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PREFACE

This preface documents the proceedings of a
Groundwater Recharge Symposium held in Phoenix,
Arizona on November 27 and 28, 1978.

For many years, groundwater recharging in the
Salt River Valley Basin has been under discussion by
politicians, professional engineers, and the citizenry
in general. The purpose of the symposium was to bring
together some of the most experienced personnel in the
field of groundwater recharge.

We believe the documentation of the expertise of
the participants, along with the questions and answers,
provides an exceptional reference book for future use.

We appreciate all who participated, either as a
speaker or a listener, at this symposium.

Reid W. Teeples

Associate General Manager-Water
Salt River Project
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OPENING COMMENTS

KARL ABEL: (President of tke Salt River Project)

We, from the Salt River Project, would like to welcome you to

this Groundwater Recharge Symposium.

About the only thing I know about groundwater recharging are the
0old wise tales that I've héard over'the years so, personally, I'm
really looking forward to the talent that we have on this
prograﬁ. We're very fortunate to get these people here to
educate us and help us along with the knowledge of groundwater
recharging, and there are a Qoodly number ofvexperts in this
audience. I can see from here that we'll also be able to add to
the total situation and I think that with a combination like
that, we're bound to know a lot more about this particular
subject by tomofrow evening. I would hope that this proves to be
a very informative and interesting experience for all of you.

Thank you.

JACK PFISTER: (General Manager of the Salt River Project)

Good morning ladies and gentlemen. For those of us whose job it
is to conserve and store water, nothing is more frustrating then
to watch flood waters flow down the usually dry Salt River. The
Six reservoirs on the Salt and Verde Rivers do a pretty good job
of balancing the good water years with the poor ones. However,
periodically the flows exceed the storage capacity of the dams

and during such periods the potential for even more water

conservation exists. One possibility may be recharging the




underground. In recent years, recharging the underground has

been suggested as a partial solution to Orme Dam. Indeed there .

are a few who have suggested that it may be a complete solution.

The concept of underground recharge sounds simple. All you have
to do is let the excess waters pércolate into the undergronnd and
pump them out when’they're needed. The realities of groundwater
.regharge are far more complex. We.at the Salt River Project
decided that a minimum of information was available on the

subject as it relates to the Salt River Valley.

Recognizing that other areas in the west have had some successes
at recharging, we thought it would be advantageous for the Water

Resource Planners in Arizona to benefit from their experience.

Some of the questions that we hope to explore during this two-day

symposium include the following:

Is groundwater recharge a viable tool in conserving flood waters

in the Salt River Valley?
Is it technically feasible?

How much water is available for recharging the underground water

supply in this area?
Is it economically feasible?
What are the legal problems involved?

Will it be compatible with our environment?

Is there sufficient land available for this purpose? And

'finally, and very importantly,




How much will it cost?

The program has been carefhily designed to develop as much
information as is possible in the two-day period to help answer
some of the many questions that exist in the application of
groundwater recharge to this area. We're‘extremely pleased with
the group of experts that have been assembled_to help shed some
light on these questions,’ We certainly appreciate their
participation in what I hope will be one of the best symposiums
you ever attended. In_order to help maximize the benefits from
having a group of such distinguished guests available for
questions, we've also assembled into panels, groups Qf
individuals who have some responsibility for water resource
planning in the Valley, to ask questioﬁs and to develop a
symposium summary. We»feel‘that this technique will help us to.
meet our objective of gaining as much information as is possible
during the next two days. Finally, let me express my
appreciation to Reid Teeples, Salt River Project's Associate
General Manager for Water, and to the many Salt River Project
employees that have worked on arranging for this symposium.
They've all done an outstanding job and you're about to benefit
from the fruits of their labor. The attendance at this symposium

is a fitting reward for their efforts. We very much appreciate

your coming. Thank you.
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STATISTICAL ANALYSIS OF FLOWS _OF THE SALT &
VERDE RIVERS, & RESERVOIR EVAPORATION (PART 1)
by
BYRON ALDRIDGE

The Water Resources Division of the U. S. Geological Survey,
has collected water-related data for nearly a century. Its
present data collection program includes surface water runoff,
water quality measurements, groundwater data, and several other
related items. We also measure sediment loads, chemical
constituents, biological content, and radioactivity. During the
years of data collection, methods and instrumentation have
improved so that we can produce more with the same number of
people, vyet mahy of the proven methods have been retained and
standardized so that the user knows that the records are of a
good quality and collected basically the same way throughout the
country. Records from one region are essentially comparable with
those of another. The Arizona District operates a network of
streamflow stations, many with the facilities for measuring water
quality parameters. It measures groundwater levels in many
wells, and provides basic dafa on the three aspects of water.

