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EXERCISE 16

Groundwater Overdraft
and Saltwater Intrusion

INTRODUCTION

Groundwater accounts for about 25 percent of the
total fresh water used in the United States, and
untapped resources have great potential to meet
future needs. Even though vast amounts of ground-
water are available, in some areas pumping rates are
such that water levels have declined hundreds of
feet, wells have gone dry, the cost of pumping the
water has increased substantially, and water of poor
quality has been induced to flow into aquifers. Areas
of large irrigation systems, such as that part of the
Great Plains states underlain by the High Plains or
Ogallala aquifer, exemplify the problems of ground-
water overuse. Irrigation is the largest user of ground-
water, although areas of dense population and heavy
industry also consume large quantities.

Techniques have been devised to halt or reduce
the water-level decline in some water-short areas.
The most obvious method is to conserve water and
reduce pumping. In other instances it may be possi-
ble to divert surface water, including treated waste-
water, to infiltration basins, pits, or wells, which will
allow the water to percolate into the ground at a rate
that is considerably greater than that permitted by
natural conditions. These techniques are collectively
known as artificial recharge and have been used suc-
cessfully throughout the world.

In this exercise we examine an agricultural area
along the Mississippi River that has seen the ground-
water level decline for over 100 years and a south-
eastern urban coastal region with an even longer
period of declining water levels. In the rice-growing
Grand Prairie region (east of Little Rock, Arkansas),
the Mississippi River Alluvial Aquifer is predicted to
soon become useless and a deeper aquifer there is
declining as well. In the Savannah, Georgia, area,
declining water levels in the coastal Floridan Aquifer
are impacting the water supplies of that city

and nearby communities including those in South
Carolina.

The general objectives of this exercise are to
explore changes in water levels and flow directions in
overpumped aquifers, the environmental and eco-
nomic impacts of such changes, and responses to
groundwater overdraft in these two settings.

PART A. OVERUSE OF A GROUNDWATER
RESOURCE: GRAND PRAIRIE
REGION, ARKANSAS

The Grand Prairie region is in east-central Arkansas.
This region is characterized by low relief, which, in con-
junction with an extensive aquifer and warm climate,
provides an ideal setting for rice irrigation. In 1904 the
Mississippi River Alluvial Aquifer became the irrigation
source for rice farming in the district and since 1915 the
water table has declined about 1 ft/yr in some areas.
The configuration of the water level in the Alluvial
Aquifer in 1915 is shown in Figure 16.1. Concentrated
pumping of irrigation water from this sandy aquifer has
caused a substantial overdraft in the groundwater sup-
ply and a decline in water levels of several tens of feet.
The objective of Part A of this exercise is to examine
water-level and flowline changes due to overpumping
and the responses of the Grand Prairie region.

Groundwater plays a key role in rice production
here. As the water level declines, the cost of pumping
water increases. In the long run, pumping costs and
other farm operating costs could be greater than the
value of the crop. The economic impact of a declining
water level is obvious.

In order to evaluate the rate and areal extent of water-
level decline and to determine remedial measures, maps of
conditions in 1915 and 1954 were prepared and evaluated.
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FIGURE 16.1 Altitude (in feet) of water level in Grand Prairie
region in 1915,

(Modified from Sniegocki, 1964)

Note: Subsequent studies of the Alluvial Aquifer
predict that it will become completely useless by 2015.

QUESTIONS 16, PART A

1. a. On Figure 16.2 construct a map that shows the con-
figuration of the water-level surface in March 1954, using
a contour interval of 10 feet. Compare this map with
Figure 16.1. What are the major differences?

b. On Figure 16.3 construct a map that shows the net
decline of water levels from 1915 to 1954. Use a contour
interval of 10 feet. What area has had the greatest
decrease in water levels?

c. Starting at the east edge of Stuttgart, draw a flowline
across the 1915 map (Figure 16.1). Draw a similar flowline
passing through Almyra. What was the general direction
of groundwater movement in 1915 at

Almyra?

