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ABBREVIATIONS AND CONVERSION FACTORS

For the use of readers who prefer to use metric units,
conversion factors for terms used in this report are listed below.

Multiply By To obtain

_Length
inch (in.) 25.4 millimeter (mm)
foot (ft) 0.3048 meter (m)
mile {mi) 1.609 kilometer (km)

Area

acre 4,047 square meter {m?2)
acre 0.4047 hectare
square foot (ft2) 0.09294 square meter {m2)
square mile (mi?) 2.59 square kilometer (km?)

Volume
acre foot (acre-ft) 1,233 cubic meter (m?)
cubic foot (ft3) 0.02832 cubic meter (m?3)
gallon (gal) 3.785 liter (L)
gallon (gal) 0.003785 cubic meter (m3)
cubic mile (mid) 4.168 cubic kilometer {(km3)

Flow

foot per day (ft/d) 0.3048 meter per day (m/d)
inch per year (in./yr) 25.4 millimeter per year {mm/yr)
square foot per day (ft2/d) 0.0929 square meter per day (m?/d)
cubic foot per second (ft3/s) 0.02832 cubic meter per second (m3/s)
gallon per minute (gal/min) 0.06308 liter per second (L/s)
gallon per day (gal/d) 0.003785 cubic meter per day (m3/d)
billion gallons per day (Bgal/d) 43.81 cubic meter per second (m?/s)
million gallons per day(Mgal/d) 0.04381 cubic meter per second (m3/s)

U.S. Geological Survey Data Base

Two U.S. Geological Survey’'s data bases frequently mentioned in the report are:

GWSI: Ground-Water Sites Inventory
WATSTORE: Water Data Storage and Retrieval System
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ABSTRACT

The Regional Aquifer-System Analysis Program of
the U.S. Geological Survey was initiated in 1978 as a
result of specifications of the appropriations bill of the
95th Congress, prompted by the 1977 drought. The pur-
pose of this program is to define the regional hydrology
and geology and to establish a framework of
background information of geology, hydrology, and
geochemistry of the Nation’s important aquifer
systems. This information is critically needed to
develop an understanding of ground-water flow
systems, and to support better ground-water resources
management.

As of 1984, investigations of seven regional aquifer
systems were completed, nine regional aquifer systems
were still being studied, and three new studies were
started. This report summarizes the status of each in-
vestigation of the regional aquifer systems under the
program from 1978 through 1984. The nature of the
summaries differs somewhat from study to study. For
those studies which either have been completed or are
near completion, summaries of results are presented.
For projects that are not near completion or have just
been started, discussions may be brief and focus on pro-
blem issues or hydrogeologic conditions.

All reports resulting from the study as of 1984 are
listed at the end of each summary. A list of project
chiefs and their offices is also included in the report
for those who are interested in obtaining additional
information.

INTRODUCTION

Water is essential for plant, animal, and
human life. The source of the world’s freshwater
supply is precipitation, which is unevenly
distributed in both time and space. Part of the
precipitation falling on the Earth’s surface is

evaporated or transpired by plants to the at-
mosphere, while part flows directly into rivers,
streams, and lakes, and eventually discharges to
the sea or returns to the atmosphere by evapora-
tion. The remainder of the precipitation in-
filtrates past the root zone and gradually moves
downward to the zone of saturation. Water in the
zone of saturation is termed “ground water.”

In much of the western United States, where
precipitation ranges from sparse to moderate,
ground water forms a vital part of the water sup-
ply. Even in the humid East, where precipitation
normally is plentiful, ground water is used to
meet water needs during droughts, or as a sup-
plement to surface water. In 1980, about 90
billion gallons of ground water were pumped daily
in the United States. About 5 percent of this pum-
page was used for rural water supply, 13 percent
for public supply, 67 percent for irrigation, and
15 percent for industrial use. Ground water con-
tributed about 20 percent of the national water
supply—450 billion gallons per day (Bgal/d) in
1980. About 34 percent of the water used for
public supply and 79 percent for rural domestic
and livestock use in 1980 were supplied by ground
water (Solley and others, 1983).

Increases in ground-water use are expected
to occur during the next decade. These increases
will be associated with irrigation, urban expan-
sion, and energy production, including such ac-
tivities as power generation and refining of oil
shales. In addition, the Nation will look increas-
ingly to ground water as available sites for con-
struction of new surface reservoirs become more



limited, and as ground-water becomes more
widely recognized as a major component to the
Nation’s water supply during droughts. These
projected increases in the use of ground water will
have widespread impacts on the Nation’s aquifer
systems. '

The withdrawal of water through wells ini-
tially results in removal of ground water from
aquifer storage with an associated lowering of
water levels. As water levels decline, new
hydraulic gradients are established in the ground-
water system which may either reduce natural
ground-water discharge to streams, or induce
ground-water recharge. When pumpage is greater
than the amount of water that can be obtained
by increases in recharge or reductions in natural
discharge, sustained withdrawal from aquifer
storage and continued lowering of water levels oc-
cur. In turn, this increases pumping lifts and, in
water-table aquifers, causes progressive reduction
of the saturated thickness of the aquifer. The
result is an increase in pumping costs, a decrease
in well yields, and eventually a depletion of the
ground-water resource. In areas where aquifers
are covered with thick, compressible, fine-grained
sediments of low permeability, such as clay and
silt, land subsidence may occur due to the sus-
tained withdrawal of water from aquifer storage
thus causing compaction of the overlying thick
fine-grained sediments by the overburden
pressure.

In irrigated areas, where return flow from
irrigation water recharges the aquifer, consti-
tuents such as salts leached from soil or applied
pesticides, herbicides, and fertilizers may move
into the aquifer system, thus degrading the
ground water quality. Water-quality problems
may also develop in industrial or urban areas,
especially as a result of waste disposal. Irrigation
return flow resulted from surface-water irrigation
may cause ground-water levels to rise, creating
water-logging problems.

For several decades, ground-water investiga-
tions both within and outside the Geological
Survey were conducted largely on a local scale
within county or State boundaries. In evaluating
the effects of development on ground-water
resources on the basis of such local investigations,
questions have often arisen regarding the extent
of the development effects beyond a study area,
and the correct way to represent conditions along
the boundaries of a study area. Moreover,
hydrologists beginning a local ground-water in-
vestigation often find little or no background in-
formation on the regional geology, hydrology, or

water chemistry, and thus have to begin their
studies from a base of very little knowledge.
These facts underscore the need for broad regional
evaluations of the Nation’s ground-water
resources.

In 1978, the U.S. National Water Commission
recognized that the depletion of ground-water
storage had reached serious proportions in certain
places, and that critically needed information on
aquifer systems was not readily available to
water-management officials. The Commission
recommended to the President and to the Con-
gress of the United States that the U.S. Geological
Survey conduct continuing intensive investiga-
tions of significant aquifer systems giving priority
to those with falling water levels and
deteriorating water quality (U.S. National Water
Commission, 1973, p. 245). In a report dated June
21, 1977, to the Congress of the United States,
the Comptroller General of the United States
stated that, “Although much ground-water data
have been collected by Federal and State agen-
cies and others, we were told during our study
that substantially more geological and
hydrological data—primarily of a more specific
and detailed nature—will be needed to provide for
the orderly development, proper use, and conser-
vation of ground-water resources. According to
Federal and State officials, the lack of such
specific and detailed data is a major constraint
to improving ground-water management” (U.S.
Comptroller General, 1977, p. 30).

In 1977 the Committee on Appropriations of
the U.S. House of Representatives, in a report of
the appropriations for the Department of the In-
terior and related agencies for fiscal year 1978,
stated that “The Committee is providing funds
to. initiate a program to identify the water
resources of the major aquifer systems within the
United States. This program will establish the
aquifer boundaries, the quantity and the quality
of the water within the aquifer, and the recharge
characteristics of the aquifer. Although this in-
itiative comes too late to help the present drought
(1977), the action taken will develop an inventory
of the major ground-water systems of the United
States so that in the event of another drought we
may be able to draw upon the ground-water reser-
voir system without doing irreparable damage to
the system. The Committee expects the Survey
to press this program vigorously” (U.S. House of
Representatives, 1977, p. 36-37).

As a result of the specifications of the ap-
propriations bill, and in response to Federal and
State needs for information to support better



ground-water management, the Geological
Survey instituted the Regional Aquifer-System
Analysis (RASA) Program in 1978. On the basis
of a series of reports presenting the summary ap-
praisals of the Nation’s ground-water resources
by the Geological Survey (fig. 1), and economic
and hydrologic considerations, 28 regional aquifer
systems were identified for study under the RASA
Program (fig. 2).

This report reviews the reasons for initi-
ating the Regional Aquifer-System Analysis Pro-
gram and discusses the purpose, approach, and
status of the program. Findings and ac-
complishments of each project are discussed.
Reports produced by each project are also listed.

As of 1984, 19 RASA projects had been
started. The geographic locations and status of
these studies are shown in figure 3. Studies of the
following seven regional aquifer systems have
been completed as of 1984: (1) Central Valley,
California; (2) Floridan; (3) High Plains; (4) North-
ern Great Plains; (6) Northern Midwest; (6) Snake

River Plain; and (7) Southwest Alluvial basins.
In some projects, where major technical problems
or data deficiencies were identified which could
not be addressed adequately within the context
of the initial investigation (phase I study),
followup studies (termed RASA phase II study)
have been undertaken. For example, during the
study in the Central Valley, Calif., it was found
that ground-water quality is being degraded by
irrigation return flow recharging the aquifer;
similarly, during the High Plains study, it was
found that more accurate information on pum-
page and on recharge from irrigation return flow
was necessary for a full understanding of the
ground-water system and its use for irrigation.
RASA phase II studies were initiated for both the
Central Valley and the High Plains to address
these issues. Except for the Northern Great
Plains regional aquifer system study, the other
six completed studies have followup projects. In
addition to the followup studies, there are eight
on-going studies within the continental United
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Figure 1.—Location of reports of ‘“Summary Appraisals of the Nation’s Ground-Water Resources” by the U.S. Geological Survey.
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1, Northern Great Plains
2, High Plains
3, Central Valley, California
4, Northern Midwest
5, Southwest alluvial basins
6, Floridan aquifer
7, Northern Atlantic Coastal Plain
8, Southeastern Coastal Plain
9, Snake River Plain
10, Central Midwest
11, Gulf Coastal Plain
12, Great Basin
13, Northeast glacial valleys
14, Upper Colorado River Basin
15, Oahu Island, Hawaii
16, Caribbean Islands
17, Columbia Plateau
18, South-Central Texas
19, Southern California alluvial basins
20, Michigan Basin
21, San Juan Basin
22, Ohio-Indiana glacial and carbonates
23, Pecos River Basin
24, lllinois Basin
25, Appalachian Valleys and Piedmont
26, Northern Rockies Intermontane basins
27, Puget-Willamette Trough
28, Alluvial basins, Oregon, California, and Nevada

Figure 2. —Location of regional aquifer systems identified for study under the Regional Aquifer-System Analysis Program of
the U.S. Geological Survey.
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7
STUDIES COMPLETED /] STUDIES INITIATED, FY 1984
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PHASE Il STUDIES UNDERWAY, FY 1984 - STUDIES PLANNED, FY 1985
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STUDIES UNDERWAY, FY 1984

1, Northern Great Plains; FY 1978-82
2, High Plains; FY 1978-82; Phase Il study
3, Central Valley, California; FY 1978-82; Phase |l study
4, Northern Midwest; FY 1979-84
5, Southwest alluvial basins; FY 1979-84
6, Floridan aquifer; FY 1979-82; Phase Il study
7, Northern Atlantic Coastal Plain; FY 1980-85
8, Southeastern Coastal Plain; FY 1980-86
9, Snake River Plain; FY 1980-84; Phase Il study
10, Central Midwest; FY 1981-86
11, Gulf Coastal Plain; FY 1981-88
12, Great Basin; FY 1981-85
13, Northeast glacial valleys; FY 1982-86
14, Upper Colorado River Basin; FY 1982-86
15, Oahu Island, Hawaii; FY 1982-86
16, Caribbean Islands; FY 1984-87
17, Columbia Plateau; FY 1983-86
19, Southern California alluvial basins; FY 1984-87
20, Michigan Basin; FY 1984-87
21, San Juan Basin; to be iniated in FY 1985

Figure 3.—Location of areas being investigated during 1978-84 under the Regional Aquifer-System Analysis Program of the
U.S. Geological Survey.



States and one in Oahu Island, Hawaii. Three
new regional aquifer system studies were in-
itiated during fiscal year 1984, as follows: (1)
Caribbean, (2) southern California alluvial-
basins, and (3) Michigan Basin.

A regional aquifer system as defined in the
RASA Program may be of two general types: (1)
it may be comprised of an extensive set of aquifers
and confining units which locally may be discon-
tinuous, but which act hydrologically as a single
aquifer system on a regional scale—examples in-
clude, aquifer systems underlying the Great
Plains, High Plains, Gulf Coastal Plain, and
Atlantic Coastal Plain; or (2) it may represent a
set of virtually independent aquifers which share
so many common characteristics that investiga-
tion of a few of these aquifers can establish com-
mon principles and hydrogeologic factors con-
trolling the occurrence, movement, and quality
of ground water throughout the aquifer systems.
Examples of the second type include the alluvial
basins of Arizona, and New Mexico, and the
glacial aquifers of the northeastern United States
(Bennett, 1979).

The objective of each RASA study is to de-
fine the regional hydrology and geology and to
establish a framework of background
information—geologic, hydrologic, and
geochemical—that can be used for regional assess-
ment of ground-water resources and in support of
more detailed local studies. Each RASA project
is designed to fit the particular needs of the study
area; however, every project utilizes simulation
(computer modeling) to help understand and
analyze ground-water flow patterns and to pro-
vide the ability to evaluate effects of development
on ground-water resources. Available information
on quality of water throughout the aquifer system
is -also assembled and analyzed in all studies.
Although the studies rely primarily on existing
data, some new data are collected in each in-

vestigation, and some exploratory drilling has

been carried out.

The delineation and continuity of aquifers
and confining units are dependent on the scale
of the problem under study. For example, the
schematic section in figure 4 shows three major
aquifers, A1, A2, and A3, separated by two con-
fining units, C1 and C2, viewed on a regional
scale. On a more local scale, however, aquifers A2
and A3 might be subdivided further, treating the
discontinuous lenses of low permeability material
within those aquifers as confining units. Simi-
larly, the permeable sand lenses within confining

units C1 and C2 could be viewed as aquifers if
their size were significant on a local scale.
Regional studies normally combined local
aquifers into a relatively small number of
regional aquifers. However, many of the studies
under this program also have considered the
ground-water system at subregional and even
local scales, through the establishment of subpro-
jects, to address specific areas of interest. Nor-
mally, these subprojects utilize greater resolution
in the delineation of aquifers and confining units
than do the regional studies.