The distribution of annual funds for the three aspects is about
60% for surface water data and studies, 20% each for groundwater
and water quality. Basic data collection accounts for about 63%

of the expenditures; and projects, interpretive studies (either
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research or to define water supply), f£lood potential and other
water related characteristics, amount to about 37%.

A sfreamflow station consists of a stilling well where a
floatbmoves up and down with rises and falls in the water levels.
The float drives a recorder that either draws a continuous trace
of water level in the well or punches a record on paper tape.

The streamflow stations operated by the Arizona District provide

a record of water levels at sites at approximately 160 natural

streams, 60 canals and several reservoirs. Many other sites have

been gauged and water quality data are obtained at abqut 20_to
30% of the stations. The data collection program and
interpretive studies are financed largely through cooperative
agreements with Federal, State, County and City agencies;
IrrfgationvDiStricts; Water Districts and groups like the Salt
River Project. Forty-one of the‘streamflow étations ére located
in the Salt River Basin. Four of these are financed completely
by Federal funds, 15 are financed jointly by the Survey and the
Salt River Project, and 20 are finanbed.through agreements with
the Arizona Water Commission. One station isvsupported jointly
by the Arizona Water Commission, the Salt River Project and U. S.
Geological Sufvey.

The stations provide a record of where runoff originates and
how the amounts change in downstream direction. Key stations for
measuring inflow to the Salt and Verde rese:voirs are those on
the Salt River near Roosevelt, Tonto Creek above Gun Creek and
the Verde above Tangle Creek. Key stations for méasuring outflow

are those on the Salt River below Stewart Mountain Dam and the




Verde River below Bartlett Dam. Several other stations provide
advance warning of inflow to the reéervoirs.

I mentioned that the prbgram is cooperative; but a
cooperating agency does not tell the U. S. Geological Survey what
data to collect, or how to collect it. The cooperator's
responsibilities are to specify the location where data is
wanted, the type of data required for their needs and to tell the
U. S. Geological Survey if the data fails to meet their needs.
Otherwise, the data collection is a complete U. S. Geological
Survey function. Whereas a cooperator may be .interested in only
one aspect of the hydrologic regime; example, flood flows or low
flows; the U. S. Geological Survey has found that the station
operated for one purpose may be a very key station for some other
need. Therefore, we collect a complete record from low through
high flows of every stream unless there is some very special
reason that we cannot do so. Occasionally, if a station isn't
suitable for records over an entire range, we may collect data
over just part of the range, but that is only rarely done.

The hydrologist in the field makes discharge measurements.
These discharge measurements are related to a stage so that a
rating curve can be developed. This rating curve then is applied
to the recorded gauge heigh;s to obtain a daily record of
discharge and the maximum flows and low flows during the period.
The streamflow data are published annually in a report of water
resources for Arizona. The published data includes daily,
monthly, annual mean discharges, peaks above the specified base

and minimum flow. Water Quality data for surface streams are




published in the same report. The data are also storéd in
computer files that serve as input for several programs to
generate statistical parameters that are more usable than the .
basic data. Oné program generates tables showing the number of
days and percent of time discharge occurs for a given streamflow
within certain ranges. The total range in discharge of the
stream is generally divided into 32 increments. The data are -
known as Flow Duration Data. There's a program to extract the
highest and lowest mean discharges for periods varying from 1 to
183 days. This data can be ranked for plotting frequency curves,
or used as input for computiné mathematical distributions
according to frequency of occurrence. Frequency distributions of
annual maximum discharge during each year can also be computed
directly from the computer stofed data. Another program computes
monthly and yearly means. It also ranks means for eachv calendar ‘
month and computes flows that will occur 25%, 50%, and 75% of the
time. It computes arithmetic and logarithmic means, standard
deviation of the data for each month and year, and serial
correlation between months. Output from these programs can be
transferred to another file that provides stream flow and basin
characteristics required for making regression analysis for one
or more specific geographical areas. Such an analysis relates
the streamflow characteristics to measurable basin
characteristics.