Stuttgart?

d. On Figure 16.2 draw the flowlines passing through
Stuttgart and Almyra. What was the general direction of
groundwater movement in 1954 near

Almyra?
Stuttgart?

2. Calculate the gradients that existed in 1915 and 1954 using
the flowlines that pass through Almyra.

a. Gradient in 1915:
b. Gradient in 1954:

3. The hydraulic conductivity of the water-bearing deposits
averages 260 ft/day, and the effective porosity averages 17
percent. What was the groundwater velocity in the vicinity
of Almyra (refer to Exercise 12 for formula details;
v = KI/n,)

a.in 1915
b. in 1954

4. Assume that the saturated sand in the northeastern part
of Figure 16.2 (along line A~A") is 40 feet thick. How much
groundwater, in ft>/day, flowed across A-A’ during a sin-

gle day in March 1954? (Q = KAI)

5. Figure 16.3 indicates that there has been a significant low-
ering of water level. This means that more water is pumped
from the aquifer than is flowing into it. This negative change
in groundwater storage is termed overdraft. What could be
done to decrease the rate of decline, maintain the existing
level, or cause the water level to rise?

6. “Ever think you'd run out of water where you live? Nei-
ther did the people in the Grand Prairie area of eastern
Arkansas. That’s why this web site has been created .... so
you can understand what the Grand Prairie Area Demon-
stration Project (GPADP) is all about.” At the Army Corps of
Engineers website you can see what the area’s response was
to a study that predicted the loss of the upper Alluvial
Aquifer and the decline of the deeper Sparta Aquifer. It was
estimated that without the project, rice production would
drop to 23 percent of current value, partially replaced by less
productive dryland farming, and waterfowl recreation
income would decrease. The Sparta Aquifer is the source of
high-quality drinking water and, because it was being used




4

@

(S U PO T SR SV N FS R0

B TR L L SO AN T U TR VA LA VPO N P e o o o e e s e e L, L B )

€ @ &

<« <«

(>

i

- f'S

'S

Exercise 16 ¢ Groundwater Overdraft and Saltwater Intrusion 241

A \
y 2N
109 o 130° 142
119 \\\
® g °
110 110 121 140 ~
° 131 °
i 143
110,
o111
o ° ®
113 120125 139
109 112
° 1.01 99 °
123
® [
120 115
130
.‘ 110 A
105 100 ., ° 121
[
“129 110
[ ] L ]
11
4 100 0101 [)112
130 0 2 4 6
| | | 1 | !

Scale in miles

FIGURE 16.2 Altitude (in feet) of water leve! in Grand Prairie region in March 1954,

(Data from Sniegocki, 1964)

for irrigation too, it also was declining at > 1 foot per year,
Farmers did not expect much increase from the Sparta
Aquifer because of a low specific yield (~ effective porosity)
of only 0.01 (cf., Alluvial Aquifer 0.30) so the capacity was
not there. Also the recharge was slow and the cost of pump-
ing was higher and increasing,

Check out the following websites (and others) to deter-
mine the expected economic and environmental impacts from
the loss of irrigation water in this area of Arkansas known as
the rice and duck capital of the world (Stuttgart is the head-
quarters of Riceland Foods). The brochure (website below) for
the project will be particularly useful in answering this ques-
tion. The site for the Grand Prairie Area Demonstration Pro-
ject (also known as the Grand Prairie Irrigation Project) is
http://www,mvm.usace.army.mi.l/grandprairie/maps/pdf/
GPADProj.pdf. See also USGS Fact Sheet 111-02 at http://
pubs.usgs.gov/fs/fs-111-02/, and the news item of July 21,
2006, by L. Satter in the Arkansas Democral Gazette (http: //
www.nwanews.com/adg/News/161090/) for more informa-
tion on the project and its status.

a. List two or three types of structures that are to be built
in the Grand Prairie Area Irrigation Project.

b. What is the purpose of the project?

