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SELECTED FACTORS FOR CONVERTING INCH-POUND UNITS TO
INTERNATIONAL SYSTEM (SI) METRIC UNITS

The International System (SI) is a consistent system of metric
units adopted by the Eleventh General Conference of Weights and Measures
in 1960. Selected factors for converting inch-pound units used in this
report to SI metric units are given below.

Multiply inch-pound units By To obtain SI units

acre 4047 square meter (m?)

acre-foot (acre-ft) 1233 cubic meter (m?)

bushel (bu) (U.S.) 0.03524 cubic meter (m?)

foot (ft) 0.3048 meter (m)

square foot (ft?) 0.0929 square meter (m?)

square foot per day (ft?/d) 0.0929 square meter per day (m?/d)
(transmissivity) (ft3/d)/ft m3/d) /m

cubic foot (ft?) 0.0283 cubic meter (m?)

cubic foot per second (ft3/s) 28.32 liter per second (L/s)

gallon (gal) 0.003782 cubic meter (m?)

gallon per minute (gal/min) 0.06309 liter per second (L/s)

inch (in.) 25.4 millimeter (mm)

mile (mi) 1.609 kilometer (km)

square mile (mi?) 2.590 square kilometer (km?)

pound (1b) 0.4536 kilogram (kg)

pound per square inch (1b/in.?) 6895 pascal (Pa)

degree Fahrenheit (°F) (°F -32)0.556 degree Celsius (°C)
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INVESTIGATION OF ARTIFICIAL RECHARGE OF GROUND WATER IN NEBRASKA
BY

William F. Lichtler, David I. Stannard, and Edwin Kouma

ABSTRACT

Large withdrawals of ground water for irrigation are causing pro-
gressive declines of ground-water levels in some areas of Nebraska. An
investigation was conducted to determine the technical feasibility of
artificially recharging aquifers through wells and through surface
spreading by means of impoundments, pits, and canals. Information
gained from a literature search and from preliminary tests was used to
design several artificial-recharge experiments. The experiments showed
that large quantities of water can be recharged through wells and by
surface spreading if conditions are favorable.

In the well experiments, about 0.5 billion gallons of water from an
aquifer recharged by the Platte River was transported 3 miles by pipeline
and recharged through a well into a Pleistocene sand and gravel aquifer
near Aurora where ground-water levels are declining. The recharge rate
was about 730 gallons per minute during two tests of 6 and 8 months
duration. The rise in ground-water levels due to recharge extended more
than a mile from the recharge well in both tests.

The pattern of ground-water-level buildup during the 8-month test
was similar to that during the 6-month test. Two-thirds of the way
through the test the rate of water-level buildup in the recharge well
increased greatly because casing failure allowed a large amount of
sediment to enter the well.

Although the chemical quality of the recharge water was markedly
different from that of the native aquifer water, no evidence of clogging
due to chemical reaction was detected; also, there was no evidence of
clogging due to alr entrainment or bacterial growth. Evaluation of
water-level changes in the recharge well and in observation wells during
the 6-month test indicated some clogging of the aquifer in the immediate
vicinity of the recharge well due to a small amount (0.04 milligram per
liter) of fine sediment in the recharge water. Analysis of water-level
buildup in the recharge well during the 6-month test indicated that
recharge could have continued at a rate of about 700 gallons per minute
for several years before rehabilitation of the recharge well would have
been necessary.



In surface-spreading experiments, the maximum sustained infiltration
rates from a 24-foot-diameter ring infiltrometer set in loess at the
well-recharge site near Aurora were about 0.5 foot per day during a 140-
day test. The recharge water caused water levels in a perched zone of
saturation at depths between 36 and 38 feet to rise 15 feet, to within
21 feet of the surface, indicating that if the test had continued or if
the impoundment area had been larger, the water level in the perched
zone of saturation might have risen to the surface thereby reducing the
infiltration rate.

The maximum sustained infiltration rate from a similar experiment
in the Sand Hills near Tryon was 11 feet per day. Perching layers also

retarded downward infiltration and caused lateral movement of water in
the subsurface at this site.

Infiltration rates from re-use pits near the Aurora site ranged
from 0.01 to 1.60 feet per day, indicating that the permeability of the
subsurface material is extremely variable and that perching layers
probably are absent in some areas.