Delineation and correlaion of aquifers and
confining units in the regional studies is based
on the hydraulic characteristics of the rocks
rather than on their geologic age. Thus, an
aquifer delineated in a RASA study may contain
several different geologic formations or time-
stratigraphic units.

Simulation, using computer-based numerical
models of ground-water flow, is used in all studies
to provide quantitative understanding of the
aquifer systems. However, the regional simula-
tion models developed in the regional studies may
not always be appropriate for evaluation of effects
of development on ground-water resources at a
local level. The regional simulations are intended
primarily for regional assessments, to improve
understanding of regional flow patterns, and to
provide boundary conditions for subregional or
local simulation studies. For example, during the
northern Atlantic Coastal Plain regional aquifer-
gystem study, four sub-regional flow models were
constructed for the Coastal Plain aquifers under-
lying the States of New Jersey, Delaware and
Maryland, Virginia, and North Carolina. A
regional-flow model was also constructed
representing the entire Coastal Plain aquifer
system from Long Island, N.Y., through North
Carolina. The regional-flow model supplies the
boundary conditions for each of the subregional
flow models, and provides an overall view of the
flow system and its evaluation; the subregional
flow models provide the resolution needed for
more detailed analysis of the effects of develop-
ment on the aquifer system.

The results of RASA investigations are re-
leased through publications of the Survey as
Hydrologic Investigations Atlases (HA), Open-
File Reports (OFR), Water-Resources Investiga-
tions Reports (WRIR), Water-Supply Papers
(WSP), and Professional Papers (PP), or are
published in outside scientific journals. Upon
completion of each RASA project, Professional
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Papers are published that summarize and syn-
thesize the results of the project. The Professional
Paper associated with each project is divided in-
to chapters designated by letters, with the letter
A reserved for a general chapter summarizing
and integrating the major project findings. For ex-
ample, the Professional Paper describing the
Floridan aquifer system is designated Profes-
sional Paper 1403. “Summary of the Hydrology
of the Floridan Aquifer System in Florida and in
parts of Georgia, South Carolina, and Alabama”
is Professional Paper 1403-A; ‘“Hydrogeologic
Framework of the Floridan Aquifer System in
Florida and in parts of Georgia, South Carolina,
and Alabama” is Professional Paper 1403-B; and
so on. All of the Professional Papers derived from

RASA studies will be designated by a Professional
Paper number between 1400 and 1428.

During the RASA studies, technical pro-
blems for which there are no readily available
solutions are often encountered; for example,
analyzing hydrologic data from wells that are
open to many aquifers, or simulating the move-
ment of ground water of different densities in an
extensive three-dimensional system. To address
such problems, RASA project personnel have
devoted considerable effort to develop new tech-
niques. For example, a multiaquifer-well simula-
tion technique was developed during the Nor-
thern Midwest RASA study (Bennett and others,
1982). An improved method of simulating
variable-density ground-water flow also has been



developed by Weiss (1982) and Kuiper (1983). The
RASA Program also supports research by
specialists within the Geological Survey in areas
of geohydrology and geochemistry. Numerous
reports have been prepared by researchers under
this support, and have contributed not only to the
RASA Program, but also to the overall under-
standing of ground-water hydrology, geology and
geochemistry. However, only reports prepared by
hydrologists assigned to RASA projects are listed
in this report.

Summaries of each RASA project are pre-
sented in the following four groups: (1) completed
phase I projects, (2) active phase I projects, (3)
newly initiated phase I projects, and (4) active
phase II projects (followup studies). A list of
reports released, as of 1984, by each project is also
included at the end of each summary. The nature
of the summaries differs somewhat from project
to project. For those projects which either have
been completed or are near completion, sum-
maries of the results are presented. For projects
that are not near completion or have just been
started, discussion may be brief.

It should be noted that aquifer names pre-
sented in this summary are provisional; these
names may change when more suitable names
are selected during investigations.

For those who are interested in obtaining
additional information, a list of project chiefs and
their offices is included in the Appendix.
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REGIONAL AQUIFER-SYSTEM ANALYSIS—SUMMARY OF PROJECTS, 1978-1984

COMPLETED PHASE | REGIONAL AQUIFER-SYSTEM
ANALYSIS PROJECTS

CENTRAL VALLEY REGIONAL AQUIFER-SYSTEM STUDY, CALIFORNIA

By Gilbert L. Bertoldi, Sacramento, California,
and Ren Jen Sun, Reston, Virginia

INTRODUCTION

The Central Valley of California occupies
about 12 percent of the total land area of the State
of California. It is a large alluvium-filled struc-
tural basin occupying approximately 20,000 mi*
of the flatland lying between the Coastal Ranges
and Valleys to the west and Sierra Nevada Range
to the east (fig. 5). The aquifer system of the Cen-
tral Valley is composed of a heterogeneous mix-
ture of continental alluvial materials derived
from the surrounding mountains. Thickness of
the sediments averages about 2,900 feet in the
San Joaquin Valley and 1,500 feet in the
Sacramento Valley.

The climate of the Central Valley is arid to
semiarid, with average annual precipitation
ranging from 14 to 20 inches in the Sacramento
Valley, and 5 to 14 inches in the San Joaquin
Valley. Under predevelopment conditions, there
was a water deficiency (potential evapotranspira-
tion exceeding precipitation) of between 0 to 40
in./yr in the Central Valley (fig. 6).

In order to support an agricultural economy,
large quantities of water are needed for irrigation.
It is estimated that, including delivery losses, an
average of 36 inches of water per acre is used an-
nually. During 1961-77, approximately 22 million
acre-ft of water was used in an average year. Of

this 22 million acre-ft of water, about 50 percent

of the water was supplied by surface water and

the remaining 50 percent was ground water.
In addition to the agricultural use of ground

water, nearly every city in the San Joaquin

Valley uses ground water as the principal source
for municipal and industrial supplies.

The natural distribution of water in Cali-
fornia is very erratic (fig.6). The Central Valley
has an average annual water deficiency, under
natural conditions, as great as 40 inches; whereas
parts of the bordering Sierra Nevada and Coastal
Ranges have an average annual surplus of water.
However, because of flat, low land with fertile
soil, agricultural development and human popula-
tion tend to be concentrated in the valleys that
are deficient in precipitation. Fortunately, ground
water is available everywhere in the Central
Valley, even where little rain normally falls or
little surface water exists.

Since the last half of the 1800’s, ground
water in the Central Valley has been developed
for irrigation. Early records indicate that
estimated pumpage was about 250,000 acre-ft in
the San Joaquin Valley in 1912 (Harding and
Robertson, 1912) and about 112,000 acre-ft in the
Sacramento Valley in 1913 (Bryan, 1923). The an-
nual pumpage in the Central Valley has in-
creased from about 362,000 acre-ft in 1912-13 to
about 15 million acre-ft in the drought year, 1977;
however, the average pumpage in the mid-1970’s
was about 12 million acre-ft.

Ground water withdrawn from aquifers by
pumping may or may not be replenished. In some
parts of the Central Valley, the ground water
withdrawn can be replenished anmuzally during
the nonirrigation season by recharge from
precipitation and streams; in other areas,
replenishment of aquifers occurs only in years of
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abundant precipitation. In parts of the Central

‘Valley, pumping has caused continuous water-

level declines; in parts of the San Joaquin Valley
and Tulare Basin, water levels have declined
nearly 400 feet, depleting the stored ground
water.

Page (1984) has shown that throughout the
Central Valley, about 50 percent of the thickness
of continental sediments is composed of fine-
grained sediments (clay or silt). As water levels
decline in aquifers, water stored in the pores of
the layers consisting of fine-grained materials
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starts to drain into the adjacent aquifers where
heads have been reduced.

As aresult, the land surface may subside due
to compaction of the overlying fine-grained
sediments. Subsidence in the Central Valley
began in the mid-1920’s as ground water was
developed for irrigation. By 1970, the maximum
subsidence exceeded 29 feet at one point in the
San Joaquin Valley. Over 5,000 mi? of land sur-
face in the Central Valley had subsided more
than 1 foot by 1970. Figure 7 illustrates the areas
of land subsidence observed during 1961-75 and
the corresponding 1961 pumpage per unit area.

The rate of subsidence in the most severe
pumping areas in the San Joaquin Valley has
been decreasing since delivery of surface water
began in 1968 (fig. 8); however, it may recur if
pumping reduces water levels below the previous
maximum lows. For example during the 1976-77
drought, water levels declined a maximum of
nearly 200 feet in 8 months; the subsidence,
which had nearly ceased after 1972, was as much
as 0.5 foot in 1977.

Volume of water released from compacting
sediments is much greater than that available
from artesian storage. However, the storage of the
compacted sediments cannot be restored to its
original volume; therefore, water is available only
during compaction as water levels are lowered to
a given depth. As compaction ceases, water can
be withdrawn from or returned to artesian
storage only. Subsidence has also caused damage
to structures such as aqueducts, roads, bridges,
buildings, and well casings. In low areas, sub-
sidence also increases the potential for flooding
and seawater encroachment, which may become
a problem in the Sacramento Valley where sub-
sidence is only beginning.

Except at a few localities, quality of ground
water is good for nearly all purposes in the
Sacramento Valley; dissolved solids range from
200 to 1,200 milligrams per liter (mg/L). In the
San Joaquin Valley, the shallow water body in
the west is not extensively used because of high
dissolved solids which range from 1,000 to 5,000
mg/L. Chloride and sulfate concentrations
average about 400 and 440 mg/L, respectively.

.Prior to the importation of surface water, ground
water for irrigation was pumped from a confined
aquifer below the water-table aquifer. Originally,
water levels in the confined aquifer were above
those in the shallow aquifer. However, irrigation
pumping caused a reversal of heads, and a
downward hydraulic gradient developed from the
shallow aquifer (with poor water quality) to the

confined aquifer. This downward leakage could
cause contamination of the lower confined aquifer
by poor-quality water from the shallow aquifer.
In addition, pesticide and fertilizer have been ap-
plied to the land and minerals in soil such as
selenium and boron could be leached by irriga-
tion water. All those human activities can con-
taminate ground-water in water-table and confin-
ed aquifers. Dibromochloropropane (DBCP), a
suspected carcinogen and widely used
nematocide, was found in ground water in every
county in the San Joaquin Valley and Tulare
Basin and has been found in public-water supplies
of the city of Fresno.

Because of these problems, water managers
need accurate and consistent information on the
behavior of the ground-water flow system in the
Central Valley and on the potential impact of
developments on the aquifer system. Previous
analyses of ground-water flow were conducted
within limited geographic areas or were limited
to definition of only a part of the ground-water
flow system. Ground-water problems in the Cen-
tral Valley, however, are not strictly limited to
local areas and in many cases affect the entire
valley. For example, an increase in pumpage in
the city of Stockton may have an effect as far
away as Sacramento.

In order to provide such needed information
on a regional scale, the Geological Survey started
a 4-year study of the regional ground-water flow
system in the Central Valley in 1978 (Bertoldi,
1979). The study compiled and analyzed geologic,
hydrologic, and geochemical information and
established a valley-wide ground-water data base
that could be used to construct ground-water flow
and land-subsidence simulation models. The
study was completed in 1982. Twenty-two reports
have been published; several more reports are in
review and preparation.

For the first 18 months of the study, data
were gathered from 600 published reports and
from files of 150 Federal, State, county, and local
agencies. These data were coded, stored, and
analyzed, using various computer programs for
areal distribution, validity, and suitability. Data
needed for model simulation generally are
available from existing information. However,
geologic information, for the part of the aquifer
from 100 feet below land surface to the top of
Tehama Formation of Pliocene age, about 2,500
feet below land surface, was not available in much
of the Sacramento Valley. Most wells in the
Sacramento Valley are less than 200 feet deep
and therefore provide no information on the

11
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aquifer below that depth. To remedy this data
gap, seven deep exploratory wells were drilled
during the study for the purpose of obtaining: (1)
geologic logs, (2) core samples, (3) geophysical
logs, (4) sonic logs, (5) water samples, and (6)
water-level measurements.

From examination of the available data, it
was found that water-quality information was in-
adequate for the San Joaquin Valley and nonex-
istent for an area of 400 mi? in the Sacramento
Valley. A one-time sampling was done to fill the
gap in the water-quality data base.

Data for water levels, precipitation, soil types,
pumpage, land use, and streamflow were ade-
quate for initial modeling. A finite-difference

ground-water flow model incorporating sub-
sidence was developed from the data compiled.

SIGNIFICANT RESULTS

Many significant findings that emerged from
the Central Valley regional aquifer study may
have application to the general knowledge of
ground-water hydrology. For example, knowledge
of the extent of changes in aquifer characteristics
caused by permanent deformation of sediments
during subsidence may lead to new concepts in
ground-water hydrology. Only a few of the
findings are listed below:

eDiscovery of a compressible clay in the
Sacramento Valley that is similar to the Corcoran

13
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Clay Member of the Tulare Formation, a major
confining unit in the San Joaquin Valley. This
clay bed occurs in an area where little ground
water is being used. Hence, there is considerable
potential for land subsidence should ground water

be developed in that area because the clay has a
very high compression index and is over 50 feet
thick. This discovery is very important to water
managers when plans to develop ground-water
resources in that area are considered.
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eNatural geochemical controls and mechan-
isms were defined for the Sacramento Valley thus
establishing baseline information on water quali-
ty (Hull, 1984). Future water-quality changes in
the Sacramento Valley can be evaluated by com-
parison to the baseline data.

®Areas where ground water has high concen-
trations of boron were mapped. This information
is important for future planning of boron-sensitive
crops.

eEstimates of ground-water storage,
hydraulic conductivity, porosity, and potential
land subsidence in the Sacramento Valley were
made on the basis of information resulting from
more than 10,000 wells augmented by the seven
deep exploratory test wells. This information was
not available before this study.

*Prior to development, the aquifers were
recharged by precipitation and stream seepage in
upland and discharged to streams, lakes or
topographic depressions and by evapotranspira-
tion in the central part of the Valley. The total
regional circulation through the ground-water
flow system was estimated to be approximately
200,000 acre-ft/yr.