Surface runoff is the most significant source of water for
recharge. There's very little recharge from direct rainfall;

recharge is all from surface water leaving the mountains and




entering the Salt River Valley. Knowledge of the distribution of
surface runoff, both with respect to time and geographical area,
is a must for planning and managing any recharge project. A
' successful recharge project must account for the chemistry and
sediment load of the water being used.

A knowledge of groundwater is also essential to the
successful recharge project. The U. S. Geological Survey has
collected, published, and stored in computer files, immense

amounts of data regarding the groundwater system. Water levels

are measured at least annuaily at index wells that are considered
representative of geographical regions. A statewide summary of
water levels, changes in water levels, and pumpage is published
annually. 1Individual groundwater basins are being studied more
thoroughly at the rate of 3 to 5 basins per year. For each
study, ‘wells are inventéried, and groundwater levels are measured
in as‘many wells as possible. Water levels are contoured, and
changes in water level since the last complete study are
computed. One of the reports that's been done is for the Eastern
Salt River Valley} This study shows declines of up to 350 feet
in some places in the last 50 years, which leaves a very immense
area that could be recharged if the other factors could be worked
out. Interpretive studies on water supply, movement, operative
charﬁcteristics are made for either geographical regions such as
groundwater basins or for political subdivisions such as a county
or an area within a reasonable distance of a metropolitan area.
Bob Laney of our Phoenix Office is presently working on another

study of the Eastern Salt River Valley to get more detail than
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what our present study shows. This study will show the potential
yield of aquifers, permeability of alluvium, and amount of
alluvium that has been dewatered. It fits very well into a ‘
recharge study because it can be used to determine how receptive
the aquifers would be and volume of storage space available.
Laney haé found that some of the dewatered alluvium is highly
permeable and very receptive to water.
Other studies that we have madé in the past show some of the

floodflows contribute large amounts of water to this area. The
April 1955 release from the reservoirs was about 39,000 acre
- feet; 20,000 acre feet went past Granite Reef. The flow was down
to a little over 5,000 acre feet by the time it reached 48th
Street, and almost nothing went past 7th Avenue. During the
December 1965 and January 1966 flood, there was over 600,000
second feet released from the reservoirs. About 200;000 second_' ‘
feet went into infiltration, and only 400,000 second feet reached
Gillespie Dam. So, we know that there's very high infiltfation
capacity. 1In the time permitted, I've only been able to |
highlight the various types of data and work that the U. S.
Geological Survey does: But, there's much more data in the
files; more specific information and data can be obtained either

from the Phoenix Office} or those in Flagstaff, Thatcher and

Tucson.










AUTHOR’S BIOGRAPHICAL SKETCH

NAME : David S. Wilson, Jr.

EDUCATION: B.S. Degree in Watershed Management from the
’ University of Arizona

JOB POSITION: Manager of Water Resource Operations for the
Salt River Project

EXPERIENCE: Supervisor of the Surface Water Division at
the Salt River Project

Supervisor of User Services Division at the
Salt River Project

Watershed Specialist at the Salt River Project



STATISTICAL ANALYSIS OF FLOWS OF SALT AND
VERDE RIVERS, AND RESERVOIR EVAPORATION (PART 2)

by

D. S. WILSON

My presentation will cover three key areas: first, the review
of the management of surface waters from the Salt and Verde River
drainage basins and the past and present uses of this water in
the Salt River Valley; secondly, the Salt River Project's (SRP)
approach to conjunctive management of both surface and
groundwater supplies; thirdly, provide information concerning
what the realistic opportunities are for groundwater recharge
from flood flows that are released at Granite Reef Dam.