Flow measurements in an irrigation canal excavated in loess near
Farwell indicate an infiltration rate of 0.36 foot per day from a 2.7-
mile reach.

INTRODUCTION

Ground-water levels are declining progressively in many aquifers in
Nebraska (Pederson and Johnson, 1979). If this trend continues, the
yields of wells in these aquifers eventually will become inadequate for
municipal, irrigation, or industrial uses. If this occurs, many wells
completed in the upper parts of the aquifers will become dry, and the
economic impact of the depletion of ground-water resources will be
severe 1n many areas.

The cause of progressive declines of ground-water levels is a long-
term excess of withdrawal compared with recharge. Such declines can be
corrected by reducing withdrawals, by capturing natural discharge, by
increasing recharge, or by a combination of these methods. This report
discusses only methods of increasing recharge. '



Purpose and Scope

The purpose of this investigation was to assess the feasibility of
various artificial methods of increasing aquifer recharge, particularly
methods that might be applicable to Nebraska. The primary objectives of
the investigation were:

(1) to document and evaluate existing recharge systems through
literature review;

(2) to develop criteria for determining sites where artificial
recharge may be feasible;

(3) to assess artificial recharge in selected areas; and

(4) to determine the amounts of water moving into aquifers from
the land surface through well recharge, impoundment, and canal
systems.

To accomplish these objectives and the purpose of the investigation,
a literature search of reports on artificial recharge was made and
persons working on artificial-recharge projects were contacted. Also,
experiments were conducted at sites typical of widespread areas where
increased recharge is needed or likely to be needed in the future. The
well-recharge experiment was designed to obtain detailed information on
the extent of the area affected by a recharge well, quantities of water
that could be recharged, problems that might inhibit recharge, and
recharge techniques most likely to be practical. The surface-spreading
experiments were designed to determine infiltration rates under differing
conditions, variation of rates with time, and information on the movement
of the water after it infiltrates the land surface.

During the first 2 years of this investigation, documentation and
evaluation of existing recharge systems and development of criteria for
determining sites where artificial recharge may be feasible virtually
were completed (Lichtler and others, 1979). Preliminary tests were
made to select appropriate test sites for experimental artificial
recharge facilities. Construction was begun at sites near Aurora and
Tryon, Nebr. Long-term experiments were begun at the Aurora site.

During the second 2 years of this investigation, several well-
recharge tests, including tests of 6 and 8 months duration, were made.
Records of water-level buildup and water-quality characteristics were
obtained from the recharge well and from observation wells located from
2 inches to nearly a mile from the recharge well.

3



Recharge by surface spreading was studied at facilities installed
near Aurora and near Tryon, in an existing canal in the Farwell Irriga-
tion District, and in several reuse pits near the Aurora site.

Methods of Artificial Recharge

Artificial recharge may be accomplished by direct or indirect
methods. The two most common direct methods are recharge through wells
and surface spreading.

Recharge through wells is used commonly where layers of material
with low permeability exist between the land surface and the top of the
aquifer. At such places, the rate of vertical movement of water from
the surface to the aquifer usually is too low for recharge by surface
spreading to be feasible. Also, well recharge may be the only feasible
method of artificial recharge where little land is available,

Surface spreading consists of directing water from a stream or
reservoir to places where it will flow or stand in basins on permeable
material that will allow the water to seep to an aquifer. The water is
sometimes diverted to trenches or pits to speed infiltration.

In surface spreading the infiltration rate depends on the depth of
water on the surface, permeability of the material between the land
surface and the aquifer, and the geochemical, biological, and physical
changes that take place in the water and in the material through which
the water moves. Usually a spreading basin is modified to operate as a
slow sand-filter system constructed on natural material. When infiltra-
tion rates decline due to clogging of the surface material by suspended
sediment or organic growth, the basins are allowed to dry. The basins
are then cleaned by scraping, plowing, or disking to reestablish the
permeability of the surface materials. Use of the recharge-spreading
basins generally is an economical method of artificial recharge where
there are no low-permeability layers between the land surface and the
aquifer,

Waste water, such as sewage effluent, may be used as a source of
recharge water in surface spreading. Use of the recharge-spreading
basins in some places provides an economical method of improving the
quality of this type of water.

