopment flow
in upgradient parts of the model layer generally is
toward the Chattahoochee and Flint Rivers. West of the
potentiometric divide between the Flint and Chatta-
hoochee Rivers, predevelopment downgradient flow is to
the west and slightly southeast. East of this divide,
simulated downgradient flow is to the east and south-
west, except in southeastern Georgia and adjacent parts
of South Carolina, where simulated flow is parallel to the
Atlantic coastal margin.

The quality of the final steady-state model calibration
was evaluated in part by comparing simulated heads to
interpolated field heads. The absolute difference
between a simulated head and field head is herein termed
a residual. Table 10 presents an elementary statistical
description of the final calibrated steady-state model, in
terms of residuals and absolute error. In table 10,
quartiles of residuals are presented, as well as the
number of residuals that are less than or equal to the
15-ft calibration criterion. Root mean square (RMS)
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error also is presented and may be used to compare the
quality of the calibration by layer. The RMS error was
calculated using the following equation:

N
RMS= , | > (h,~h)2IN
i=1
where

N is the number of head comparisons;
h, is the simulated head; and
hs is the interpolated field head.

@)

The RMS error decreases as the sum of the squared
differences between simulated heads and interpolated
field heads is reduced.

From table 10 it can be seen, for example, that for
model layer A3a2 there are 160 comparisons, of which 25
percent produced residuals less than or equal to 6 ft.
Seventy-five percent of the residuals are less than or
equal to 21 ft. The median residual of layer A3a2 is 11 ft.
Of these 160 comparisons, 104 residuals, or 65 percent,
are less than or equal to 15 ft. The RMS value indicates
that layer A3a2 is the median of calibration quality
because two layers calibrated slightly better and two
layers slightly worse. Evaluation of RMS indicates that
calibration probably was best for model layer A3al and
worst for layer Adal.

The quality of calibration based on comparisons of
simulated to interpolated field heads also appears to be
well distributed by layer. For the entire final steady-
state model, 472 of the 763 residuals, or 62 percent, are
less than or equal to the 15-ft calibration criterion, and 75
percent, or 572 residuals, are less than or equal to 20 ft.

Components of the simulated predevelopment budget
are summarized in figure 32. Net leakage from the
source-sink layer (A2al) to the underlying layer (A2a2)
was about 206 ft%/s, which results from a difference
between a total downward leakage of 574 ft?/s and an
upward leakage of 368 ft%/s. Total simulated aquifer
discharge to regional drains and other streams was 826
ft%/s. Horizontal flow to specified heads at model layer
boundaries was about 57 ft%s. Simulated applied net
recharge equaled 666 ft%/s. Recharge from specified
heads at boundaries was about 13 ft%/s. A difference of 2
ft3/s in a mass balance of these numbers is attributed to
cumulative round-off and truncation error during model
computations.

Several elements in the model budget compare favor-
ably to corresponding components in the hydrologic
budget described previously (table 6). The discharge
from the regional flow regime to regional drains of 780
ft3/s computed for the hydrologic budget (table 6) did not
include equivalent aquifer discharges to Big Sandy Creek
or Brier Creek. These discharges represent 59 ft3/s in the
calibrated steady-state model, which, when removed
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from total simulated stream discharge, provide a total
simulated predevelopment discharge to regional drains
of 767 ft3/s. Accordingly, values of model-computed and
independently computed total discharge to regional
drains agree within a difference of 13 ft3/s, or about 2
percent.

Downgradient discharge computed for the hydrologic
budget was about 310 ft?/s (table 6). A comparable
simulated value can be computed by subtracting total
simulated stream discharge from total recharge to the
model. Total simulated recharge is the sum of applied net
recharge (fig. 32) and downward leakage from the
source-sink layer, a value of about 1,240 ft%s. The
difference between total model recharge and total simu-
lated stream discharge is then about 414 ft%/s, which
exceeds the corresponding hydrologic budget component
for downgradient discharge by about 100 ft%/s, or about
34 percent. Note also that total recharge to the regional
flow regime computed for the hydrologic budget (table 6)
was about 1,100 ft%s (780 ft?/s plus 310 ft*/s).