#Since development, about 64 million acre-ft
of ground water has been removed from aquifer
storage; 40 million acre-ft of water was removed
due to lowering of water table, 17 million acre-ft
was removed due to compaction of fine-grained
sediments accompanied by land subsidence, and
7 million acre-ft was removed from the elastic
storage of the confined aquifer.

eSimulation indicates that during 1961-77,
ground-water discharge was about 11.8 million
acre-ft/yr, of which 94 percent was for irrigation
(11.1 million acre-ft/yr), 3 percent was for
municipal water supplies (350,000 acre-ft/yr), and
3 percent discharged to streams, lakes and topo-
graphic depressions (350,000 acre-ft/yr). The
simulation also indicates that the ground-water
recharge was about 11 million acre-ft/yr, of which
81 percent was irrigation return flow (9.0 million
acre-ft/yr), 14 percent was percolated from
precipitation (1.5 milion acre-ft/yr), and 5 percent
was induced from streams and lakes (0.5 million
acre-ft/yr). The difference between annual ground-
water discharge and recharge was 0.8 million
acre-ft/yr. About 50 percent of this difference was
derived from the aquifer as the result of water-
table declines (0.4 million acre-ft/yr) and another
50 percent was derived from elastic storage and
compaction of sediments.

*The average horizontal hydraulic conduc-
tivity of the valley sediments is about 6 ft/d. The

horizontal hydraulic conductivity of sediments in
the Sacramento Valley is about twice that for
sediments in the San Joaquin Valley.

oThe average thickness of the continental
deposits in the Central Valley is about 2,400 feet,
and increases from north to south with the max-
imum thickness of about 9,000 feet near
Bakersfield.

*Ground-water quality has the potential of
being degraded by poor quality irrigation return
flow. However, due to time and budget con-
straints, this problem was not fully explored
during the initial phase of this study. A second
unexpected problem was the potential migration
of an extensive body of saline water lying beneath
the freshwater aquifer system. Both problems are
to be studied during phase II (a followup) study.
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FLORIDAN REGIONAL AQUIFER-SYSTEM STUDY

By Peter W. Bush and Richard H. Johnston, Atlanta, Georgia

INTRODUCTION

The Floridan aquifer system is one of the
major sources of ground-water supplies in the
United States. This highly productive aquifer
system underlies all of Florida, southeastern
Georgia, and small parts of adjoining Alabama
and South Carolina, for a total area of about
100,000 mi®.. A total of about 3 Bgal/d is
withdrawn from the aquifer system, and, in many
areas, the Floridan aquifer system is the sole
source of freshwater.

During 1978-83, the Survey conducted a
regional assessment of the Floridan aquifer
system that involved the review and synthesis of
many previous studies, the acquisition of new
data in selected areas, and the extensive use of
computer-based models to simulate the ground-
water flow.

The Floridan aquifer system includes several
Tertiary carbonate formations that are
hydraulically connected in various degrees to
form a regional aquifer system. However, locally
there are significant differences in hydrologic pro-
perties, water chemistry, and flow; and develop-
ment has proceeded unevenly with large
withdrawals concentrated in a few areas.

The approach to studying the Floridan
aquifer system was to focus on (and document)
local differences while tying together, in a
regional analysis, the individual segments of the
aquifer system.

A series of regional geohydrologic,
geochemical, and potentiometric surface maps
was prepared. Eleven of these maps were pub-
lished during the course of the study (Johnston
and others, 1980, 1981; Miller, 1982 a-e; Sprinkle,
1982 a-d).

A data-collection program was undertaken to
fill the data gaps. This work involved a program
of exploratory drilling, aquifer tests, seismic
surveys (onshore and offshore), selective

geochemical sampling, and mass measurement of
water levels and artesian pressures. A notable ex-
ample of these activities was the collection of
hydrologic and geochemical data from an aban-
doned oil exploratory well 55 miles offshore from
the east Florida coast (Johnston and others, 1982).

Computer simulation involved the design and
calibration of a “coarse-mesh‘ regional flow
model and four subregional flow models. The goal
of the regional flow model was to understand the
major features of the flow system. The design of
the regional flow model and the results of
simulated predevelopment conditions are describ-
ed by Bush (1982). The four subregional flow
models focus on the areas of greatest ground-.
water development. Preliminary reports de-
scribing model design and the results of simulated
predevelopment conditions were prepared for
three subregions: southeast Georgia, including
small adjacent parts of South Carolina and
Florida (Krause, 1982); west-central Florida
(Ryder, 1982); and east-central Florida (Tibbals,
1981). Final reports of the Floridan regional
aquifer system study comprise nine chapters in
the U.S. Geological Survey Professional Paper
1408, designated 1403-A through I. As of
September 1984, three of the nine chapters have
been released and are in press, five are in col-
league review, and one is still in preparation.

Throughout the study, the central theme was
to translate the hydrogeologic framework into,
first, a conceptual model, and then into a flow
model that could be used to quantify aquifer pro-
perties and components of the flow system. Figure
9 illustrates the results of this process for a typical
area in central Florida.

HYDROGEOLOGIC FRAMEWORK

The aquifer system is a sequence of
hydraulically connected carbonate rocks (prin-
cipally limestone with some dolomite) that range
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in age from late Paleocene to early Miocene. The
rocks vary in thickness from a featheredge in out-
crop areas to more than 3,500 feet in coastal
areas. The aquifer system generally consists of an
upper and lower aquifer separated by a less-
permeable confining unit of highly variable pro-
perties. In parts of northern Florida and
southwestern Georgia, there is little permeability
contrast within the aquifer system. Thus, in these
areas, the Floridan acts effectively as one con-
tinuous aquifer. The upper and lower aquifers are
defined on the basis of permeability contrast and
their boundaries locally- do not coincide with
either time-stratigraphic or rock-stratigraphic
units.

Prior to this study, several stratigraphic units
and two aquifer names were generally associated
with the carbonate rocks now defined as the
Floridan aquifer system. In Florida, the term
“Floridan aquifer’ was widely applied although
its thickness and extent differed among in-
vestigators. In Georgia and South Carolina, the
term “principal artesian aquifer’ was applied to
these carbonate rocks. A major contribution of
this study was the regional definition of the
Floridan aquifer system, its component aquifers
and confining units, and their relation to

associated stratigraphic units. The regional

definition resulted from subsurface hydrogeologic
studies that used geophysical and lithologic logs,
faunal data, and hydrologic data. Based on
analyses of these data, a series of structure con-
tours, isopach maps and sections were prepared
for the component aquifers and the seven prin-
cipal stratigraphic units that comprise all or parts
of the Floridan aquifer system.

Throughout the coastal areas, the effective
lower boundary of the aquifer system is a transi-
tion from circulating freshwater to underlying
saline water. The configuration of this transition
zone agrees, in general, with the principles out-
lined by Hubbert (1940) for the case of an inter-
face between moving freshwater and static saline
water. That is, the interface is deepest beneath
inland areas; it rises seaward and ultimately in-
tersects the top of the aquifer system. In inland
and updip areas, however, the base of the
Floridan aquifer system is considered as the con-
tact surface below which rocks have very low
permeability. This surface generally coincides
with a facies change to fine-grained clastic rocks
or bedded anhydrite.

Low-permeability clastic rocks overlie the
Floridan aquifer system in much of its area of oc-

currence. The lithology, thickness, and integrity
of these low-permeability rocks have a controlling
effect on the flow in the Floridan aquifer system
locally. A surficial sand aquifer overlies these low-
permeability rocks in many places.

CONCEPTUAL MODEL

A conceptual model of the Floridan aquifer
system, as shown in figure 9, incorporates the ma-
jor features of the flow system. The Upper and
Lower Floridan aquifers are separated by a less-
permeable middle confining unit. The low-
permeability clastic rocks separating the Upper
Floridan from the surficial aquifer are considered
an upper confining unit. A freshwater- saltwater
interface forms the base and lateral boundary of
the system in coastal areas. Fine-grained clastic
rocks or bedded anhydrite act as a lower confining
unit and thus are treated as the base of the
aquifer system in inland and updip areas.

DIGITAL FLOW MODEL

The Trescott-Larson quasi-three-dimensional
finite-difference model (Trescott, 1975; Trescott
and Larson, 1976) was used to simulate the
regional and subregional flow systems. The basic
structure of the model is shown in figure 9,
although the subregional models depart from the
regional model in some degree to accommodate
local conditions or features. The Upper and Lower
Floridan aquifers were simulated as active layers; .
the surficial aquifer was treated as a source-sink
bed; and the lower confining unit and the
freshwater-saltwater interface were assumed to
be no-flow boundaries. However, the Upper
Floridan, in a strip of area adjacent to its updip
limit in Georgia, was bounded below by a
constant-head boundary which simulated a small
amount of upward leakage from the sand aquifer
system that underlies the Upper Floridan. The
other part of the updip limit of the Floridan
aquifer system was considered as a no-flow boun-
dary, because it is generally a pinchout of the car-
bonate rocks.

The Flow System

The major features of the flow system are il-
lustrated and summarized by a potentiometric
surface map of the Upper Floridan aquifer con-
structed from more than 2,700 water-level or
pressure-head measurements made in May 1980
(fig. 10). Superimposed on figure 10 is a delinea-
tion of areas where the aquifer system is uncon-
fined or loosely confined (the definition of loosely
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Floridan aquifer system.

confined hereafter used in this report is that the
confining unit 'is less than 100 feet thick,
breached, or both).

The configuration of the potentiometric sur-
face indicates that, in South Carolina and
Georgia, the direction of flow is generally east and
southeast from the topographically high outcrop
areas toward the Atlantic coast and Florida. In
Alabama and western Florida, flow is generally

south from the outcrop areas toward the Gulf
coast. In peninsular Florida, the general flow
direction is from the central inland areas toward
the Gulf and Atlantic coasts. Thus, regional
recharge occurs primarily in northern outcrop
and peninsular inland areas, and regional
discharge occurs in coastal areas.

The degree of confinement of the Upper
Floridan is the characteristic that most strongly
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influences the distribution of natural recharge,
flow, and discharge. Most of the natural recharge,
flow, and discharge occurs in the unconfined and
loosely confined areas. Potentiometric contours
that are distorted as they cross streams indicate
the interaction between streams and the Upper
Floridan aquifer, and typify unconfined and
loosely confined conditions. Smoother, less
distorted contours are associated with tightly con-
fined (the definition of tightly confined hereafter
used in this report is that the confining unit is
more than 100 feet thick) parts of the system that
have less interaction with the surface drainage
features.

Before development, the flow system was in
a state of dynamic equilibrium in which natural
recharge to the Floridan aquifer system was
balanced by natural discharge. The predevelop-
ment recharge area is estimated to be about
67,000 mi?; the discharge area is estimated to be
about 55,000 mi?, of which about 27,000 mi? was
land discharge area. The total predevelopment
recharge, and therefore discharge, simulated by
the regional flow model was about 21,500 ft¥/s.
This is equivalent to 4.4 in./yr of water distributed
evenly over the entire estimated recharge area.

The dominant feature of the Floridan aquifer
system, both before and after development, is
discharge through springs. The locations of the
springs are shown in figure 10. Nearly all of the
springs occur in unconfined and loosely confined
areas. In the early 1980’s, the average total
discharge from about 300 known Upper Floridan
springs was about 13,000 ft3/s. In addition to
discharge from known springs, point discharges
to streams and lakes in unconfined and loosely
confined areas is appreciable. About 7,000 ft3/s
discharge to streams and lakes, in addition to
spring flow, was simulated by the regional flow
model. Spring flow and point discharge to streams
and lakes accounted for a very high percentage
of the total aquifer discharge. Before ground-
water development, simulated spring flow and
point discharge to surface-water bodies was 88
percent of the 21,500 ft%s simulated discharge, or
about 19,000 ft¥/s. Diffuse upward leakage, which
occurs primarily in the confined areas, accounted
for the remaining fraction of the total simulated
predevelopment discharge, about 12 percent or
2,500 ft%/s.

Most of the recharge necessary to sustain
spring flow and aquifer discharge to streams and
lakes occurs relatively close to the discharge
points. Recharge to the Upper Floridan is highest

in unconfined and loosely confined spring areas
and averages 10 to 20 in./yr. The proximity of
high recharge to high discharge implies a
vigorous and well developed shallow flow system
in the unconfined and loosely confined parts of the
Upper Floridan aquifer.

The distribution of transmissivity is gener-
ally related to the degree of confinement. All of
the areas of very high transmissivity (greater
than 1,000,000 ft*/d) and much of the area of high
transmissivity (250,000 to 1,000,000 {t?/d) occur
where the aquifer is either unconfined or loosely
confined.

Areas of very high transmissivity are char-
acterized by extensive development of secondary
permeability (solution openings) in the carbonate
rock. Solution openings ranging from slightly
widened joints to caves and large sinkholes
characterize the upper part of the aquifer system.
The resulting permeability distribution is ex-
tremely complex and marked differences in
transmissivity occur within short distances.

In contrast to ground-water flow in uncon-
fined and loosely confined areas, flow in parts of
the aquifer that are deeply buried and tightly con-
fined is very sluggish. These areas are in
southeastern Georgia and northeastern Florida,
south Florida, and western panhandle Florida.
Springs and points of discharge to streams and
lakes are practically nonexistent in these areas;
natural discharge occurs almost exclusively by
diffuse upward leakage through thick confining
units. As would be expected in areas of sluggish
flow, rates of recharge and discharge are con-

-giderably lower than the rates in unconfined and

loosely confined areas. Recharge and diffuse up-
ward leakage average less than 5 in./yr in tight-
ly confined areas. Transmissivity is also generally
lower in deeply buried and tightly confined areas.

Comparatively little is known about the
Lower Floridan aquifer because in most areas
wells obtain sufficient supplies from the Upper
Floridan; thus, there is little reason to drill into
the Lower Floridan. Aquifer-test data or well per-
formance information are therefore minimal.
Freshwater flow is considerably less in the Lower
Floridan than in the Upper Floridan.The lack of
field data precludes precise areal definition of
transmissivity of the Lower Floridan aquifer. The
Lower Floridan aquifer in south Florida includes
a highly permeable cavernous unit known as the
“Boulder Zone.” This zone contains saline water
and has been used for underground disposal of
treated sewage through injection wells.
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To quantify and summarize the areal
distribution of predevelopment flow, the
estimated predevelopment discharge from the
major ground-water areas of the Upper Floridan
aquifer is shown in figure 11. Regionally, and in
every area except south Florida, the
predominance of spring discharge and aquifer
discharge to surface-water bodies over diffuse up-
ward leakage is apparent. The five areas that are
predominantly unconfined or loosely confined
(Dougherty Plain-Apalachicola, Thomasville-
Tallahassee, Suwannee, west-central Florida, and
east-central Florida), although comprising only
about 50 percent of the occurrence of the Floridan
aquifer system, contribute nearly 90 percent of
the simulated total predevelopment discharge.
The Suwannee area is the most active part of the
aquifer system in terms of ground-water flow.
More than one-fourth of the simulated total
predevelopment discharge, close to 6,000 ft?/s, oc-
curred there.