Indirect methods of artificial recharge involve inducing flow of

surface water into an aquifer by pumping wells. Lowering the water
level in the aquifer below the level of hydraulically connected streams,

4



lakes, or ponds causes water to infiltrate into and recharge the aquifer.
Similarly, when the potentiometric surface of a leaky artesian aquifer
declines to a level lower than that of an underlying or overlying
aquifer, water will move through the confining beds into the pumped
aquifer. Indirect artificial recharge usually is an unintentional
byproduct of the development of the ground-water resources of an area.

Factors Affecting Recharge by Wells

Most of the problems in recharging through wells, especially in
aquifers composed of fine-grained material, involve excessive buildup of
water levels in the recharge well because of clogging of the well screen
or aquifer. If the recharge water is not low in suspended solids, air,
and microorganisms, and is not chemically compatible with the natural
ground water and the aquifer material, clogging can cause a recharge
operation to be infeasible.

Under ideal conditions a well will accept recharge water at least
as readily as it will yield water by pumping. That is, if a well will
yield 1,000 gal/min with 30 ft of drawdown, it should accept as recharge
1,000 gal/min with 30 ft of buildup in the well, and a graph of the
buildup of water levels in the vicinity of a well when it is recharging
should be a mirror image of a graph of the drawdown in the vicinity of
the well when it is pumping. Actual conditions, however, are seldom
ideal, Factors in nature that alter the ideal conditions in regard to
artificial recharge through wells include differences in the physical
and chemical quality and temperature between the recharge water and the
native water, rearrangement of the gravel-pack material or the aquifer
material near the well because of changes in direction of flow, and
changes in aquifer response caused by changes in saturated thickness of
the aquifer during pumping and recharge operations. Buildup of water
levels in recharge wells is usually, but not always, greater than corres-
ponding drawdowns during pumping.

Factors that can cause the buildup of water levels in a recharge
well to be greater than the corresponding drawdown in a discharging well
include the following:

(1) Suspended sediment in the recharge water, including both organic
and inorganic matter. This sediment is a major cause of well and aquifer
clogging because it may be filtered out of the water and deposited on
the well screen, in the pores of the aquifer, or both. The sediment may
reduce the area of the well-screen openings and the transmissivity of
the aquifer, thereby increasing the hydraulic-head differential necessary
to maintain a given recharge rate.



(2) Entrained air in the recharge water, which is another major
cause of clogging. The exact manner in which air bubbles become lodged
in the interstices of the aquifer is unknown, but the bubbles apparently
have the same effect as clay particles or sand grains in that they
effectively retard the passage of water. Movement of the bubbles outward
from the well or upward to the water table may be prevented by one or
both of the following (Sniegocki, 1963a, p. 7): simple blocking of the
air bubbles by sand grains; and the Jamin effect (Smith and Crane, 1930;
Gardescu, 1930). The Jamin effect results from the fact that a capillary
tube which contains restrictions and is filled with a chain of alternate
air bubbles and water is capable of sustaining a finite pressure gradient
without allowing fluid movement. A sand-and-gravel aquifer probably
acts as a series of interconnected capillary tubes containing many
restrictions and the forces created by the Jamin effect prevent the
movement of the entrained air after it has been introduced into the
aquifer.

Once air has been entrained in a sand-and-gravel aquifer, it is
difficult to remove with simple pumping of the well (Sniegocki, 1963a).
Special redevelopment procedures involving the use of a wetting agent
such as hexametaphosphate and surging and pumping are necessary to
remove the bubbles before the specific capacity of an air-clogged well
can be restored.

Gas may be liberated from solution if the recharge water is warmed
by contact with the native ground water, resulting in clogging similar
to that caused by air entrainment. If the two waters are approximately
the same temperature or if the recharge water is warmer than the ground
water, this is usually not a problem.

(3) Microbial growth in a well. Such growth produces slimes or
other products that can clog recharge wells and aquifers. The effects
of these products are similar to those of suspended sediment in reducing
the transmissivity of the aquifer and increasing water-level buildup in
the recharge well. Ground water normally is nearly free of microbes and
should not clog the well by microbial growth during recharge unless it
is contaminated during transit to the recharge well.