SENSITIVITY ANALYSES OF STEADY-STATE MODEL

Although the final calibrated steady-state model was
adequately tested against potentiometric data and a
hydrologic budget, the sensitivity of the calibration to
changes in input data was unknown. A sensitivity anal-
ysis was used to quantitatively evaluate the effects of
changes to input parameters by singularly adjusting the
parameters and comparing the simulated results to 763
interpolated field heads and elements of the computed
predevelopment budget. The deviation of the simulated
response from that of the calibrated model is considered
a qualitative measure of the sensitivity of the model to
variation in the adjusted input parameter.

The sensitivity of the model was tested by uniformly
adjusting recharge, leakance, and transmissivity by fac-
tors of 0.5, 2.0, and 10.0 throughout the model. One
simulation was made for each parameter change, while
all other parameters remained unchanged. Sensitivity
simulations were evaluated with respect to changes in
head (RMS) and budget components, as shown in table
11. All references to changes or differences are with
respect to results of the final calibrated steady-state
model.

Simulated heads and stream discharges seem to be
most sensitive to changes in recharge and transmissivity
and seem relatively insensitive to variations in leakance.
Increasing recharge rates by a factor of 2.0 over cali-
brated values resulted in about a 60-percent increase in
corresponding total river discharge. The increased
recharge also reversed the direction of net vertical
leakage simulated by the calibrated model and increased
boundary discharge by about 150 percent. The corre-
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TaBLE 11.—Summary of sensitivity analyses of steady-state model simulations
[~ up; +, down]

Net horizontal
Root mean Total river Net vertical boundary discharge

square discharge leakage from model

Model error (cubic feet (cubic feet (cubic feet

parameter Factor (feet) per second) per second) per second)
Calibrated ........... 1.0 20.5 825 +186 43
Leakance ............ .5 23.2 807 +78 41
Leakance ............ 2.0 21.3 945 +339 41
Leakance ............ 10.0 29.0 1,224 +751 52
Recharge ............ 5 429 647 +37 9
Recharge ............ 2.0 85.9 1,339 -96 105
Recharge ............ 10.0 271.6 5,059 -2,380 614
Transmissivity........ .5 66.0 779 +120 42
Transmissivity........ 2.0 36.9 988 +242 40
Transmissivity........ 10.0 68.4 1,271 +314 100

sponding effect on hydraulic heads was to raise the
simulated heads substantially, as indicated by the RMS
(table 11). The change in simulated heads was greatest in
the recharge areas of the lower model layers. Increasing
recharge by a factor of 10.0 produced a much larger but
qualitatively similar response to that produced by dou-
bling the recharge. Reducing recharge by a factor of 0.5
reduced the total river discharge to about 80 percent of
the calibrated value and generally lowered the simulated
heads throughout the model. Vertical, downward leak-
age from the specified-head layer A2al was substantially
higher than calibrated leakage, whereas net boundary
discharge from the model was reduced by about 90
percent from calibrated values.

Increasing transmissivity by a factor of 2.0 did not
produce as great a response as reducing transmissivity
by a factor of 0.5 or increasing it by a factor of 10.0.
Doubling the transmissivity resulted in a slight increase
over calibrated values for river discharge and net down-
ward leakage (table 11). The simulated heads generally
were slightly lower than calibrated values near recharge
areas and slightly higher in the downgradient parts of
each layer, except for layer Adal, where heads were
slightly lower nearly everywhere. Reducing transmissiv-
ity by a factor of 0.5 resulted in slightly less stream
discharge and net downward leakage compared with
calibrated rates. Simulated heads generally were higher
than calibrated heads near recharge areas, and were
slightly lower in downgradient parts of the model.
Increasing transmissivity by a factor of 10.0 increased
river discharge by about 60 percent over the calibrated
total river discharge, and increased the net boundary
discharge by about 150 percent. The increase shown for
net vertical leakage was mostly from the specified-head,
- source-sink layer A2al near the rivers. Simulated heads
were substantially lower than calibrated values near

recharge areas, and substantially higher downgradient
using transmissivities at 10 times their calibrated values.