In tightly confined panhandle Florida, dif-
fuse upward leakage occurred over the major part
of the area. But confinement is lacking in the
eastern third of the panhandle and along the out-
crop, allowing direct aquifer discharge to streams.
Similarly, in the southeast Georgia-northeast
Florida and southwest South Carolina area, about
three-quarters of the simulated predevelopment
discharge leaked to four major rivers crossing the
areally small northern outcrop. Diffuse upward
leakage occurred over a much larger area, but ac-
counted for a minor part of the total discharge in
the area. Only in south Florida, where the
Floridan aquifer is tightly confined, was diffuse
upward leakage the major part of predevelopment
discharge. The simulated 100 ft*/s predevelop-
ment discharge from south Florida represents less
than 1 percent of the total regional discharge.

Pumping Effects

The general characteristics of the flow system
described herein have not been altered ap-
preciably by development. However, similarity of
the 1980 flow system to the predevelopment flow
system does not mean that ground-water develop-
ment has not brought significant changes. In
1980, about 3 Bgal/d of water were pumped from
the aquifer system (almost all from the Upper
Floridan) for all uses. This is equal to about 20
percent of the estimated predevelopment recharge
or discharge. This pumpage has resulted in long-
term regional water-level declines of more than

10 feet in three broad areas (fig. 10): (1) coastal
Georgia, adjacent South Carolina and north-
eastern Florida; (2) west-central Florida; and (3)
panhandle Florida. The effect of ground-water
development on the potentiometric surface is par-
ticularly evident at Savannah and Brunswick,
Ga., and at Fernandina Beach and Fort Walton
Beach, Fla., where deep cones of depression have
formed. Saltwater encroachment as a result of
pumping has occurred in some coastal
areas, but its extent has-been local.

Pumpage has been and continues to be
balanced primarily by the diversion of natural
discharge from the aquifer system and by induced
recharge rather than by depletion of aquifer
storage. The transient response of the aquifer
system to changes in pumping rates dissipates-
fairly rapidly (days or weeks) in most areas. Thus,
on the average (that is, excluding the effects of
seasonal changes in stresses), the aquifer system
is considered to be approximately at equilibrium
(steady-state conditions) except during short
periods following sustained increases in pumpage.

As of 1980, about 470 Mgal/d, mostly for in-
dustrial use, were being withdrawn from the
coastal strip of southeastern Georgia and north-
eastern Florida. As a result, what began as a
trough-like depression of water levels in the
1940’s in coastal Georgia and northeastern
Florida has spread inland to become the largest
area of significant water-level declines in the
Floridan aquifer system.

The overall extent of this broad area of
regional water-level decline reflects the potential
for increasing recharge, and diverting natural
discharge to wells. Figure 10 shows that in the
area of southeast Georgia and northeast Florida
the regional water-level decline is coincident with
a tightly confined part of the aquifer. Thus, there
is little potential for increasing recharge or re-
ducing upward leakage near the pumping
centers. Therefore, the area of pumping influence
in northeast Florida and southeast Georgia has
spread southwestward to the region of loosely con-
fined or unconfined areas where natural recharge
is greater.

In west-central Florida, about 1 Bgal/d is
pumped. The phosphate industry and irrigation
account for the major part of the pumpage. As a
result, a regional depression exists in the poten-
tiometric surface southeast of Tampa. Although
the pumping rate is greater in west-central
Florida than in southeast Georgia and northeast
Florida, the area of influence and magnitude of
water-level decline is smaller in west-central
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Figure 11.—Estimated predevelopment discharge from major ground-water areas of the Upper Floridan aquifer.
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Florida. This is mainly because the potential for
increasing recharge, and diverting natural
discharge to wells, is greater in west-central
Florida than in southeast Georgia and northeast
Florida. Figure 10 shows that most of the area
of net water-level decline in west-central Florida
occurs in places where the aquifer system is under
tightly confined conditions. However, the center
of heaviest pumping in west-central Florida is in
the northern part of area of the regional water-
level declines. This center is close to a region of
loosely confined or unconfined areas, thus enhan-
cing the potential for inducing recharge.

In the Fort Walton Beach area of panhandle
Florida, pumping of about 15 Mgal/d has caused
a regional depression in the potentiometric sur-
face. This relatively low pumping rate has caused
a regional depression because, in this area,
transmissivity is much lower than that in either
southeast Georgia and northeast Florida, or west-
central Florida. In much of the area of water-level
declines in panhandle Florida, transmissivity is
less than 10,000 ft?/d. Confinement in the vicinity
of Fort Walton Beach is at least as tight as in any
other part of the aquifer system. The area of ap-
preciable water-level declines appears to have
spread eastward to a loosely confined area.
However, the very low transmissivity limits the
ability of the aquifer to transmit water that is
available in the loosely confined area to wells.
Because of continually increasing pumpage, the

area of water-level declines in panhandle Florida

continues to enlarge. Because of the proximity of
loosely confined conditions to the east, the
panhandle area of water-level declines is expected
to grow less rapidly in that direction than in other
directions.

Simulation of 1980 pumpage by the regional
flow model indicates that development has caused
the total recharge area to expand from about
67,000 mi? before development to about 76,000
mi? in 1980. Recharge to or discharge from the
simulated aquifer system increased from a
predevelopment total of about 21,500 ft¥/s to about
24,100 ft*/s in 1980. The recharge area has in-
creased by about the same percentage as the
recharge rate due to development. Therefore, the
1980 recharge rate per unit area was nearly the
same as the predevelopment rate, about 4 to 5
in./yr.

If steady-state conditions are assumed, about
60 percent of 1980 pumpage was supplied by in-
creased recharge. About half of the remaining 40
percent of the pumpage was obtained from reduc-

tion in spring flow and discharge to surface-water
bodies, and the other half was obtained from
reduction in upward leakage. Because the total
flow rate of spring discharge and discharge to
surface-water bodies is much greater than the
total flow rate of diffuse upward leakage, ground-
water development has reduced the total spring
flow and discharge to surface-water bodies less
than 5 percent, however, the reduction in total
diffuse upward leakage is about 30 percent.

To quantify and summarize the areal
distribution of 1980 flow conditions, figure 12
shows the discharge from the major ground-water
areas of the Upper Floridan aquifer. Regionally,
spring discharge and point discharge to surface-
water bodies were the predominant forms of
discharge from the 1980 flow system, as they were
from the predevelopment flow system; simula-
tions suggest that about three-fourths of 1980
discharge was spring flow or discharge to surface-
water bodies. The remaining fourth was the sum
of the pumpage (17 percent) and the diffuse up-
ward leakage (8 percent). Ground-water develop-
ment has not appreciably affected the ground-
water divides that separate the eight major
ground-water areas. The percentage of total
discharge that occurred in each area under 1980
conditions was not significantly different from
that simulated before development.

Central Florida is the most heavily developed
part of the aquifer system. Roughly half of the
total 1980 pumpage was withdrawn from the two
central Florida areas—east-central and west-
central Florida. These two areas accounted for
about 29 percent of the total 1980 discharge, an
increase of about 3 percent over the predevelop-
ment discharge (figs. 11 and 12). Figure 12 shows
that in central Florida, about 60 percent of the
aquifer discharge is spring flow or direct
discharge to surface-water bodies; about 30 per-
cent is pumpage, and about 10 percent is diffuse
upward leakage.

Pumpage in the area of southeast Georgia,
northeast Florida, and southwest South Carolina
accounted for about 25 percent of the total 1980
pumpage; this area is the only one in which
spring flow and direct discharge to surface-water
bodies has been supplanted by pumpage (figs. 11
and 12).

Figure 12 shows that in each of the four con-
tiguous areas west of the southeast Georgia-
northeast Florida-southwest South Carolina area,
pumpage is a minor fraction of the ground-water
discharge in the area. Even in the Dougherty
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Plain-Apalachicola area, where irrigation
withdrawals have soared in recent years, pump-
age represents only about 11 percent of the
average ground-water discharge in the area (fig.
12). Spring flow and discharge to surface-water
bodies constitute about 87 percent of the 1980
discharge in each of the four areas.

In terms of flow, the south Florida area, under
1980 conditions, is an insignificant part of the
Floridan aquifer system, as it was during pre-
development time. Discharge from the area is
only about 1 percent of the total discharge from
the Floridan aquifer system.

In summary, the major part of the 1980 flow
system is largely unchanged from predevelop-
ment conditions. Large-discharge springs are still
the dominant feature of the aquifer system.
Although pumping has caused recharge rates to
increase locally, the greatest recharge still occurs

in areas near springs. Even after development,

ground-water flow remains sluggish in areas
where the aquifer is deeply buried relative to flow
in areas where the aquifer is close to land surface
or loosely confined.

GEOCHEMISTRY

The water chemistry in the Upper Floridan
is generally related to flow and proximity to the
saltwater-freshwater interface. In the unconfined
or loosely confined areas, where flow is vigorous,
concentrations of dissolved solids are low. Where
the system is more tightly confined and flow is
more sluggish; concentrations of dissolved solids
are high. In Florida, south of Lake Okeechobee
and in parts of the St. Johns River valley, residual
saltwater remains unflushed from the system and
concentrations of dissolved solids are high. Con-
centrations of dissolved solids also are higher in
coastal areas near the saltwater-freshwater
interface.

Several distinct hydrochemical facies
characterize the water chemistry in the Upper
Floridan. The principal chemical processes
leading to the development of the hydrochemical
facies are:

eDissolution of aquifer minerals toward
equilibrium as ground water moves from
recharge to discharge areas.

eMixing of fresh ground water with saltwater
along the freshwater-saltwater transition zone in
coastal areas; or with residual saltwater where
the saltwater is unflushed by freshwater in areas
comprised of low-permeability rocks.

¢Cation exchange between water and aquifer
minerals. In the unconfined or loosely confined
areas, dissolution of calcite is the principal pro-
cess and a calcium-bicarbonate hydrochemical
facies occurs. In coastal areas or where the system
is more tightly confined, mixing of freshwater
with saltwater or unflushed residual saltwater
produces a sodium-chloride facies. In western
panhandle Florida, cation exchange has produced
a unique occurrence of a sodium-bicarbonate
facies in the Upper Floridan.

POTENTIAL FOR DEVELOPMENT

A considerable area of the Floridan aquifer
system remains highly favorable for development
of large ground-water supplies. This area is
largely inland and is characterized by high
transmissivity as well as minimal development
as of 1980. Simulation suggests that new pump-
ing centers in parts of southeast Georgia and
north-central Florida can supply large
withdrawals, while relatively shallow cones of
depression will develop. The major constraint on
future development is degradation of water qual-
ity rather than limitation of water quantity. The
possibility of saltwater encroachment in coastal
areas and upconing of deep saltwater in some in-
land areas are important factors to consider for
future development.
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HIGH PLAINS REGIONAL AQUIFER-SYSTEM STUDY

By John B. Weeks, Denver, Colorado

INTRODUCTION

The High Plains regional aquifer system
underlies about 174,000 mi? in parts of Colorado,
Kansas, Nebraska, New Mexico, Oklahoma,
South Dakota, Texas, and Wyoming. The aquifer
system is the shallowest and most abundant
source of water in one of the major agricultural
areas in the United States. About 20 percent of
the irrigated land in the United States is in the
High Plains, and about 30 percent of the ground
water used for irrigation in the United States is
pumped from the High Plains aquifer system. In
1980, about 170,000 wells pumped about 18
million acre-ft of water to irrigate nearly 14
million acres.

The irrigated-agricultural economy of the
High Plains is dependent on the aquifer system
for continued growth and prosperity. However,
declining water levels and decreasing water sup-
plies threaten the future of irrigation using
ground water in parts of the High Plains,

National concern about the economic impact
of declining water supplies in the High Plains was
responsible for the initiation of a regional study
of the High Plains aquifer system in 1978. The
regional study was completed in 1982,

GEOHYDROLOGY

Previous hydrologic studies of the region have
not kept pace with ground water development.
Many water-resource studies of small areas such
as individual counties or groups of counties have
been made, but few studies of larger areas within
the High Plains have been made. Previous in-
vestigations provide a wealth of information, but
without continuity across political boundaries. In
developing the geohydrologic framework of the
High Plains aquifer system, hydrologists as-

sembled, organized, and assimilated the
hydrogeologic data available from many previous
studies.

Physical Setting

The High Plains occupies the southern part
of the Great Plains physiographic province, which
lies east of the Rocky Mountains. The region ex-
tends from southern South Dakota to north-
western Texas. The High Plains is characterized
by flat to gently rolling terrain, which is a rem-
nant of a vast plain formed by sediments
deposited by streams flowing eastward from the
Rocky Mountains.

Most of the High Plains has a middle-latitude
dry continental climate with abundant sunshine,
moderate precipitation, frequent winds, low
humidity, and a high rate of evaporation. Mean
annual precipitation increases eastward across
the High Plains by about 1 inch every 25 miles
from less than 16 inches near the western side
of the study area to about 28 inches in eastern
Nebraska and central Kansas. Typically, about
75 percent of the precipitation falls as rain dur-
ing the growing season. However, much of the
rain falls during local thunderstorms; therefore,
large variations in rainfall can occur from place
to place and year to year.

Persistent wind and high summer
temperature cause high rates of evaporation.
Mean annual evaporation from Class A pans
ranges from about 60 inches in northern
Nebraska and southern South Dakota to about
105 inches in western Texas and southeastern
New Mexico. Because of these conditions, most of
the water that enters the soil is returned to the -
atmosphere by evapotranspiration, and little
precipitation is available to recharge the ground-



water system, except in sand-dune areas where
water can readily percolate to the water table.

Aquifer System

The High Plains aquifer system consists
mainly of near-surface deposits of late Tertiary
or Quaternary age (Gutentag and Weeks, 1980).
The principal geologic units that comprise the
High Plains aquifer system are shown in figure
13. The Tertiary rocks include part of the Brule
Formation of the White River Group, the
Arikaree Group, and the Ogallala Formation. The
Quaternary deposits consist of alluvial, dune-
sand, and valley-fill deposits. Except for dune
sand, the Quaternary deposits are combined and
are shown in figure 13 only in areas where they
do not overly Tertiary aquifer units. In northern
Texas, some collapse structures, filled with
Triassic, Jurassic, and Lower Cretaceous rocks
that have secondary permeability, are considered
part of the aquifer system; however, they are
minor and are not shown in figure 13.