¢. From where will much of the water come for this project?

d. List several economic and environmental benefits of
the project.

e. List several objections that environmental groups have
had to the project.

f. Although there have been many starts and stops to the
project over decades, what did Judge Bill Wilson do on
July 20, 2006?

What was the name of the bird that was a factor in the
decision?

g Why would area farmers not plan to continue expand-
ing their use of the lower aquifer (Sparta Aquifer) but
instead would like to use water from the GP Irrigation
Project?
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FIGURE 16.3 Net decline of water levels in the Grand Prairie region from 1915 to 1954,

(Data from Sniegocki, 1964)

h. Search online to determine the current status of the irri-
gation project and any economic and environmental
changes that have occurred since 2006 in this area that has
been aware of groundwater overdraft for more than 100
years.

PART B. OVERUSE OF A GROUNDWATER
RESOURCE: SALTWATER INTRUSION
IN A COASTAL AQUIFER

The intrusion of saltwater into a fresh groundwater
reservoir is surprisingly common throughout the
world. Saltwater intrusion is generally caused by
excessive pumping of groundwater and leads to dete-
rioration of water quality. In inland areas it is caused
by the upward movement of the fresh- and saltwater
interface; in coastal regions it is commonly caused by
both vertical and horizontal migration of sea water
into a coastal aquifer. For example, during the Dec 26,
2004, tsunami in the Indian Ocean, coastal areas were
flooded by seawater. Some wells were filled with salt-
water; some freshwater aquifers were contaminated
by saltwater infil trating the land surface.

Although geologic and hydrologic conditions may
be exceedingly complex, the mechanics of saltwater
intrusion may be visualized in the following manner.
Assume that an aquifer Crops out on the continental
shelf and is hydrologically connected to the' ocean. Nor-
mally, fresh water discharges from a coastal aquifer into
the ocean along seepage faces or through springs
(Figure 16.4A). As fresh water is pumped from the
aquifer, the water pressure in the aquifer is lowered,
reversing the hydraulic gradient (Figure 16.4B). With a
reversal in gradient, sea water migrates inland and may
eventually contaminate pumping wells.

Occurrences of saltwater intrusion are relatively
common in coastal areas. Problem areas include much
of the Atlantic coast from Florida to New England and
many regions of the west coast where there are large
withdrawals of groundwater.

Several techniques have been used to control salt-
water intrusion. These include reducing the amount of
pumping; constructing physical barriers, such as
pumping cement into the rocks (Figure 16.4C); pump-
ing wells nearer to the coast and allowing the water to
flow back into the ocean (Figure 16.4D); and art1f1c1a1
recharge (Figure 164E). The simplest .solution is ’;0
reduce pumping, but commonly this is not feasible
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b
because of existing water demands. The most promis-
ing approaches are artificial recharge and water conser-
vation. In the artificial recharge method, water is
injected into the ground through pits and wells. This
forms a hydraulic barrier (injection ridge) due to the
higher water or water-pressure surface in the vicinity
of the recharge sites, which lie between the well field
and the coast (Figure 16.4E). The hydraulic barrier
tends to reverse the water gradient and forces the
saline water out of the aquifer.

Sea level

/

Water level

Aquifer

In many coastal areas, saltwater intrusion has not
yet occurred, but an examination of existing ground-
water levels and pumping data indicates that there is a
strong potential for future intrusion. If potential salt-
water intrusion sites are analyzed before contamina-
tion actually occurs, it may be possible to develop
adequate solutions before the supply situation
becomes critical.

The objectives of Part B of this exercise are to
examine water-level declines in a coastal region, areas
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FIGURE 16.4 Saltwater intrusion of a confined coastal aquifer and the use of barriers to prevent contamination of water supplies.
Water level is the water-pressure surface (See text for explanation of A through E.)
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of potential saltwater intrusion, methods that could be
used to halt the intrusion, and community plans for
future water needs.