To put things into perspective, there has been management and
use of water in the Salt River Valley for many, many years. 1In
fact, hundreds of years before the first white settlers arrived
there was a flourishing, irrigated agricultural community here in
the Salt River Valley which was maintained and operated by
Indians known as the Hohokam (Figure 1). But for one or more
reasons (a suspected cause is drought), this community vanished
from the Salt River Valley (Figure 2). It was replaced in later
years by the first white settlers who put in diversion works of
their own and redeveloped many of the old Hohokam irrigation
canals. These early pioneers had their problems. Conflicts
caused by water shortage during drought periods were common

(Figure 3). At the other extreme, high spring runoff and large




amounts of flood water occasionally flowed down the river and
washed out their diversion works (Figure 4). It wasn't until the '
early 1900's when the Salt River Valley Water User's Association
was formed and Roosevelt Dam was constructed on the Salt River
that man was able to exert some regulation and management of the
surface flows originating on the Salt River Watershed (Figures 5
& 6). Later, as additional reservoirs were constructed,
regqulation of Verde River runoff was possible. With the control
and added management flexibility provided by the reservoirs, a
thriving agricultural community developed here in the Salt River
Valley (Figure 7). Today, agricultural areas are rapidly being
urbanized with attendent needs for water for municipal,
industrial and domestic uses as well as agriculture. Additional
benefits of surface water conservation and management include a

variety of recreational opportunities, wildlife enhancement, and

the generation of hydroelectric power at some of the reservoirs
(Figure 8-11). Where does this water come from? It originates
as precipatation which falls on the 13,000 square mile watershed
which is drained by the Verde and Salt Rivers and Tonto Creek
(Figure 12).

Most of the water flowiné from the watershed results from
melting snow that is deposited during the fall and winter. This
source typically accounts for more than two-thirds of the runoff
received in a normal year (Figure 13). That water is monitored
at key gauging points, and the information is used for routine
inflow analysis and operation of the reservoirs. Certain gauges

are of particular importance during potential flooding periods




because they provide lead time information before the water gets
to the reservoirs (Figure 14).

Once the water flows into the reservoir system, it is stored,
managed and released from a system of six reservoirs; the largest

and oldest being Roosevelt, completed in 1911 with a storage

capacity of almost 1.4 million acre feet. The most recent
addition to the reservoir systems is Horseshoe, completed in 1946
on the Verde River system. Water stored in the four reservoirs
on the Salt River and two reservoirs on the Verde River, is
ultimately released for use here in the Salt River Valley. Those
reservoirs' releases are diverted into the SRP canal system at
the Granite Reef Diversion Dam located below the confluence of
the Salt and Verde Rivers.

Each year the Salt River Project establishes a reservoir
operations plan. Some of the plan considerations include: the
total water demand that is anticipated and what kind of reservoir
releases and pumping might be required to meet that user demand;
the amount of water in storage at the start of the year; and
projected runoff for the year. One of the key objectives of
reservoir operations is to provide carry-over storage for low
runoff years. Actual operation includes maximizing releases from
the Salt River system during the summer, to provide optimum
benefits from hydroelectric generation. The Salt River
reservoirs are the only ones presently equipped to generate
power. Releases from the Verde River reservoirs are maximized
during the wintertime to provide adequate storage capacity in the

Verde system to capture spring runoff. The highest groundwater



pumping regiment is maintained during the spring and summer
months to supplement surface water deliveries.

The ultimate objective is to ensure dependable water supplies
for the Salt River Valley. Groundwater is used to supplement
surface water only to the extent necessary to provide carry-over
storage in low runoff years. Therefore, pumping is less when the
most surface water is available, and conversely, the most pumping
occurs when the least surface water is available.

Looking at surface water supplies more closely, there was an
extremely large runoff event on both the Salt and Verde Rivers in
March of 1978 and that's what most of us remember. But if we
look at the past 89 years of runoff record, the wide range of
variability in the runoff events is clearly evident (Figures
15-15E).