The Ogallala Formation is the principal
geologic unit of the High Plains aquifer system
and underlies about 134,000 mi? (fig. 13). Max-
imum thickness of the Ogallala is about 700 feet.
During deposition of the Ogallala, aggrading
streams filled valleys eroded into pre-Ogallala
rocks. Braided streams flowed eastward from the
mountains, transporting rock debris, which was
deposited as a heterogeneous sequence of clay,
silt, sand, and gravel.

Dune-sand deposits, consisting predomi-
nantly of very fine to medium grained wind blown
sand, are part of the High Plains aquifer system.
Of the 174,000 mi? underlain by the High Plains
aquifer system, about 19 percent is covered by
dune sand. The most extensive area of dune sand
is in west-central Nebraska, where the deposits
cover an area of 20,000 mi® with a maximum
thickness of about 300 feet. Large areas also are
covered by dune-sand deposits south of the Arkan-
sas River in Kansas (fig. 13). Throughout the
High Plains, the areas covered by dune sands are
important recharge areas of the aquifer system.

Bedrock that underlies the High Plains
aquifer system ranges in age from Permian to
Tertiary. The areal extent and age of the bedrock
are shown in figure 14. Some bedrock units may
yield water to wells; although, the bedrock units
generally have low permeability. Bedrock of
marine origin contains evaporites and saline
water that affect the quality of water in the
overlying aquifer. This is particularly true in

areas underlain by Permian bedrock and areas
south of the Canadian River underlain by Lower
Cretaceous rocks.

Flow System

Climate and geology control the hydrology of
the High Plains aquifer system. Precipitation,
temperature, and soil characteristics limit the
amount of recharge. Lithology, structure, and
topography control ground-water movement and
discharge.

Recharge to the aquifer system, which is
generally unconfined, is entirely from precipita-
tion and seepage from streams. Because evapo-
transpiration greatly exceeds precipitation, little
or no recharge occurs from precipitation except
in areas covered by sandy soil which have high
permeability, low field capacity, and rapid in-
filtration rates.

Recharge on the High Plains is highly
variable. Estimated recharge ranges from 0.024
in./yr in parts of Texas to 6 in./yr in sand-dune
areas in Kansas and Nebraska (Gutentag and
others, 1984). The volume of recharge to the
aquifer system has been estimated by model
simulation (Luckey and others, 1985). The
simulated average annual recharge to the aquifer
system was about 5.7 million acre-ft or 0.6 in./yr
over the entire area of the aquifer system. About

80 percent of the recharge occurs north of 39 -

degrees-latitude where evapotranspiration is low
and dune sands are prevalent.

Ground water in the High Plains aquifer
system generally flows from west to east in
response to the slope of the water table. Based on
regional hydraulic gradient and aquifer proper-
ties, the velocity of water moving through the
aquifer system is about 1 ft/d.

Hydraulic conductivity and specific yield are
the two principal properties that control ground-
water flow in an unconfined aquifer. Both proper-
ties, depending on the characteristics of the
sediments, can vary horizontally and vertically.
The average hydraulic conductivity of the High
Plains aquifer system is about 60 ft/d. For most
(68 percent) of the aquifer area, hydraulic conduc-
tivity ranges from 25 to 100 ft/d, although it may
be as much as 300 ft/d for individual lithologic
units. The specific yield of most (76 percent) of the
aquifer area is 10 to 20 percent, although the
values range from 3 to 35 percent for individual
lithologic units. The average specific yield is
about 15 percent.
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Ground water from the High Plains aquifer
system discharges to streams, springs, and seeps,
and to the atmosphere by evapotranspiration.
Streams that originate in the High Plains
generally are ephemeral in upstream reaches and
perennial where channels are incised into the
water table. Ground-water discharge by
evapotranspiration is greatest in stream valleys
in which phreatophytes grow. In sand hills in
Nebraska, evaporation from numerous lakes
which are hydraulically connected to the aquifer
system may equal or exceed seepage to streams.

Ground-water discharge from the High Plains
aquifer system has been estimated by model
simulation (Luckey and others, 1985). The
simulated annual discharge to streams or lakes
is 2.3 million acre-ft. About 85 percent of the
discharge occurs north of 39 degrees-latitude
where recharge is greatest.

Saturated thickness of the aquifer system
ranges from zero, where the deposits comprising
the aquifer system are unsaturated, to about
1,000 feet in west-central Nebraska. The average
saturated thickness is about 200 feet. About 46
percent of the area underlain by the High Plains
aquifer system has less than 100 feet of saturated
thickness, whereas only 5 percent has more than
600 feet of saturated thickness. The saturated
thickness of the aquifer is greater than 600 feet
only in Nebraska and Wyoming (Weeks and
Gutentag, 1981). Areas where the saturated
thickness of the aquifer system exceeded 200 feet
in 1980 are shown in figure 15.

Salt dissolution has affected the thickness of
the High Plains aquifer system. Many evaporite
beds in the Permian rocks underlying the High
Plains are susceptible to dissolution by ground
water. Sinkholes associated with salt dissolution
have been forming since Permian time. Collapse
structures have been filled by younger material
in large areas in southwestern Kansas,
Oklahoma, and northern Texas.

The volume of water stored in the High Plains
aquifer system depends on the saturated
thickness and specific yield of the aquifer. The
total volume of drainable water in storage (pro-
duct of specific yield, saturated thickness, and
area) in 1980 was estimated to be 3.25 billion
acre-ft (Gutentag and others, 1984). About 65 per-
cent of the water in aquifer storage is in
Nebraska, where recharge and saturated
thickness are greatest because of the presence of
dune sands. About 12 percent of the water in
aquifer storage is in Texas, 10 percent in Kan-

sas, 4 percent in Colorado, 3.5 percent in
Oklahoma, 2 percent each in South Dakota and
Wyoming, and 1.5 percent in New Mexico.

The quality of water in the High Plains
aquifer system generally is suitable for irrigation;
however, the water does not meet U.S. En-
vironmental Protection Agency drinking water
standards in many places. The concentrations of
dissolved solids, fluoride, chloride, and sulfate ex-
ceed recommended limits for drinking-water in
parts of the aquifer in all States (Krothe and
others, 1982).

Most of the water in the High Plains aquifer
system contains 250 to 500 milligrams per liter
(mg/L) of dissolved solids and is a calcium bicar-
bonate type water. Ground water containing more
than 500 mg/L dissolved solids generally is a
mixed type of water, with calcium, sodium,
sulfate, and chloride the most prevalent ions. The
concentration of dissolved solids in water from the
High Plains aquifer system is shown in figure 16.
About 62 percent of the aquifer area contains
water with 250 to 500 mg/L dissolved solids; on-
ly about 3 percent of the area contains water ex-
ceeding 1,000 mg/L dissolved solids, most of which
is in Texas. Generally, concentrations of dissolved
solids are least in areas covered by sand, because
recharge is relatively high and the sand contains
few readily soluble minerals.

Bedrock underlying the aquifer system affects
the chemical composition of water in the aquifer
in parts of all states in the High Plains. In some
areas, water at the base of the aquifer in contact
with bedrock dissolves minerals contained in the
bedrock and transports them through the aquifer
by diffusion or ground-water flow in response to
hydraulic-head differences. In some areas, dissolu-
tion of minerals from reworked bedrock in the
aquifer sediments has affected water chemistry.
In most areas of the High Plains aquifer system,
where the concentrations of dissolved solids ex-
ceed 1,000 mg/L, the chemical composition of the
water is affected by the underlying bedrock.

GROUND-WATER PUMPAGE

Water from the High Plains aquifer system
is the principal source of supply for irrigation in
the area. Rapid development of irrigation in the
High Plains in recent years has made the area
one of the major agricultural regions of the
United States. About 95 percent of all water
pumped from the aquifer system is used for
irrigation.



Ground-water irrigation in the High Plains
was sporadic until the drought of the 1930’s. By
1949, about 2 million acres of land, mostly in
southern High Plains, were irrigated. Center-
pivot irrigation systems, which were adaptable to
sandy soil and rolling terrain, were developed
during the 1960’s. Center pivots made land
available for irrigation that previously was not

suitable, particularly in the northern parts of the
High Plains. About 13 million acres of land were
irrigated in 1978.

Historical Pumpage

Historical information on ground-water
pumpage for irrigation was needed for a ground-
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water flow model. Adequate data on ground-water
pumpage in the High Plains were not available.
Therefore, a method for estimating pumpage from
irrigation requirement was developed (Heimes
and Luckey, 1982). Irrigation requirement is
defined as the volume of water required in addi-
tion to precipitation for all of the irrigated crops
grown in a given area, on the basis of average
climatic conditions.

Irrigated acreage in the High Plains, based
on the census of agriculture of the U.S. Depart-
ment of Commerce (1949-78), is shown in figure
17. The graph shows that the total acreage ir-
rigated by ground water in the High Plains in-
creased from slightly more than 2 million acres
in 1949 to about 13 million acres in 1978. This
rapid increase in irrigated acreage has resulted
in a corresponding increase in ground-water
pumpage.

The Blaney-Criddle formula (U.S. Depart-
ment of Agriculture, 1967) was selected to
estimate irrigation requirement on the High
Plains. Ground-water pumpage was estimated by
adjusting irrigation requirement for the efficiency
of irrigation. The efficiency of irrigation is defined
as the ratio of irrigation requirement to the water
pumped. The efficiency of irrigation generally
ranges from about 40 to 90 percent and depends
on many factors, such as the type of irrigation
system, crop and soil types, and climate. Figure
17 shows estimated ground-water pumpage in the
High Plains assuming an average irrigation effi-
ciency of 65 percent for period 1949-78. Pumpage
for irrigation during 1978 was estimated at about
23 million acre-ft, which is almost 20 million acre-
ft more than the estimated pumpage for irriga-
tion during 1949.

1980 Pumpage Study

The objective of the 1980 pumpage study was
to provide an estimate of the quantity of ground
water withdrawn for irrigation during 1980.
Historical pumpage estimates based on irrigation
requirement were made because measured data
on historical ground-water withdrawals generally
are not available. Calculations of irrigation re-
quirement give reasonable estimates of historical
withdrawals, but changes in irrigation techniques
caused by increased energy costs and decreasing
water availabililty are likely to reduce the ac-
curacy of these estimates. Consequently, a sam-
pling program was designed to provide an
estimate of ground-water withdrawal for irriga-
tion during 1980 based on measured data. A pilot

24 24
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B Acreage
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Figure 17.—Acreage irrigated by ground water and
estimated ground-water pumpage in the High Plains,
1949-78.

program was conducted in 1979 to test methods
and instrumentation for application to the 1980
pumpage-sampling program (Luckey and others,
1980; Heimes and Luckey, 1980).

The 1979 pilot program was designed to: (1)
develop a statistical approach to sampling
ground-water pumpage for irrigation, (2) test in-
strumentation and develop procedures for
measuring the annual volume of ground water
pumped from selected irrigation wells, (3) deter-
mine the relation between the annual volume of
ground water pumped and the acreage irrigated,
and (4) develop a suitable approach to map ir-
rigated cropland for the entire High Plains in
order to extend the sampled information.

For the pilot program, the stratified random
sampling technique was used to select 250 sites
in two areas. Sites were stratified by crop and by
area. The annual volume of ground water pumped
at each site was computed by multiplying the
pumping rate by the total time of pumping. Dur-
ing the pilot program, various approaches were
evaluated for mapping the irrigated cropland.

For 1980, 15 counties, strategically located
throughout the High Plains, were selected for
data collection, and sampling sites were selected
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randomly within the counties (Heimes and
Luckey, 1983). Discharge from wells, time-of-
pumping, crop type, and crop-acreage data were
collected at each of the sampling sites during the
growing season. These data were used to compute
the average depth of water applied at each site.
The relation between irrigation requirement
calculated using the Blaney-Criddle formula, and
the sampled water application were used to
estimate water application in unsampled areas of
the High Plains. Estimates of application were
combined with 1980 irrigated-acreage data to
calculate the volume of water pumped during the
1980 growing season.

Irrigated acreage for the 1980 growing season
was compiled using Landsat imagery. Fifty-nine
Landsat scenes covering the High Plains were
analyzed by computer to separate irrigated
cropland from other land-cover categories.
Estimates of irrigated acreage, derived from the
computer classification of Landsat data, subse-
quently were aggregated into cells of 1-minute
latitude by 1-minute longitude (1-minute cells).
This aggregation made the irrigated-acreage data
compatible with other hydrologic and geologic
data compiled for this study. Data for the
1-minute cells were aggregated to estimate ir-
rigated acreage for 1-degree cells.

The volume of ground water pumped for ir-
rigation was computed by multiplying the water
application by irrigated acreage. The volume of
ground water pumped for irrigation was then
estimated for each 1-degree cell, and summed up

by State. The estimated volume of water pumped
in 1980 for irrigation by State is summarized in
table 1. The estimated total volume of water
pumped during the 1980 growing season was
17,817,000 acre-ft which was applied to
13,385,000 acres. Three States (Kansas,
Nebraska, and Texas) accounted for about 88 per-
cent of this pumpage. Texas, which accounts for
20 percent of the area and 29 percent of the total
pumpage, was the most densely irrigated area.
South Dakota, which accounts for 2.7 percent of
the area, but only 0.1 percent of the total pum-
page, virtually was unirrigated.

Irrigation requirement in the High Plains
generally is much larger than the amount of
ground-water recharge. Consequently, pumpage
for irrigation in large parts of the High Plains
greatly exceeds the recharge rate, and water
levels in these areas are declining.

Water-Level Changes

Water-level changes from predevelopment to
1980 in the High Plains aquifer system are shown
in figure 18. Areas of water-level decline caused
by irrigation pumpage are found in all States ex-
cept South Dakota, where irrigation development,
relative to other High Plains States, is sparse.
The largest area of water-level declines exceeding
50 feet occurred south of the Canadian River in
New Mexico and Texas. The maximum water-
level decline in the High Plains of nearly 200 feet,
occurred south of the Canadian River in Floyd
County, Texas (Luckey and others, 1981).

Table 1.—Estimated irrigated acreage and volume of ground water pumped for irrigation in areas of the High Plains during
the 1980 growing season

Area of High Plains aquifer

Irrigated acreage

Volume of ground-

State system within State during 1980 water pumped
{square miles) {acres ) (acre-feet)
Colorado 14,800 767,000 985,000
Kansas 30,500 2,795,000 4,215,000
Nebraska 63,660 5,101,000 6,240,000
New Mexico 9,450 325,000 519,000
Oklahoma 7,350 389,000 540,000
South Dakota 4,750 20,000 24,000
Texas 35,450 3,878,000 5,169,000
Wyoming 8,000 110,000 125,000
Total \, 174,050 13,385,000 17,817,000
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North of the Canadian River, water levels
have declined more than 50 feet in parts of Texas,
Oklahoma, and Kansas. Water levels have de-
clined 10 to 50 feet in large areas in eastern Col-
orado, western Kansas, and southern Nebraska.
Water-level declines in these areas are less
severe, primarily because irrigation started later.