Potential Saltwater Intrusion
in the Savannah Area

Large quantities of groundwater are used in the
Savannah, Georgia, area for industrial, municipal, and
domestic purposes. The first water well in the Upper
Floridan Aquifer was drilled in 1885; between 1900
and 2000, the pumping rate increased from 10 million
gal/d to 300 million gal/d. Over the years, water lev-
els in wells have declined to more than 120 feet below
sea level. This has caused concern that the water sup-
ply might become seriously depleted or contaminated.
Most of the groundwater used in the Savannah area is
pumped from a confined, limestone aquifer that lies
about 100 feet (northeast) to 350 feet (southwest)
below land surface.

Although groundwater in the Savannah area has
not yet become salty, the supply at Parris Island, about
25 miles northeast, has deteriorated due to saltwater
intrusion. The pumping of groundwater in the Savan-
nah area will no doubt increase and, as a result, intrud-
ing saltwater may eventually reach the pumping
center and contaminate the water supply.

The Savannah River, which flows through the
area, has been used as a partial source of water, but
locally it is contaminated by industrial and municipal
wastes. Furthermore, water can only be withdrawn
from it at certain times because the river is influenced
by tidal waters of high salinity.

In addition to these impacts on the local ground
water supplies, rising sea levels will further increase
the salinity and decrease storage space in some coastal
aquifers.

QUESTIONS (16, PART B)

1. A water-level map of the Savannah area representing
conditions that existed in 1880 is shown in Figure 16.5.
Construct four equally spaced flowlines showing the direc-
tion of groundwater movement in 1880, Remember that
flowlines cross the water-pressure contours at right angles.
What was the general direction of flow? Was groundwater
at Parris Island likely to have been salty in 1880? Why or
why not?

2. Using Figure 16.6, construct a water-level map showing
the conditions that existed in 1961. Use a contour interval
of 10 feet down to the —40 feet level, then use an interval of
20 feet.

3. Starting at the southwest and northwest corners of Figure
16.6, and at Parris Island, construct flowlines showing the
general direction of groundwater movement in 1961. In what
general direction was the water moving

a, in the southwest corner?
b. in the northwest corner?
c. at Parris Island?

4. Study Figure 16.7 and describe the changes from 1961 to
1984 at Hilton Head Island, Savannah, Georgia, and 25 miles
up the Savannah River from the center of the cone of
depression.

5. How much has the water-pressure surface been lowered at
Savannah between 1880 and 1984?

6. From what area do you expect the fresh water/saltwater
interface to first reach the Savannah area? SWr'or NE (cir-
cle one) Why? (Hint: Examine the water-level contours,
and the variation in depth of the aquifer described in the
introduction.)

7. Figure 16.8 is a cross section extending into Port Royal
Sound from the NE end of Hilton Head Island showing sim-
ulated changes in the brackish and salt water zones for the
years 2000, 2016, and 2032, The model assumes no change in
the rates of groundwater withdrawals on Hilton Head Island
or inland near Savannah.

a. What value is used as the transition between freshwa-
ter and brackish water?

b. In the period between 2000 and 2032, how many meters
will the brackish/freshwater interface have moved?

¢. What is the average annual rate of projected advance of
this interface between 2000 and 20327

d. About when will the interface reach the edge of the
island?
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8. a. What techniques might be used to halt or slow saltwa- Florid
ter intrusion into the area of Hilton Head Island? (Consider
engineering and management techniques [Figure 16.4] to

I
an Aquifer System of the southeastern coastal region J
has produced cones of g epression in SE Georgia and neigh- s

boring South Carolina, The decline in artesian pressure in ,;_""'
stop the advance of the brackish water in the aquifer this porous limestone /dolostone aquifer has resulted in !
beneath the sound and the island). saltwater intrusion in the coastal areas. Some of the intru- ‘f ]
sion is lateral from the ocean or downward from eroded I
river channels (as near Hilton Head, SC) or upward j
through fractured limestone units in the Lower Floridan . j
Aquifer as at Brunswick, Georgia, Georgia recognized that )
b. Explain Figure 16.4F or one other provided by your the rate of decline in the Water pressure surface (water "ﬂ
instructor. table) and the nereasing salinity posed a threat to sustain- &
able water resources in the region. A 1997 report describe'd ~ ﬂ
the conditions and trends in the Floridan Aquifer, a pri- '-’1
mary water supply source for many in the region. An -

interim strategy ( 1997-2005) was developed to reduce. fur-
ther overdraft of the aquifer, pending the Sound Science
Report (released in 2005)