(4) Chemical reactions between the recharge water and the native
ground water, the aquifer material, or both. Such reactions can cause
precipitation of insoluble matter that can clog the screen, the pores of
the aquifer, or both. The effects of the precipitate are similar to
those of suspended sediment in clo ng the wel aquifer, reducing
the transmissivity of the aquifer thereby ¢ greater than
normal buildup of water levels in the recharge well.
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The chemical reactions causing precipitation commonly are complex
and temperature sensitive. A knowledge of the dissolved chemical constit-
uents of the native and recharge waters and their chemical equilibra,
the water temperatures, and any changes in the composition of the waters
with time are necessary to accurately predict potential problems from
chemical precipitation.

(5) Ionic reactions that result in dispersion of clay particles and
swelling of colloids in a sand-and-gravel aquifer. Such reactions can
occur when the recharge water is of different chemical composition than
the native ground water. When freshwater is recharged into an aquifer
containing saline water the ion concentration of the native water is
decreased, reducing the electrostatic attraction between the clay particles
and permitting them to disperse and form a nearly impermeable barrier
near the well bore. Reduction of the ionic concentration during an
artificial recharge experiment at Norfolk, Va., apparently caused a 90-
percent reduction in the specific capacity of a recharge well after just
6 days of operation. The recharge water came directly from the city of
Norfolk's distribution system and had a very low salinity and sediment
content (Brown and Silvey, 1977).

(6) Iron precipitation. Such precipitation can occur in a well if
iron-rich water is aerated or exposed to other oxidizing conditions.
Soluble ferrous iron is oxidized to the insoluble ferric form. The
resulting iron compounds clog the aquifer much the same as suspended
particles do.

(7) Biochemical changes in the recharge water and ground water
involving iron-reducing bacteria or sulfate-reducing organisms. Such
changes can cause clogging under certain conditions. If the recharge
water and the recharge system are kept free of bacteria, this should not
be a problem.

(8) Differences 1in temperature between recharge and aquifer water.
When water that is cooler than the native ground water is injected into
an aquifer, the recharge water has a greater viscosity than the native
water. This greater viscosity requires a greater buildup in the recharge
well to move cool water at the same rate as warmer water. In a test in
a sand-and-gravel aquifer at Grand Prairie, Ark., Sniegocki (1963b,
p. 8) determined that the specific capacity of a recharge well decreased
approximately 30 percent when the temperature of the recharge water was
reduced from 66° to 43°F.



Factors that can cause the buildup of water levels in the recharge
well to be less than the corresponding drawdown in a discharging well
include the following:

(1) Recharge water that is warmer than the native ground water and,
therefore, less viscous;

(2) Increase in the saturated thickness and transmissivity of the
aquifer due to the higher water levels that result when a water-table
aquifer is recharged;

(3) Recharge water that is unsaturated with respect to calcium
carbonate. Such water can dissolve parts of a carbonate aquifer or
calcium carbonate in a sand-and-gravel aquifer, thereby increasing the
size of the pores and channels and increasing the transmissivity and
storage capacity of the aquifer. Other chemical reactions also may
increase the transmissivity and storage capacity of an aquifer. Solution
effects from such chemical reactions usually occur slowly and normally
are not noticeable during tests of a few days' duration; however, during
a period of years they could become significant.

Factors Affecting Recharge by Surface

Recharge by spreading basins is most effective where there are no
impeding layers between the land surface and the aquifer and where clear
water is available for recharge; however, a more turbid water can be
tolerated than with well recharge. The most common problem in recharging
by surface spreading is clogging of the surface material by suspended
sediment in the recharge water, by microbial growth, or by both. In
coarse-grained material, fine suspended sediment may move 18 inches or
more into the soil, making its removal difficult. Cultivation of the
land surface usually increases the retention of suspended materials in
the upper inch of the soil to more than 90 percent. This facilitates
their removal by scraping or scarification. Clogging of the surface by
microbial growth can usually be controlled by allowing the basin to dry
periodically, which will then allow the organic material to oxidize.
This practice requires the basin to be inoperative for varying lengths
of time.