Water-level rises in Nebraska (fig. 18) are due
to recharge from surface-water irrigation. In Kan-
sas and Oklahoma, water-level rises probably
represent recovery from abnormally low water
levels during the drought of 1933-40. In Texas,
the water-level rise is attributed to the clearing
sandy soil of native vegetation for cultivation,
resulting in increased recharge.

‘Significant declines in water levels (more
than 10 feet) have occurred in 29 percent of the
area underlain by the aquifer system, and signifi-
cant rises in water level (more than 10 feet) have
occurred in only 1 percent of the aquifer area. A
total of 50,000 mi® (32 million acres) of the aquifer
area have had water-level declines in excess of 10
feet, and more than 12,000 mi? (7.7 million acres)
have had water-level declines in excess of 50 feet.

Saturated-Thickness Changes

Changes in saturated thickness of the High
Plains aquifer system (in percent) from
predevelopment to 1980 are shown in figure 19.
Changes in saturated thickness are important
because large changes in saturated thickness may
affect well yield and pumping cost, or cause par-
tially penetrating wells to go dry.

Two areas with significant increases in
saturated thickness (greater than 10 percent) oc-
cur in Nebraska (fig. 19). In each of these areas,
recharge to the aquifer system from surface-water
irrigation has resulted in an increase in saturated
thickness of more than 10 percent. Saturated
thickness has increased more than 10 percent in
one area in Texas. In this area, recharge to the
aquifer system has increased because of land-use
changes.

Areas of significant decreases in saturated
thickness generally are found where the aquifer
system has been pumped for irrigation for many
years. Saturated thickness has decreased more
than 25 percent in one-quarter of the High Plains
of New Mexico and Texas where large-scale ir-
rigation began in the 1930’s. Saturated thickness

also has decreased more than 25 percent in parts

of Kansas and Oklahoma.

In Colorado, northwestern Kansas, Nebraska,
and Wyoming, most of the irrigation has taken
place since 1960. Saturated thickness decreased
10 to 25 percent in areas of Colorado and Kan-
sas, and in a smaller area of Nebraska (fig. 19).
In these areas, ground-water pumpage is begin-
ning to reduce saturated thickness significantly,
and well yields may decline in the future.

Significant (greater than 10 percent) in-
creases in saturated thickness have occurred in
only 1 percent of the aquifer area mostly in
Nebraska (about 1,700 mi® or 1.1 million acres).
Significant decreases (more than 10 percent) in
saturated thickness have occurred in 25 percent
of the area, (about 44,000 mi? or 28 million acres);
saturated thickness has decreased more than 25
percent in 14,000 mi? (9 million acres). About 166
million acre-ft of water have been removed from
aquifer storage since pumping began. About 16
percent of this decrease in aquifer storage has oc-
curred in Kansas and 70 percent has occurred in
Texas. No significant regional changes in
saturated thickness of the High Plains aquifer
system have occurred in South Dakota.

FLOW MODELS

The High Plains aquifer system was divided
into three parts for simulation by digital models
of ground-water flow as shown in figure 20. The
southern High Plains subdivision includes most
of the area (29,000 mi®) south of approximately
35 degrees-latitude, the central High Plains sub-
division includes the area (48,500 mi?) between
35 and 39 degrees-latitude, and the northern High
Plains subdivision includes the area (96,500 mi2)
north of 39 degrees-latitude. A narrow strip, ap-
proximately 12 miles wide, joins the southern and
central High Plains subdivisions; another strip,
approximately 32 miles wide, joins the central
and northern High Plains subdivision (fig. 20).

Model Development

The flow models used in this study can
simulate two-dimensional ground-water flow in
a heterogeneous, isotropic, unconfined aquifer.
Two-, rather than three-, dimensional ground-
water flow models were used because, on a
regional scale, the vertical components of flow in
the aquifer system were so small that they could
be neglected. The models have a network of nodes
spaced 10 miles apart in both the north-south and
east-west directions. Four categories of informa-
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tion were needed for the flow models: (1) aquifer
geometry (vertical and areal extent of the aquifer
system); (2) boundary conditions; (3) aquifer
parameters (hydraulic conductivity and specific
yield); and (4) stresses on the aquifer (recharge
and discharge). In addition, some simulations re-
quired an initial water-level configuration. All
the data were stored in a data base designed to
provide input to the model (Luckey and Ferrigno,
1982). The models integrate all of the input data
and generate a water-level configuration and
water budget for the aquifer system (Luckey and
others, 1985). '

Model Sensitivity

Sensitivity analyses were performed on the
flow models to determine how changes in different
model input parameters affect the simulation
results (Luckey and others, 1985). The sensitivity
analyses for the predevelopment-period models in-
dicated that the models were about equally sen-
sitive to changes in recharge and changes in
hydraulic conductivity. The analyses further in-
dicated that these two model inputs are highly
interrelated and as long as an increase in one is
accompanied by a similar increase in the other,
the simulations will have a small mean residual
between observed and calculated water levels.
Hence, the models could be used to accurately
estimate recharge only if the hydraulic conduc-
tivity is know accurately or vice versa. The
development-period models are sensitive to
changes in net pumpage and specific yield and in-
sensitive to hydraulic conductivity. Specific yield
and net pumpage are also highly interrelated and
one cannot be accurately determined through a
model analysis unless the other is accurately
known.

Calibration of the predevelopment-period
models provided the initial conditions for the
calibration of the development-period models.
Likewise, calibration of the development-period
models for the southern, central, and northern
High Plains can be used as the initial conditions
for projecting future water levels.
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COMPLETED PHASE | REGIONAL AQUIFER-SYSTEM ANALYSIS PROJECTS

NORTHERN GREAT PLAINS REGIONAL AQUIFER-SYSTEM STUDY

By George A. Dinwiddie, Reston, Virginia, and Joe S. Downey, Denver, Colorado

INTRODUCTION

The study area of the Northern Great Plains
regional aquifer system is about 250,000 mi? and
includes North Dakota and parts of South
Dakota, Montana, Wyoming, and Nebraska (fig.
21). It is bounded on the west by the central and
northern Rocky Mountains, on the east by the
Red River of the North, on the south by the cen-

tral High Plains, and on the north by the United

States-Canadian border. The Northern Great
Plains mostly is underlain by sandstone, shale,
and some evaporite deposits. The principal
aquifers generally crop out along the flanks of the
Williston and Powder River basins and along
other major structural features (fig. 22).

Ground water generally flows northeastward
across the study area. The source of recharge is
precipitation in topographically high areas near
the Black Hills uplift, Bighorn Mountains, the
eastern flank of the northern Rocky Mountains,
and other major structurally high areas. Ground
water mostly discharges into topographically low
areas of eastern North Dakota and South Dakota
and occurs as outflow into Canada. Some ground-
water discharge also occurs as diffuse upward
leakage into overlying aquifers.

Flow characteristics vary significantly be-
tween the dominantly carbonate aquifers of
Paleozoic age (such as the Madison Limestone)
and the dominantly clastic aquifers of Mesozoic
age (such as the Dakota Sandstone) and Cenozoic
age. Potential for flow moving among aquifers ex-
ists near recharge and discharge areas and in the
interior part of the study area, where hydraulic
heads vary significantly between aquifers.

Development of ground-water supplies in the
Northern Great Plains will be needed for the
growth of energy resources, power generation, in-

dustrial expansion, increasing irrigation, and
domestic and municipal water use. Streamflow
has historically satisfied many of the water needs;
however, surface water is fully appropriated in
much of the area and is not always a dependable
source because streamflows are extremely
variable. Long-term, large-scale water needs re-
quire the development of ground water.

The Madison Limestone aquifer study, a
federally funded program initiated in 1975, was
designed to address the problems of water sup-
plies associated with development of coal
resources and the proposed coal-slurry pipelines
in the Fort Union coal region (fig. 21). The North-
ern Great Plains regional aquifer system study,
started in 1978 for the purpose of studying the
aquifer system regionally underlying the North-
ern Great Plains; subsequently, the Madison
Limestone aquifer study was merged into the
Northern Great Plains regional aquifer system
study which was completed in 1982. Significant
results of the study are briefly discussed below.

GEOHYDROLOGY AND MODEL SIMULATION

The Northern Great Plains aquifer system is
one of the largest confined systems in the United
States, extending more than 600 miles from
mountainous recharge areas in Montana, Wyom-
ing, and South Dakota to discharge areas in
eastern Dakotas and the Canadian Province of
Manitoba. Five major aquifer systems were iden-
tified in the Northern Great Plains. In descending
order, they are: the Upper Cretaceous aquifer
system which mostly includes sediments of Late
Cretaceous age but also includes the surficial
glacial and Tertiary sediments; the Lower
Cretaceous aquifer system; the Pennsylvanian
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Figure 21.—Study area of the northern Great Plains regional aquifer system.

aquifer system; the Mississipian (Madison
Limestone) aquifer system; and the Cambrian-
Ordovician aquifer system. The relation between
the aquifer systems is shown in figure 23. All
aquifer systems crop out and receive recharge in
the highlands in the western part of the study
area. Recharge also occurs in outcrop areas
around the Black Hills uplift in South Dakota.
The major recharge area for the Mississippian
aquifer system (Madison Limestone) in the Black
Hills uplift area is a plateau on the west flank
of the Black Hills uplift where the limestone con-
tains many caves and sinkholes. The Wyoming
State Engineer’s Office (1974) states that the

recharge in this plateau area (187,000 acres) is
about 6.8 in./yr or about 146 ft%/s. Virtually all
streams lose a part of flow as they cross the
aquifer-system outcrop areas (Swenson, 1968;
Wyoming State Engineer’s Office, 1974).
Streamflow measurements on several
streams located at the east side of the Black Hills
uplift indicate that as much as 10 {t*/s of flow is
lost from streams crossing the outcrop of the
Mississippian (Madison Limestone) aquifer
system (Swenson, 1968). Prior to sealing stream
channels in 1937, about 100 ft3/s of estimated
streamflow loss was reported by Powell (1940).
Based on similar aquifer lithology and degree of
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weathering, it is reasonable to assume that most
streams at the western mountainous areas, such
as the Bighorn Mountains, could lose nearly the
same amount of flow, 100 ft%s, as the streams
cross the comparable outcrop areas of rocks of
Paleozoic age.

Recharge enters the Lower Cretaceous
aquifer system either by precipitation in the out-
crop areas or by upward leakage from underlying
aquifers. Miller and Rahn (1974) reported that
about 0.8 in./yr of water was recharged in outcrop

110°

areas of Lower Cretaceous sandstone near the
Black Hills uplift. Assuming an outcrop area for
the Lower Cretaceous aquifer system of about 334
mi? (H. L. Case, U. S. Geological Survey, written
commun., 1982), approximately 20 ft®/s of water
could recharge the Lower Cretaceous aquifer
system. Recharge from streamflow loss probably
is small in the Black Hills uplift area. Brown
(1944) noted that no loss in streamflow could be
detected from gaged streams that cross the out-
crop of the Cretaceous rocks, in contrast to water
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Figure 22. —Structural and physiographic features of the northern Great Plains (modified from Peterson, 1981).



losses to the Paleozoic rocks; therefore, most of
the recharge of the Cretaceous aquifer system pro-
bably is from the underlying Paleozoic rocks.

Although surface-water data indicate that
large quantities of water enter the five aquifer
systems along outcrop areas in the western
highlands, not all this water recharges the deep,
regional flow system and flows eastward to
discharge areas. A large part of the recharged
water discharges within short distances through
springs and seeps along the flanks of the moun-
tains (Swenson, 1968; Rahn and Gries, 1973; and
Hodson, 1974) the remainder eventually enters
‘the regional flow system.

On the basis of simulation, the conceptualized
flow pattern of the five aquifer systems is shown
in figures 24-30. Recharge rates shown in figures
25-29 are of the water that recharges the deep
regional flow system. Water in the Upper

Cretaceous aquifer discharges toward the
Missouri River or upward to the overlying sur-
ficial aquifers (figs. 24). Discharge from the Lower
Cretaceous aquifer system is mainly upward to
overlying aquifers in eastern North Dakota and
South Dakota and to the subcrop of the Lower
Cretaceous aquifer system in the glacial Lake
Agassiz basin of North Dakota (figs. 25 and 29).
Discharge from aquifer systems consisting of
rocks of Paleozoic age—the Pennsylvanian aquifer
system, the Mississippian (Madison Limestone)
aquifer system, and the Cambrian-Ordovician
aquifer system—principally is upward to the
overlying aquifers and to the Red River of the
North. However, in eastern North Dakota,
ground water in the Pennsylvanian aquifer
system flows downward into the Cambrian-
Ordovician aquifer system and then discharges
to the Red River of the North or to land surface
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Sea level L
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Figure 23. — Diagrammatic cross section from ground-water recharge area to discharge
area showing relation of aquifers and confining units underlying the northern Great
Plains, from south-central Montana to east North Dakota.
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115° 110° 105° 100° 95°

1
i
\ Lake

‘zt"'o,da Winnipegosis

%, i
le

‘

&

\ Lake
\ anitoba

<A

SASKATCHEWAN

50°

|

1

\ —
\
s

-

\ Glacial
\ Lake
l\Agauiz

ot \

i
1
IDAHO ’
1
(]
- - - ]
Gr. O %
e
Sl I (9 b N Lagge NEBRASKA Q
Lake 1. } River
s—-——r___h_______ ___] '8-/_‘_—
b ! SCALE 1:10,000,000 ' %, B
UTAH I 0 100 200 MILES ! e ee— 7
L 1 J -
) == S
! 0 100 200 KILOMETERS . KANSAS !
I , ' 1 | | i
EXPLANATION
RECHARGE AREA -- Generally areas of ground- DISCHARGE AREA -- Approximate areas of principal
water recharge. Numbers represent rate ground-water discharge. Numbers represent
of recharge in cubic feet per second rate of discharge in cubic feet per second

Discharge to Lower Cretaceous aquifers

Recharge in highlands

BRINE AREA -- Areas within which the total Discharge to underlying Cambrian and
AR dissolved solids in ground water is greater -2 771 Ordovician aquifers
than 100,000 milligrams per liter GEOLOGIC STRUCTURE - Locations of paleostruc-
>1> GENERAL DIRECTION OF GROUND-WATER FLOW tures that may affect the flow of ground water

APPROXIMATE STUDY AREA OF THE NORTHERN
GREAT PLAINS REGIONAL AQUIFER SYSTEM

APPROXIMATE LIMIT OF MADISON LIMESTONE

Figure 27. —Regional flow in the Mississippian (Madison Limestone) aquifer system (AQ2) underlying the northern
Great Plains.