Read the following information and then answer
Questions 9 and 10 below. Groundwater overdraft in the
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FIGURE 16.8 Simulated dissolved-solids concentrations in the aquifer beneath Hilton Head Island and Port Royal Sound. Modeling
shows changes in the confining bed and the aquifer for the years 2000, 2016, and 2032, assuming no changes in withdrawal rates for
Hilton Head and Savannah area. The clayey-silt confining unit contains slowly moving fresh, brackish, and salt waters.

(From Smith, 1994)

. SALTWATER

—1,000— LINE OF EQUAL SIMULATED DISSOLVED —
SOLIDS CONCENTRATION — interval, in
milligrams per liter, is variable

The interim regulations (until release of the 2005

9. As a community leader of one of the 24 small communities
report) included the following: (1) reduced the quantity of

in the region, you have been asked to join a team to develop

..\.~.n.x'.a—x-x-w-.uuuuuuu&.-bb-(b()i}if

=

water available for withdrawal under current permits
(essentially capping future withdrawal at 1997 levels), (2)
allowed no new permits in worst areas, instead suggested
surface sources, (3) made 36 million gallons per day addi-
tional extraction available outside the worst areas, (4) required
24 coastal communities to prepare plans for future water
needs [this focused the need for land-use planning and con-
sideration of possible population growth], and (5) reguirec
additional monitoring wells and modeling of groundwater
flow [Florida and South Carolina also increased monitoring
of their Lipper Floridan Aquifer]. Additional use of the Lower
Floridan Aquifer was discouraged until connections
between the two aquifers was understood.

In addition to what you learned about the scope of the
declining water pressure surface and possible engineerecd
barriers to saltwater intrusion from other questions in this
exercise, use the interim regulations and description above
to help answer Question 9.

your community’s plan for future water needs. Before the
first meeting of this new committee, all the members of the
committee are asked to prepare a list of short statements or
items that should be part of the discussion for planning
future water needs. You organize and complete your
response under the following headings:

a. List of data needed to make the plans for future water
needs.

b. List of possible objectives for a sustainable community
(for next 50 years) and your preferred objective.

c. List of possible options that could be considered for
meeting your water needs for the community.
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i
d. List of factors that might make an unsustainable com-
munity with respect to water resources (even with a plan
for sustainable water resources).

10. Now use information from the Sound Science Report
(2005) that is available from several sources online and indi-
cated below to prepare a water supply plan for your commu-
nity. (Your instructor may assign this as an in-class or
homework activity. Check the reference section of this man-
ual for additional references. You may choose to submit your
responses on a separate sheet of paper.)

The key questions to be answered now are:

a. Will engineered barriers to prevent sal twater intrusion
be suitable for your community? (See h ttp:/ /www.gadnr.
org/cws/Dacuments/What_Have_We_Learned.pdf)

b. Aplume of salt water in the vicinity of Hilton Head Island
has advanced 6 miles since 1965. By 2005, what was the
average rate of advance in feet per year over that period?

¢. From the information available in the 2005 Sound Science
Initiative report, how long would it be before there is a
problem with the aquifer in the Savannah area of Georgia?

d. What are the alternatives for meeting water needs accord-
ing to what you have found in your searches? (http:/ /www
-gadnr.org/cws/Documents/Determining_Future
_Water_Demand_Needs_Wa ter_Systems.pdf)

e. What are the recommendations that you (or your
group) would make to provide (possibly through sev-
eral sources) sustainable water supplies for your coastal
community. Consider changing populations and cli-
mates in your recommendations. (Optional additional
information: hitp://www. gadnr.org/cws/Documents/
saltwater_management_plan_june2006.pdf)

Bibliography

Bruington, A. E., 1972, Saltwater intrusion into aquifers:
Water Resources Bulletin, American Water Resources Assn.,
v. 8, no. 1, p. 150-160.