History and Previous Investigations

Artificial recharge to augment potable ground-water supplies is
widely practiced in Burope, especially in Sweden, Germany, and the
Netherlands, and to a lesser extent in France, Great Britain, and Spain.
Percolation of surface water through the soil reduces the color and
certain chemical constituents, eliminates the suspended matter, and
reduces the cost of treatment. In the Netherlands, California, and
other coastal areas around the world, artificial recharge also is prac-
ticed to keep saltwater from intruding freshwater aquifers. In England,
intermittent percolation through soil helps to purify river water that
is as much as one-third wastewater effluent. Israel has reclamation
projects that use percolation to process wastewater from the city of Tel
Aviv. Israel also is a leader in the use of wells for recharge.

Interest in artificial recharge of ground water in Nebraska goes
back many years. Ever since large-scale irrigation began in the early
1950's and progressive declines of ground-water levels were noted,
people have been concerned about depleting the ground-water resources
and have been looking for ways to augment natural recharge.

The current investigation was an outgrowth of a contract between
the Agricultural Engineering Department of the University of Nebraska
and the Upper Big Blue Natural Resources District (UBBNRD). This contract
called for a review of the literature on artificial recharge and field
studies on several methods of recharge. Before the study in the UBBNRD
was completed, work was started in late 1975 on the current investigation
funded largely by the 01d West Regional Commission. Some of the objectives
of the UBBNRD study were incorporated into this current study. Work
elements were assigned to avoid duplication and to allow personnel
assigned to each study to concentrate in greater detail on their assigmment.

Well-recharge systems in Nebraska

The only previous scientific well-recharge experiment in Nebraska
was made in the Lincoln well field, Lincoln, Nebr., by Singleton (1966)
as his Master of Science thesis at the University of Nebraska. The work
was under the supervision of Ralph R. Marlette, Associate Professor of
Civil Engineering at the University of Nebraska-Lincoln.

The objective of the investigation was to show that artificial
recharge through injection wells into the Dakota Sandstone underlying
the Lincoln well field was physically feasible and that this recharge
would depress and displace saltwater in the aquifer. Prolonged pumping
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in the field had induced saltwater to move into the producing wells from
deeper and more westerly parts of the aquifer. The principal water
supply of Lincoln is now (1979) a well field in the Platte River valley
near Ashland; however, it is desirable to use the Lincoln field for
brief periods to meet peak summer demands. As a routine process started
in 1966, freshwater from the Ashland field is recharged to the aquifer
at Lincoln when surplus water is available. Because water moves slowly
through the aquifer, most of the recharge water remains in the area of
the Lincoln well field and is available to meet peak demands.

Five aquifer tests consisting of three pumping tests and two recharge
tests were conducted in the Lincoln well field between March and November
1965. A total of 22 million gallons (67.5 acre-ft) of water was recharged
during the tests at a rate of about 420 gal/min. The longest continuous
injection was 24 days. Pumping tests were made before and after the
recharge tests and no change in transmissivity of the aquifer was detected.
This indicated that little or no clogging occurred in the aquifer away
from the injection well during recharge. Analysis of water-level changes
in observation wells indicated that 86 percent of the water recharged
during the 24-day test remained within 1,100 ft of the recharge well.

The conclusion reached from the experiment was that it was success-
ful and that artificial recharge through wells in the Lincoln well field
was physically feasible. In evaluating reasons for the success of the
experiment, the following factors were noted: (1) No air was allowed to
mix with the recharge water; (2) the recharge water from the Ashland
treatment plant was free of suspended sediment and bacteria; (3) the
recharge water was chemically compatible with the water in the aquifer.
No adverse chemical reactions occurred, such as precipitation, clay
dispersion or swelling caused by ion exchange, or biochemical changes.

Most other well-recharge operations in Nebraska are closed systems
involving return of ground water used for cooling purposes. One such
operation is near Aurora, Nebr. A 100-foot deep, concrete-cased well
was drilled in 1964 to supply cooling water used during the liquefaction
of anhydrous ammonia. A similar well was drilled to return the water to
the aquifer. The initial operation of the return well was unsatisfactory,
probably because the water was allowed to cascade into the well, thereby
entraining air. A second return well was drilled in 1965 with modifica-
tions in the design to eliminate air entrainment. The return wells
recharged the aquifer at a combined rate of 200 gal/min. The limited
success of this recharge operation probably resulted from air remaining
in the aquifer even though the wells were pumped and redeveloped. If a
wetting agent had been used during redevelopment, it might have helped
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