57



58

115° 110° 105° 100° 95°
T T T T T 7
4 1 1 2
W e | \ MANITOBA  /
g X ake Winnepeg //
< I' ‘
ALBERTA i ONTARIO
" SASKATCHEWAN
1

—-\""(—:&NADA NNNNNNNNN
UNITED S NSNNNNNNN

45°

. 3| I _] il
w0 ! SCALE 1:10,000,000 | % >
UTAH I 0 100 200 MILES i____ i e S T
L 1
] 1
! 0 100 200KILOMETERS ! KANSAS ;
| | | ] | |k
EXPLANATION :
RECHARGE AREA -- Generally areas of ground- DISCHARGE AREA -- Approximate areas of principal
water recharge. Numbers represent rate ground-water discharge. Numbers represent
of recharge in cubic feet per second rate of discharge in cubic feet per second

Recharge in highlands
Recharge from aquifers overlying
Mississippian

BRINE AREA -- Areas within which the total
dissolved solids in ground water is greater —=> GENERAL DIRECTION OF GROUND WATER FLOW
than 100,000 milligrams per liter —— APPROXIMATE LIMIT OF CAMBRIAN-
APPROXIMATE STUDY AREA OF THE NORTHERN ORDOVICIAN ROCKS
GREAT PLAINS REGIONAL AQUIFER SYSTEM =——=—  APPROXIMATE LIMIT OF ORDOVICIAN ROCKS

Discharge to land surface

GEOLOGIC STRUCTURE -- Locations of paleostruc-
tures that may affect the flow of ground-water

Figure 28.—Regional flow in the Cambrian-Ordovician aquifer system (AQ1) underlying the northern Great Plains.



through springs where aquifer systems consisting
of rocks of Paleozoic age crop out.

Because of the slow rate of movement of
ground water indicated by model simulation (figs.
31 and 32) and the short length of time (12,000
to 14,000 years) since ice covered southern
Manitoba of Canada, it is possible that the water
being discharged from the Paleozoic rocks
through springs is a mixture of brine from the
deeper part of the aquifer systems and glacial
meltwater that recharged the aquifer systems
while it was covered by glacial ice. The range in
concentrations of dissolved solids indicates that
the water may be a mixture of three flow com-
ponents: (1) flow from the brine area, (2) water

NOTE: Ground water leaves the area through

recharged from the Pleistocene glacial ice, and (3) |
. freshwater flowing from the south along a flow

path from the Black Hills uplift (fig. 22). Van
Everdingen (1968) estimated that about 0.1 ft%/s
of water having concentrations of dissolved solids
ranging from 29,000 to 63,000 milligrams per
liter (mg/l) was discharging from springs along
the outcrop of the Paleozoic rocks. The dominant
ions are sodium and chloride.

A body of brine is located at the eastern flank
of the Williston basin (figs. 22, 26-28 and 33)
where movement of ground water is sluggish (figs.
31 and 32). Three hypotheses concerning move-
ment of ground water and the brine are:

(1) The brine is static.
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Figure 29. — Generalized hydrogeologic cross section showing general ground-water
flow patterns in the northern Great Plains regional aquifer system.
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(2) The brine is a very slow-moving segment of
the regional ground-water flow.

(3) The brine is moving as part of the adjust-
ment of the flow system to the melting of
the Pleistocene ice.

The first hypothesis is similar to that de-

scribed by Hubbert (1969) in which freshwater
flowing through a synclinal structure comes into

2000

1000 :

Sea level

-1000 &

—2000

contact with static, dense brine along a sharp
fluid interface. Hubbert shows that a body of
saline water under these conditions does not lie
uniformly in the deepest part of the structure but,
rather, is displaced upward along the base of the
outflow flank. That is, while the inflow flank is
occupied by moving freshwater, the outflow flank
contains static brine in the lower part of the
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Figure 30. — Generalized hydrogeologic cross section showing ground-water discharge from aquifers consisting of rocks
of Paleozoic to Mesozoic age underlying the northern Great Plains (modified from Swenson, 1968). Line of section shown

in figure 22,



aquifer and moving freshwater above. The flow
of freshwater in the Williston basin is around the
dense brine area as well as above, reflecting that
the structure is actually a basin rather than a
simple syncline. The flow above the brine ap-
parently is by upward leakage to the overlying
aquifers rather than within the upper part of the
Mississippian aquifer system. However, simula-
-tions of the flow system containing variable-
density fluids indicate that the brine in the
Mississippian aquifer system is not completely
static as assumed in Hubbert’s hypothesis.

Simulation shows that consistent flow with
low velocity flows eastward and northeastward,
through the brine body, in both the Cambrian-
Ordovician and Mississippian aquifer systems.
This suggests that a small component of the
regional flow actually moves directly across the
Williston basin from west to east, through the
areas containing the brine, thus supporting the
second hypothesis. This interpretation probably
explains the origin of the brine, which can be at-
tributed to dissolution of salt from beds of halite
as ground water flows through the Williston
basin, as described by Grossman (1968). The pro-
cess of dissolution of halite is enhanced by in-
creasing water temperature with depth. Water
having higher salinity usually is found in regions
of high temperature. Reduction in salinity in up-
dip areas on the eastern flank of the Williston
basin is presumably due at least in part to
precipitation of halite associated with cooler
temperature, although dilution by freshwater un-
doubtedly also is a factor. Precipitation of halite
reduces permeability gradually over a long period
of time and tends to decrease the ground-water
flow velocity. Although some flow exists, flow
velocity within the Williston brine area appears
to be very low and nearly static. Flow velocity is
extremely low relative to those elsewhere in the
aquifer system, and most of the freshwater flow
seems to be deflected around the body of the brine
to the north or south or discharges upward
through the confining units into overlying
aquifers. Thus, both the hydraulics and the den-
sity distribution seem to be fairly close to those
that would be expected in a system containing a
body of static brine.

Concerning the third hypothesis regarding
brine movement, the brine would have been set
in motion at the end of the Pleistocene glaciation,
seeking a new equilibrium with recharge and
discharge. This readjustment could still be in pro-
gress, thus contributing to the apparent move-

ment of the brine. However, flow velocity com-
puted from simulation suggests that a simple flow
across the Williston basin is more likely than the
adjustment of the brine body to hydrologic
changes of the Pleistocene glaciation.

In summary, the second hypothesis, that the
brine represents a sluggish segment of the
regional ground-water flow across the Williston
basin, seems to agree best with simulations and
field data. The origin of the brine appears to have
been the dissolution of halite. As the density of
the brine increases, freshwater is diverted around
the brine to the north and south or discharges up-
ward into overlying aquifers. Although the second
hypothesis seems reasonable, the other

"hypotheses probably also can explain the field

situation to some degree. The configuration of the
brine on the outflow side of the Williston basin,
and the generally low velocity, approximate the
static conditions of the brine described by Hub-
bert (1969), even though the brine is not thought
to be completely static. Distribution of water hav-
ing high salinity may shift slightly in response
to hydrologic changes at the end of the Pleistocene
glaciation.

Saline water is found also in other parts of
the study area—for example, in deeper parts of
the Powder River basin—although not at the con-
centrations encountered in the Williston basin.
However, similar processes presumably control
the distribution and movement of the saline
water.

Because the highland recharge areas were
not covered by major ice during the Pleistocene
(ice was generally limited to the area north and
east of the Missouri River), recharge continued
to be available to the underlying aquifers.
Therefore, dissolution of halite along the western
edge of the Williston basin probably existed
during the glaciation period. Because of the short
geologic time periods and low flow velocity, the
brine resulting from dissolution of halite probably
would not leave the hydrologic system but would
tend to remain in the same general location
shown in figures 27 and 28.

It has been noted that recharge and discharge
may have been significantly different during the
Pleistocene glaciation. Such hydrologic variation
may affect the regional ground-water flow pat-
tern. Evidence of the presence of water at the base
of the continental ice has been discussed by Robin
(1955), McGinnis (1968), Weertman (1972), and
Downey (1983). The water is the result of melting
at the base of the ice because of geothermal and
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frictional heat. McGinnis (1968) estimated that
the heat available to a temperate ice sheet from
the geothermal and frictional heat could produce
about 0.32 ft*/yr of meltwater per square foot of
ice surface. During the late Pleistocene, the con-
tinental ice covered an area of about 121,500 mi?
in the Northern Great Plains. Based on 0.32 ft?/yr
per square foot of ice surface, about 7 mi®/yr of
water were available to recharge the underlying
aquifers. The water would be under significant
hydrostatic pressure from the weight of the
overlying ice.

Widespread recharge to aquifers must have
existed in the areas covered by the continental
ice. The configuration of ice over the Northern
Great Plains varied during the Pleistocene (Flint,
1971), and the resulting distribution of recharge
similarly would also have varied. Highlands to
the west of the study area that form the present
recharge areas would presumably also be the
recharge areas prior to glaciation, as well as dur-
ing glacial and interglacial periods of the
Pleistocene. However, during periods of strong
glacial advance, recharge would also occur over
the northern and eastern parts of the study area.
The regional ground-water flow under these con-
ditions must have been to the south toward the
only available discharge areas. With successive
retreats and advances of the continental ice, direc-
tions of regional ground-water flow probably
varied accordingly, generating a complex history
of ground-water movement. However, dissolution
of halite in the deeper parts of the Williston basin
must have occurred throughout the flow history,
and velocity of ground-water movement in the
areas of brine accumulation must have been low
regardless of the variation of the flow directions.
Hypothetical calculation shows that repeated
changes in flow directions would probably have
no major effects on the location of the high-
salinity water. In terms of the deep brine, the
glacial changes probably caused some minor tran-
sient disturbances but no major redistributions
of the brine.

In summary, the flow pattern prior to glacia-
tion was presumably similar to that at present,
sustained by recharge in highlands to the west.
Glaciation produced repeated variation of flow
directions, but, in general, the glaciation did not
cause major changes in distribution of the brine.

The Cambrian-Ordovician aquifer system,
like the Mississippian (Madison Limestone)
aquifer system, contains dense brine on the
eastern flank of the Williston basin (fig. 27) and

has freshwater flowing around the brine to the
northeast. The Cambrian-Ordovician aquifer
system apparently discharges partly to a number
of saline lakes in eastern North Dakota. The com-
ponent of flow to the north and east of the
Williston basin is, accordingly, larger than in the
Mississippian (Madison Limestone) aquifer
system. The hypothesis of discharge to saline
lakes is supported by several factors. The lakes
lie in the eastern discharge area of the Cambrian-
Ordovician aquifer system and are associated
with depressions that overlie deposits of fine sand
and gravel (fig. 34). The origin of these lake
depressions has been attributed to artesian water
discharging from deep aquifer systems (Laird,
1944). A supporting hypothesis (Downey, 1969, p.
12) suggests that, during Pleistocene glaciation,
meltwater from the base of the ice sheet (Gow and
others 1968; McGinnis, 1968) was forced into the
underlying Mesozoic-Paleozoic aquifer systems by
hydrostatic pressure. Upon deglaciation, the
hydrostatic pressure was removed, allowing large
quantities of water to move rapidly out of the
systems. This rapid movement of water through
overlying sediments resulted in erosion of the
overlying sediments, forming the depressions in
which the lakes exist today.

Geologic evidence and water chemistry sug-
gest that these lakes now function as drains for
the regional ground-water flow system. Test
drilling indicates that thick deposits of glacial
sand and gravel underlie the depressions and are
hydraulically connected with the underlying
Paleozoic aquifer systems (Downey, 1973).
Chemical analyses of water samples taken from
the test holes and lakes (Downey, 1971) indicate
a chemical similarity to the water taken from the
Cambrian-Ordovician aquifer system. These
analyses indicate that the water is able to move

-upward from the Paleozoic aquifer systems

through the glacial sand and gravel deposits to
discharge points at bottoms of the lakes.
Vertical leakage through confining units are
major contributors to ground-water discharge.
Leakage occurs both through the confining units
and along fractures associated with lineaments
in the confining units (Weimer and others, 1982).
Confining units are not present everywhere,
having been removed by erosion or absent
because of nondeposition. In those areas where a
confining unit is absent, such as in eastern South
Dakota, good hydraulic connection exists between
aquifer systems, and one aquifer system may
discharge to an adjoining aquifer system at a rate
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lying the northern Great Plains.
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that is dependent on head differences between the
two aquifers and their vertical hydraulic conduc-
tivities. Where a confining unit is thick and un-
fractured, leakage through the confining unit will
be low. Leakage along fractures is dependent on
the degree of fracturing, cross-sectional area of
the fractures, and interconnection among
fractures.

Geochemical facies maps for the Cambrian-
Ordovician, Mississippian, Pennsylvanian, and
Lower Cretaceous aquifer systems have been used
to indicate areas where upward leakage is oc-
curring. Similar water types at the same location
in adjoining aquifers suggest that water is able
to move between the two aquifers through con-
fining units. This type of geochemical data is of
value in adjusting vertical leakage of the con-
fining units in simulation.

Except where they are fractured, beds of
halite are considered to be impermeable.
Geochemical evidence (J. F. Busby, U. S.
Geological Survey, written commun., 1982) in-
dicates that there is extensive leakage between
the Cambrian-Ordovician, Mississippian, and
Pennsylvanian aquifer systems and that low ver-
tical permeability of Triassic and Jurassic forma-
tions limits the upward leakage between the
Paleozoic aquifer systems and the Mesozoic
aquifer systems. This suggests that extensive
development of the Paleozoic aquifer systems pro-
bably would not affect the Mesozoic aquifer
systems in most of the study area within a
reasonable time frame (40 years).

Future development of the regional aquifer
system in the Northern Great Plains should take
into account that part of the water withdrawn
from wells may come from storage in the con-
fining unit except where a confining unit is ab-
sent or highly fractured. The quality of water
from the confining units may be entirely different
from the quality of water from the aquifer
systems. _

Leakage between the Mississippian aquifer
system and the Lower Cretaceous aquifer system
in eastern South Dakota has been noted in
several studies (Swenson, 1968) and was the basis
for Swenson’s theory of recharge to the artesian
basin of the Dakotas. He proposed that water
enters the Madison Limestone in the Black Hills
uplift area, moves generally eastward across ap-
proximately two-thirds of the State of South
Dakota, and is discharged vertically through con-
fining units to the Lower Cretaceous aquifer
system.