Carr, J. E, et al. (comp.), 1990, National water swmmary
1987-hydrologic events and water suppl 'y and use: U.S. Geo-
logical Survey Water-Supply Paper 2350, 553 P

Constal Georgia Water and Wastewater Permitting Plan for Man-
aging Salt Water Intrusion by Sue Grunwald, EPD Planning
& Policy Advisor (PowerPoint presentation to the 2007
Georgia Water Resources Con ference), http:// www,gadnr
.org/ews/Documents/ Coasta]_Permitti_ng_ZO{J?.pdf

Counts, H. B, and Donsky, E., 1963, Saltwater encroachment,
geology and ground-water resources of Savannah South Car-
olina: U.S. Geological Survey Water-Supply Paper 1611,
100 p.

Foxworthy, G. L., 1978, Nassau County, Long Island, New
York—water problems in humid country. In Nature lo be
Commanded ...: eds. G. D. Robinson and A. M. Spieker,
U. 8. Geological Survey Professional Paper 950, p. 55-68.

Garza, R., and Krause, R.E.,, 1996, Water-supply potential of
major streams and the Upper Floridan aquifer in the vicinity of
Savannah, Georgia: U.S. Geological Survey Water-Supply

Paper 2411, 36 p.

Georgia Department of Natural Resources, 2005, What have
we learned from the Sound Science Initiative, http://www
.gadnr.org/cws/Documents/ What_Have_We_Learned.pdf

Georgia Department of Natural Resources, 2006, Coastal
Georgia water and wastewater permitting plan for man-
aging salt water intrusion, http:// www.gadnr.org/cws/
Documents/saltwater_ma nagement_plan_june2006.pdf

Georgia Department of Natural Resources, 2007, Coastal Per-
mitting Plan Guidance Document: Method for determining
future water demand needs for public/private water systems,
http:/ /www.gadnr.org/cws/Documents/ Determining_
Future_Water_Demand_Needs Wa ter_Systems.pdf

Georgia Department of Natural Resources, Environmental
Protection Division home page, http:/ /www.gaepd.org

Georgia Department of Natural Resources, n.d., Coastal
Sound Science Initiative—A scientific study of groundwater
use in coastal Georgia: Retrieved August 19, 2007, from
http://www.gadnr.org/cws/

Grand Prairie Irrigation Project by Natural Resources Conser-
vation Service, http://www.arnrcs.usda.gov/programs/
grand_prairie.html

Hays, P. D., and Fugitt, D. T., 1999, The Sparta Aquifer in
Arkansas’ ritical ground-water areas—~Response of the aquifer
to supplying future water needs: U.S. Geological Survey
Water-Resources Investigations Report 99-4075, 6 p.

Hosman, J., and Weiss, ]. S,, 1991, Geohydrologic units of the
Mississippi enbayment and Texas coastal uplands aquifer sys-
tems, south-central United States: U. S. Geological Survey
Professional Paper 1416-B, 19 p.

g

'_[

3
1
:




< &

'-\r\',\»tp\p\s!D‘s\#*yumuubﬁbb'i&oa'i/ie

Exercise 16 ¢ Groundwater Overdraft and Saltwater Intrusion 249

Krause, R. E., and Clarke, |. S., 2001, Saltwater contamination of
ground water al Brunswick, Georgla and Hilton Head Island,
South Caroling: Retrieved August 19, 2007, from http://ga.
water.usgs.gov/ publications/gwrc2001krause.html.

Krause, R. E., and Randolph, R. B., 1989, Hydrology of the
Floridan aquifer system in southeast Georgia and adjacent
parts of Florida and South Carolina: U.S. Geological Survey
Professional Paper 1403-D, 65 p.