Adjusting leakance produced only relatively minor
changes in calibrated heads. However, simulated stream
discharge and net vertical leakage changed substantially
and directly in response to changes in leakance. Increas-
ing leakance by a factor of 10, compared with calibrated
values, increased stream discharge by about 50 percent
and net vertical leakage by about 400 percent.

SIMULATION OF TRANSIENT GROUND-WATER FLOW

Simulation of transient ground-water flow was used to
evaluate the effects of ground-water pumping on subre-
gional aquifers. Published references to ground-water
pumping at various municipal, industrial, and agricul-
tural pumping centers were described in the section
above, “Data Sources and Previous Work.” These data
and unpublished ground-water-use data from U.S. Geo-
logical Survey files were tabulated by aquifer, year, well,
and location at hundreds of sites within the study area.
Based on trends and the temporal distribution of these
data, five stress periods (1900—44, 1945-60, 1961-70,
1971-75, and 1976-80) were chosen to simulate the
drawdown effects of ground-water pumping. Time was
computed from January 1 of the first year to December
31 of the last year of each stress period. Additional days
for leap years were ignored. Average pumping rates for
each stress period were applied at the centers of cells
where pumping occurred. Average rates were computed
by assuming a linear increase in pumping between those
years when withdrawal rates were reported. For exam-
ple, at a given cell, reported withdrawals may have been
2.0 ft3/s in 1976 and 6.0 ft*/s in 1980. Thus, the average
pumping rate applied at that cell for the stress period
1976-80 was 4.0 ft*/s. Frequently, pumping did not
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TABLE 12.— Summary of ground-water pumpage (in cubic feet per second), by stress period and use

Stress Model Municipal Industrial Agricultural Total

period layer pumpage pumpage pumpage pumpage
190044.............. A2a2 6.78 - - 6.78
A3al 3.08 - — 3.08
A3a2 2.33 1.20 - 3.53
A3a3 2.47 - — 2.47
Adal .03 - - .03
Total .............. 14.69 1.20 - 15.89
1945-60.............. A2a2 13.49 3.75 — 17.24
A3al 11.66 2.74 — 14.40
A3a2 11.40 11.73 0.20 23.39
A3a3 9.52 6.76 .30 16.58
Adal 1.75 - — 1.75
Total .............. 47.82 24.98 .50 63.36
1961-70.............. A2a2 19.52 - 10.30 43 30.25
A3al 19.97 21.24 — 41.21
A3a2 18.30 41.56 .50 60.36
A3a3 20.85 24.25 .20 45.30
Adal 4.18 - - 4.18
Total .............. 82.82 97.35 1.13 181.30
1971-76....oovvuntnn. A2a2 26.51 10.64 .08 37.23
A3al 22.26 40.63 .70 63.59
A3a2 20.58 76.33 .83 97.74
A3a3 32.50 44.34 .39 77.23
Adal 5.81 - - 5.81
Total .............. 107.66 171.94 2.00 281.60
1976-80.............. A2a2 28.25 12.77 21.19 62.21
A3al 34.56 14.50 21.01 70.07
A3a2 28.87 113.90 2.19 144,96
A3a3 32.48 55.49 3.03 91.00
Adal - 6.41 - 6.41
Total .............. 124.16 203.07 47.42 374.65

change substantially between reported years, or only a
few pumping data were available for a site. Under such
circumstances, the reported rate of pumping for a spe-
cifie year within a stress period was applied to the whole
stress period.

Total average ground-water pumping rates and rates
for municipal, industrial, and agrieultural withdrawals
are shown in table 12 for each stress period. Agricultural
withdrawals largely represent pumping for erop irriga-
tion. Total average rates of withdrawal are shown dis-
tributed through the study area by ecounty and by stress
period in plate 10. Total average pumping within the
study area inereased from about 16 ft%s during the
period 1900 to 1944 to about 375 ft%s during 1976 to 1980.
During the last stress period, about 12 percent of the
total withdrawal was for crop irrigation. The pumping

rates presented in table 12 and plate 10 probably are
accurate to about +25 percent.