In the area of high upward leakage from the
underlying aquifers to the Lower Cretaceous
aquifer system, the confining unit between the
underlying aquifer system and the Lower
Cretaceous aquifer system is thin or absent.
Geochemical facies maps indicate that water from
the Pennsylvanian aquifer system is similar to
water in the underlying Mississippian aquifer
system and that vertical leakage is occurring be-
tween these two aquifer systems. Swenson (1968)
indicates that the chemistry of the water from the
Lower Cretaceous (Dakota) aquifer system is also
similar to waters in the Mississippian and Penn-
sylvanian aquifer systems in the area of high up-
ward leakage.

Simulation indicates that the theory ad-
vanced by Swenson (1968) concerning the ground-
water flow of the Lower Cretaceous aquifer
system in South Dakota is basically correct. Ad-
ditional geochemical data (K. D. Peter, U.S.
Geological Survey, written commun., 1982) also
support the conclusion that water is moving up-
ward from the Mississippian and Pennsylvanian
aquifer systems into the Lower Cretaceous
aquifer system in eastern South Dakota and
North Dakota.

Geologic structure appears to be an important
control (Weimer and others, 1982) on the rate and
direction of ground-water movement in the Nor-
thern Great Plains. For example, the Casper
Mountain fault (fig. 22) appears to prevent
ground-water flow to the south from the Powder
River basin, and the major fault system bounding
the Bighorn Mountains on the east limits
recharge to the Powder River basin. Recharge
from the Bighorn Mountains appears to be chan-
neled by geologic structures associated with ma-
jor zones of lineaments and moves northeastward
(figs. 26-28) across the northern part of the
Powder River basin, south of the Cedar Creek an-
ticline, to join the flow system recharged from the
Black Hills uplift area. This flow system con-
tinues around the southern part of the Williston
basin northeastward to the discharge area in nor-
theastern North Dakota and eastern Manitoba of
Canada. The Weldon-Brockton fault zone (fig. 22)
appears to act as a major channel for ground
water movement (figs. 27-28) from the Big Snowy
Mountains and associated highlands in Montana
to discharge areas in Canada north of the
Williston basin.

Simulated drawdowns in selected aquifers
after a hypothetical pumping for 5.9 years at a
rate of 27.9 ft¥/s (18 Mgal/d) from the Mississip-



pian aquifer system (Madison Limestone) with an
assumed uniform storage coefficient of 2.0 x 10®
indicate the degree of hydrologic connection
among the aquifer systems. The pumping of the
Mississippian aquifer (Madison Limestone)
system results in large drawdowns in the overly-
ing Pennsylvanian aquifer system and much
larger drawdowns in the underlying Cambrian-
Ordovician aquifer system, (figs. 35-36).

The digital model developed for the Northern
Great Plains regional aquifer system may be used

to evaluate the regional effects of planned
development schemes (Downey and Paulson,
1974). However, the accuracy of evaluations
depends on the accuracy of the data used in the
model. During the Northern Great Plains
regional aquifer system study, the accuracy of
hydraulic-head data varied greatly from one area
to another; therefore, the error range of the
simulations is quite large. The other aquifer
parameters such as hydraulic conductivity and
storage coefficient were all estimated.
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COMPLETED PHASE 1 REGIONAL AQUIFER-SYSTEM ANALYSIS PROJECTS

NORTHERN MIDWEST REGIONAL AQUIFER-SYSTEM STUDY

By Harley L. Young, Donald . Siegel, Richard ). Mandle,
and Angelo L. Kontis, Madison, Wisconsin

INTRODUCTION

The Northern Midwest regional aquifer-
system study was started in 1978 and completed
in 1984. The study was designed to investigate
the hydrogeology, ground-water availability, and
chemical quality of the ground water in an
aquifer system consisting of rocks of Cambrian
and Ordovician age, in parts of Illinois, Indiana,
Iowa, Minnesota, Missouri, and Wisconsin (fig.
37), and to describe the regional interaction of all
components of the aquifer system (Steinhilber and
Young, 1979). This aquifer system is referred to
as the Cambrian-Ordovician aquifer system in
this report. The rocks forming the aquifer system
are mainly sandstone and dolomite. The aquifer
system is used extensively for industrial and
rural water supplies in the six states and is the
primary source of water for many metropolitan
areas. The study area is about 161,000 mi? and
its border delimits either the natural physical or
hydrologic boundaries of the aquifer system.

The aquifer strata were deposited in shallow
seas that encroached on the Precambrian rock
surface, which slopes generally southward from
Minnesota and Wisconsin, but eastward from
eastern Wisconsin, Structural basins are located
in southwestern Iowa, south-central Illinois, and
Michigan. The aquifer system crops out in an arc
around the Wisconsin Arch and thickens toward
the basins where it is deeply buried beneath
younger sedimentary rocks (fig. 37). The aquifer
system contains three distinct aquifers—St. Peter-
Prairie du Chien-Jordan aquifer, Ironton-
Galesville aquifer, and Mount Simon aquifer. The
aquifers consist primarily of sandstone and are
separated by shale, shaly dolomite, or siltstone

confining units, as shown in figure 38. Where the
Maquoketa Shale is present, it and the under-
lying dolomite and shale strata of the Galena,
Decorah, Platteville, and Glenwood Formations
form a major confining unit that overlies the
three aquifers.

The Cambrian-Ordovician aquifer system is
a leaky-artesian system; and movement of ground
water is partly controlled by internal confining
units of low permeability. In the outcrop area,
water-table conditions prevail in shallow parts of
the aquifer system and where the system is thin.
Much of the recharge in upland areas discharges
to streams through local flow systems, which are
no more than a few miles in length. The re-

‘mainder of the recharge moves slowly downward

to deeper formations and downgradient to the
regional ground-water flow system.

Regional ground-water movement in the con-
fined part of the system is generally away from
the structural highs in the north toward the struc-
tural lows (basins) in the south and east (fig. 39).

"The rate of ground-water movement is very slow

and the flux along flow paths into the basins
decreases due to a reduction in permeability and
a progressive loss of water from the continuous,
although small, upward leakage.

In the late 1800’s, when wells first were
drilled into the confined areas of the aquifer
system in eastern Wisconsin, northeastern Il-
linois, and along stream valleys in eastern Iowa,
the wells were flowing. The hydraulic head at
that time was as much as 140 feet above Lake
Michigan in Milwaukee and 130 feet above the
Lake in Chicago. Flowing wells are still common
in valleys of the Mississippi River and its major
tributaries.



The Cambrian-Ordovician aquifer system
supplies a major part of the water needs in the
study area. Many metropolitan areas depend on
it for all or part of their water supplies. Hydraulic
heads in the aquifer system have declined hun-
dreds of feet since the late 1800’s in the heavily
pumped Chicago-Milwaukee area (fig. 40) and to
a somewhat lesser extent in other major metro-
politan areas. Projections of future water needs
indicate continuing or increasing demands and,
therefore, continuing water-level declines are ex-
pected. The Illinois State Water Survey has
monitored pumpage and water-level declines and
has reported on aquifer characteristics and water
availability and quality (Schicht and others, 1976;
Sasman and others, 1982). In addition, the Illinois
State Geological Survey has studied the geologic
framework and geochemistry of the aquifer
system. These agencies have contributed to the
planning of the Illinois Division of Water
Resources (1980) for its allocation of water from
Lake Michigan. Control of the allocation process
gives the Division indirect control of deep-well
pumpage.

The aquifer system contains highly mineral-
ized water in several places, especially in its
deepest parts, which generally coincide with
regional discharge areas or structurally low
areas. These areas are mainly in the
southwestern, southern, and eastern parts of the
study area. Water from highly mineralized zones
may be induced into freshwater zones by large
withdrawals of freshwater, such as those pre-
sently occurring in northeastern Illinois,
southeastern Wisconsin, and central Iowa.

GEOLOGIC AND HYDROLOGIC DATA

State agencies and the District Offices of
the U.S. Geological Survey provided the geologic
data for the study, consisting of contour and
isopach maps of the top of each aquifer and con-
fining unit. The state maps were combined into
regional maps and converted into a computerized
data base (Kontis and Mandle, 1980) that pro-
vided easy input to flow models. Structure con-
tour maps of the tops of ten units described in
figure 38 were produced: (1) the Precambrian
basement surface; (2) the Mount Simon, (3) Eau
Claire, and (4) Ironton Sandstones; (5) the St.
Lawrence Formation of Cambrian age; (6) the St.
Peter Sandstone; (7) the Galena Dolomite and (8)
Maquoketa Shale of Ordovician age; (9) the com-
bined Silurian and Devonian rocks; and (10) the

combined Mississippian and Pennsylvanian
rocks. Isopach maps were made of the total sec-
tion between successive structural surfaces.

Although geologic data are available for each
formation, very little information exists on
hydraulic properties, head distribution, and water
quality within the aquifer system, except in out-
crop areas. In most of the study area, wells are
open to more than one formation. To obtain data
on individual aquifers at various points, deep test
wells were drilled at seven sites (fig. 37). In-
flatable packers, pressure transducers, and
submersible pumps were used to obtain hydraulic
conductivity, head, and water "quality in in-
dividual aquifers. After testing was completed,
piezometers were installed in three to four
discrete zones within the test wells. These
piezometers are now part of the U.S. Geological
Survey’s ground-water monitoring network and
provide long-term benefit for monitoring water
quality and head in the Cambrian-Ordovician
aquifer system.

The most important of the seven deep well

‘test sites was the 3,475-foot well near Zion, IL,

(Nicholas and others, 1984). The well reached
Precambrian basement at a depth of 3,435 feet
(2,849 feet below sea level) and encountered saline
water below a depth of about 1,800 feet.
Piezometers were installed at different depths.
The observed head in the Mount Simon was about
50 and 55 feet higher than the heads in the St.
Peter-Prairie du Chien-Jordan aquifer and the
Ironton-Galesville aquifer, respectively. Head
data from the test well indicated that the head
in the Ironton-Galesville was the lowest. This fact
indicates that ground water flows into the
Ironton-Galesville aquifer from both the overlying
and the underlying aquifers, resulting from
regional pumping stress and the significantly
higher transmissivity of the Ironton-Galesville
aquifer.

Head data for predevelopment conditions are
sparse in many areas, especially for deeper
aquifers, however, they are sufficient for primary
studies. The preparation of the potentiometric
surface map for the St. Peter-Prairie du Chien-
Jordan aquifer shown in figure 39 was based on
those sparse data. The predevelopment heads in
the deeper Ironton-Galesville and Mount Simon
aquifers probably were similar to those shown in
figure 39. The broadly spaced, smooth contours
in Iowa, northern Missouri, and Illinois mark
areas of strong confinement beneath the Ma-
quoketa Shale and younger strata. Regional flow
is southeastward to the Illinois Basin.
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Figure 37.—General bedrock geology of the northern Midwest and locations of test wells drilled
during the northern Midwest regional aquifer-system study. (Modified from maps of individual states
produced by state agencies, dated from 1966 to 1982).




Designation of layers used
Geologic system Hydrogeologic unit in the regional flow model
Aquifer | Confining unit
Quaternary Drift
5
Cretaceous Cretaceous aquifer—only in Minnesota and lowa
Pennsylvanian
Mississippian Pennsylvanian-Mississippian-Devonian confining unit 46
Devonian
Silurian Silurian aquifer—includes basal Devonian in lllinois and Indiana 4
Maquoketa confining unit—consists of the Maguoketa Shale and the Galena,
Decorah, Platteville, and Glenwood formations or equivalents, where 34
Ordovician overlain by the Maquoketa. Equivalents in Missouri and southern lliinois
are the Maquoketa Shale through the Joachim Dolomite
St. Peter-Prairie du Chien-Jordan aquifer—in Missouri and lHinois, includes 3
the St. Peter through Eminence formations
St. Lawrence-Franconia confining unit—in Missouri and lllinois, includes the 23
Potosi through Davis formations
Ironton-Galesville aquifer—not present in southern llinois, southwestern 2
lowa, and Missouri ’
Cambrian Eau Claire confining unit— Bonneterre Formation is the equivalent in Missouri 12
and western lowa
Includes overlying Elmhurst Sandstone Member of the
Eau Claire Formation in Hlinois
Mount Simon aquifer { Mount Simon Sandstone is main component. Equiv- 1
alent in Missouri is the Lamotte Sandstone
Precambrian Includes underlying Hinckley Sandstone in Minnesota

Figure 38. — Stratigraphic configuration of the regional aquifers and confining units delineated for the northern Midwest

regional aquifer-system study.

The 1980 potentiometric surface for the St.
Peter-Prairie du Chien-Jordan aquifer shows lit-
tle change in head in the recharge. areas, but
significant declines in most of the confined area
(figs. 39 and 41). The area of most significant head
decline is in the Chicago-Milwaukee area, where
the potentiometric surface of the Cambrian-
Ordovician aquifer system has declined as much
as 850 feet in the vicinity of Chicago (Sasman and
others, 1982) and 375 feet in the vicinity of
Milwaukee (fig. 40). Water levels in some Chicago
area wells are 100 to 150 feet below sea level.
Pumpage has increased almost steadily to about
180 Mgal/d in the Chicago area and about 33
Mgal/d in southeastern Wisconsin in 1980.

FLOW MODELS

The complexities of the regional ground-water
flow system were studied by development and
calibration of a regional digital flow model and
three subregional models (fig. 42). The models
simulate the flow systems and can be used to

estimate water-level changes based on projected
future pumping. A quasi three-dimensional flow
model (Trescott, 1975) was used to simulate the
five aquifers and four confining units in the
regional flow model. A uniform node spacing of
16 miles was used for the regional flow model.
The three lower aquifers—St. Peter-Prairie du
Chien-Jordan aquifer, Ironton-Galesville aquifer,
and Mount Simon aquifer—are of primary in-
terest; the upper two aquifers—-drift and
Cretaceous aquifer and Silurian aquifer—serve as
sources and sinks for the lower three aquifers.
Two significant modifications to the Trescott
(1975) model code were necessary to simulate the
Cambrian-Ordovician aquifer system. Saline
water, including brine in the deep structural
basins, is represented in the model by the addi-
tion of a function to simulate flow in ground water
with variable densities. Simulation of multi-
aquifer well effects (Bennett and others, 1982)
was also added to the model to incorporate the
variation in yield from, and hydraulic head of,
each aquifer penetrated by the well.




In addition to the regional flow model, sub-
regional flow models were constructed for areas
of local interest. The subregional flow models are:
(1) a two-dimensional flow model of northeastern
Missouri (Imes, 1984), (2)<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>