Landmeyer, . E., and Belval, D. L., 1996, Water-chemistry
and chloride fluctuations in the Upper Floridan aquifer in
the Port Royal Sound area, South Carolina, 1917-93: U, S,
Geological Survey Water-Resources Investigations Report
96-4102, 106 p.

MecGuiness, C. L., 1963, The role of ground water in the national
water situation: U.S. Geological Survey Water-Supply
Paper 1800, 1121 p.

McKee, I W., and Hays, O. D., 2004, The Sparta Aquifer: A sus-
tainable water resource: U.S. Geological Survey, Fact Sheet
111-02, hitp:/ / water.usgs.gov/pubs/fs/fs-111-02/

Peck, M. F, Clarke, ]. S., Ransom 111, C., and Richards, C. |.,
1999, Potentiometric surface of the Upper Floridan
aquifer in Georgia and adjacent parts of Alabama,
Florida, and South Carolina, May 1998, and water-level
trends in Georgia, 1990-98: Georgia Geologic Surcey Hydro-
logic Atlas 22, 1 plate.

Reed, T. B., 2004, Status of water levels and selected water-quality
coruditions in the Mississippi River Valley Alluvial Aquifer in
castern Arkansas, 2002: USGS Scientific Investigations
Report, 2004-5129, http:/ /waler.usgs.gov/pubs/sir/
2004/5129/, 60 p.

Satter, L., 2006, Ivory-billed deflates river-tapping project:
Arkansas Democrat Gazette. Retrieved Friday, July 21,
2006, from  http://www.nwanews,com /adg/News/
161090/

Smith, B,, 1988, Ground-water flow and saltwater encroach-
ment in the Upper Floridan aquifer, Beaufort and Jasper

Counties, South Carolina: U. S. Geological Survey Water-
Resources Investigations Report 87-4285, 61 p.

Smith, B., 1994, Saltwater movement in the Upper Floridan
aquifer beneath Port Royal Sound, South Carolina: U, S.
Geological Survey Water-Supply Paper 2421, 40 p.

Sniegocki, R. T., 1964, Hydrogeology of a part of the Grand
Prairie Region, Arkansas: U, S. Geological Survey Water-
Supply Paper 1615-B, 72 p.

Sniegocki, R. T., Bayley, EH., Engler, K, and Stephens, J. W.,
1965, Testing procedures and results of studies of artificial
recharge in the Grand Prairie region, Arkansas: USGS Water
Supply Paper, No. 1915-G, 56 p.

Solley, W, B., Merk, C. E, and Pierce, R. R., 1988, Estimated wse
of water in the United States in 1985: U.S. Geological Survey
Circular 1004, 82 p.

U.S. Army Corps of Engineers Grand Prairie Area Demon-
stration Project with links to agencies, http:/ /www.mvm
-usace.army.mil/grandprairie/ overview /agencies.asp

US. Army Corps of Engineers, 1999, Grand Prairie Area
Demonstration Project Environmental Impact Study,
http://www.mvm.usace.army.mil/grandprairie/maps /
study_synopsis.asp

US. Army Corps of Engineers, 2000, Grand Prairie Area
Demonstration Project Record of Decision, hitp:/ /www
Jmvm.usace.army.mil/grandprairie/pdf/
RecordOfDecision.pdf

U.S. Army Corps of Engineers, n.d., Grand Prairie Area
Demonstration Project, Project Brochure. Retrieved
January 30, 2005, from http:/ /www.mvm.usace.army
-mil/grandprairie/maps/pdf/GPADProj.pdf

USGS in Arkansas, http:/ /ar.water.usgs.gov /

USGS News Release 2004, http://arwater.usgs.gov/
NEWS/May-NB.htm|

Wait, R. L., and Callahan, . T., 1965, Relations of fresh and
salty ground water along the Southeastern U. S. Atlantic
Coast: Ground Water, v. 3, no. 4, p. 5-17.