Boundary eonditions, riverbed econductances and river
stage values, transmissivity, and leakance matrices were
identieal for both the preliminary steady-state and initial
transient flow simulations. The applied recharge distri-
butions developed from the steady-state calibration are
considered an approximation of long-term mean annual
net recharge from precipitation to the regional flow
regime and were also transferred direetly to transient
simulations. The simulated, predevelopment heads of the
steady-state model were used as initial heads for the
transient model. Large-scale ground-water pumping
from the Barnwell-Upper Floridan aquifer resulted in
substantial water-level declines in the vicinity of Savan-
nah and in southeastern Georgia and southwestern South



















































SUMMARY AND CONCLUSIONS

about 4,000 ft3/s (Maslia and Hayes, 1988). Similarly,
simulated predevelopment leakage to the Lower Flori-
dan aquifer across the Tuscahoma-Fishburne confining
unit within the common area in the southeastern part of
the Georgia subregion was about 3 ft3/s. Total simulated
flow through this part of the Lower Floridan aquifer was
about 34 ft*/s (Krause and Randolph, 1989). Thus, leak-
age rates simulated by the Georgia subregion RASA
model apparently are small or within a reasonable error
relative to simulated flow through overlying units of the
Floridan aquifer system, and support the concept of
no-flow boundaries at the base of the Floridan RASA
models.

SUMMARY AND CONCLUSIONS

Ground-water flow in five areally extensive, generally
clastic aquifers of the Georgia subregion, Southeastern
Coastal Plain RASA, was simulated by using a digital,
finite-difference model that accounts for horizontal flow
in multiple, vertically contiguous aquifers and vertical
leakage through intervening confining units. Aquifers
investigated are part of a regionally extensive aquifer
system composed largely of unconsolidated sediments
ranging in age from early Tertiary through Late Creta-
ceous that extend from eastern South Carolina to Mis-
sissippi. Ground-water flow was simulated in the
Tallahatta-Gordon, Clayton-Ellenton, Providence Sand-
Peedee, Eutaw-Midville, and upper Atkinson-upper
Tuscaloosa aquifers. The uppermost layer of the model
was a source-sink layer and represented the Barnwell-
Upper Floridan aquifer. Intervening confining units
were designated, respectively, the Lisbon-McBean,
Tuscahoma-Fishburne, Providence Sand-Peedee, Rip-
ley-Black Creek, and Eutaw-Cape Fear.

Areas of outcrop and recharge for Georgia subregional
aquifers occur throughout the northern part of the
Coastal Plain, typically extending west to east in zones
ranging in width from about 5 to 15 mi. These areas are
highly dissected by streams, which, depending on loca-
tion and degree of channel incisement, are lines of
discharge for one or more subregional aquifers. Ground-
water flow within outerop and adjacent areas is con-
trolled by topography and by the location and extent of
ground-water discharge to streams. Potentiometric sur-
faces of subregional aquifers in outerop areas resemble
subdued replicas of surface topography. Ground-water
flow in this part of the subregion can be described in
terms of local, intermediate, and regional flow regimes.
Discharge from the regional flow regime probably occurs
only to major Coastal Plain streams such as the Chatta-
hoochee, Flint, Ocmulgee, Oconee, Ogeechee, and
Savannah Rivers (regional drains). Mean annual dis-
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charge to these streams was of primary importance to
this study as a standard for flow model calibration and
was estimated to be 780 ft%/s, based on analyses of
drought streamflow data and stream hydrograph sepa-
rations. Subsurface discharge downgradient from out-
crop areas was estimated to be 310 ft3/s and also was
used as a calibration standard.

Maximum dimensions of the grid used for the digital
flow model were 50 rows and 82 columns. The actual
number of active grid cells per layer was variable and
dependent on the areal distribution of individual subre-
gional aquifers. Grid size was constant and equaled 4 mi
per side, representing an area of 16 miZ.

The Barnwell-Upper Floridan aquifer is the upper-
most model layer and was simulated as a source-sink
layer. Rocks at the base of Coastal Plain sediments or at
the top of the middle Atkinson confining unit generally
represented the base of the model. Lateral model bound-
aries generally coincided with the drainage divide of the
Chattahoochee River in Alabama and the corresponding
divide of the Savannah River in South Carolina. Lateral
boundaries were simulated as specified head or no flow.
The downgradient boundary in each layer was simulated
as no flow near the seaward extent of freshwater. The
southwestern downgradient boundary of the Tallahatta-
Gordon aquifer was simulated by specified heads.
Steady-state (predevelopment) recharge to the model
was applied in respective aquifer outcrop areas at rates
ranging from about 0.01 to 9 in/yr, the higher rates
generally occurring along the major divides between
regional drains. Mean annual recharge was about 1 in/yr.
The total mean annual rate of applied net recharge was
666 ft*/s. Predevelopment recharge from the source-sink
layer was 574 ft3/s. Simulated predevelopment discharge
to regional drains occurred at the rate of 826 ft/s.
Corresponding discharge to the source-sink layer and
flow to specified heads along downgradient and lateral
boundaries were 368 ft%/s and 57 ft%/s, respectively.
These discharges agreed closely with independently
derived elements of a subregional water budget.

Simulations of transient conditions were accomplished
for the period 1900-80 by using five stress periods—
190044, 1945-60, 1961-70, 1971-75, and 1976-80. Pump-
age for each stress period represented estimates of net
withdrawal for industrial, municipal, and agricultural
purposes; pumpage increased substantially with each
stress period. Total mean annual pumpage for the period
1976-80 was 375 ft’/s. Mean annual pumpage for the
period 1900-44 was about 16 ft%/s.

Storativity values used in the transient simulations
ranged from about 0.008 to 0.0001. Storativity generally
decreased seaward of areas of outcrop.

After 80 years of simulated ground-water pumping,
ground-water discharge to regional drains was reduced
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to about 670 ft%/s, about 19 percent below predevelop-
ment rates. Related reductions in aquifer storage were
about 22 ft%/s. Simulated downward leakage from the
Barnwell-Upper Floridan aquifer increased 27 percent
over the predevelopment rate to 725 ft*/s. Corresponding
upward leakage to the Barnwell-Upper Floridan aquifer
was about 430 ft%s during 1980. Net boundary dis-
charges decreased from 44 ft3/s out of the model to about
3 ft%/s into the model. Simulated rates of net recharge
during transient simulations were maintained at the
predevelopment rate of 666 ft®/s.

Major areas of water-level declines were simulated in
the shallower aquifers and included substantial draw-
downs in the Tallahatta-Gordon aquifer in southeastern
Georgia and drawdowns in the Clayton-Ellenton aquifer
in Houston County, Ala.; in the vicinity of Albany
in southwestern Georgia; and in northern Hampton
County, S.C. Areas of substantial water-level declines
near Albany, Ga., also were simulated for the Tallahatta-
Gordon and Providence Sand-Peedee aquifers. Smaller
areas of water-level declines were simulated relative to
aquifers in Cretaceous sediments in east-central and
southwestern Georgia. A small area of decline was
simulated in the vicinity of Georgetown in southwestern
Georgia, relative to the upper Atkinson-upper Tusca-
loosa aquifer. The simulated and observed predevelop-
ment and 1980 potentiometric data generally agreed to
within =20 ft.

Sensitivity of predevelopment (steady-state) and tran-
sient simulations was evaluated by using root mean
square error and by uniformly varying leakance, trans-
missivity, recharge, and storativity by factors of 0.5,
2.0, and 10.0. Simulations of head values and budget
components were most sensitive to changes in recharge
and transmissivity and least sensitive to changes in
storativity.
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