Watershed and weather conditions sometimes produce peak flows
that are quite dramatic, but routinely, river flows are moderate
to very low for extended periods of time. The annual demand for
water in the Salt River Project delivery érea is about 1.2
million acre feet. During the 65 year period of record since the
first flood release was made in 1913, there have been 18 years in
which the annual inflow to the reservoir system exceeded that
demand of 1.2 million acre feet. There have been only five years
when flows equalled the demand, and there have been 42 years when
the annual inflows were below the annual demand - some 64% of the
record period (Table 1).

What about the flood releases that have been made. These

releases are measured at Granite Reef Diversion Dam. The first




release in 1913 peaked at 3,700 cfs. There were three different
release periods in that year; February, March and April. Water
ran at Granite Reef Dam into the Salt River channel during those
three release periods for some 30 days. Reviewing the record
from 1913 to present, there have been several relatively large
peak releases: 1916 - 79,000 cfs; 1919 - 46,000 cfs; 1932 -
48,000; 1938 - 58,000 cfs; 1965 - 67,000 cfs; 1966 - 53,000 cfs
and 113,000 cfs in 1978. The total record indicates different
release events over a period of 65 years, with a total number of
release days at 899 (Tables 2 & 3).

What about opportunities for groundwater recharge using
surplus water. Looking at the complete record from 1911 (when
Roosevelt Dam was completed) and assuming that ;here will be no
more additional releases in 1978; there have been 96 total
release events during the 68 year period with a total of 899
release days out of 24,820 possible days. This means that there
was surplus flood water available at Granite Reef Dam which could
have been used for groundwater recharge only 3.6% of the time
during the 68 year period. However, the reservoir system wasn't
completed until 1946. Since completion of the total reservoir
system, surplus flood water has been available to Granite Reef
Dam for recharge programs only 1.7% of the time (Tables 4 & 5).

A lot of concern developed as a result of the releases that
had to be made in March of 1978. When that storm developed, the
Verde River system was about 50% empty. During that runoff
event, some 652,000 acre feet of inflow was received. What

happened to the 652,000 acre feet? 102,000 of it was stored in




the Verde reservoir sytem. Some 21,000 acre feet was diverted at
Granite Reef Diversion Dam and delivered to users here in the
Valley. 529,000 acre feet was released to the Salt River
channel. The interesting point is that some 526,000 acre feet or
99.5% of the total water released to the river bed was released
during a short eight day period from March lst through March 8th
(Table 6).

This dramatized the point to be made. There are very few
events in which flood flow releases from the reservoir system go
to the river below Granite Reef. These flows are usually of
large magnitude, short duration, and carry heavy sediment loads.
Other releases that occur during any particular year are from
local inflows below thg reservoirs or from the Salt River Valley
area. These are very small in nature. The obvious conclusion is
that there is no significant surplus flood water flows available
on an annual basis for routine groundwater recharge programs.

Our challenge and our concern needs to be directed toward

handling the infrequent large flood events!




taste 1 SURPLUS (FLOOD) WATER STATISTICS

ANNUAL
YEARS JNFLOW PERCENT
18 EXCEED DEMAND 28
5 EQUAL DEMAND 8
42 BELOW DEMAND 64
65 100

BASED ON 65 YEARS OF Recorp: 1913 - 1977

AVERAGE ANNUAL DEMAND = 1.2 M.A.F.




TRHED 2 SIGNIFICANT WATER RELEASES
BELOW GRANITE REEF DIVERSION DAM

IN CuBic Feet Per Seconp

TOTAL TOTAL

CFS RELEASE RELEASE
YEAR  PEAK FLOW DATES EVENTS DAYS
1965 67,000 APR. DEC. 2 4
1966 53,000 JAN., FEB., MAR. 2 33
1967 2,950 DEC. 1 2
1968 3,703 FEB., MAR., APR. 4 26
1972 10,000 JUNE, OCT., NOV. DEC. 4 9
1973 20,254 JAN., FEB., MAR.-pAY i 101
1978 113,900 MAR., APR., 2 23

—_— — @

TOTALS 96 899

(As oF Hov. 22, 1978)




TABLE 3

SIGNIFICAHT WATER RELEASES
BELOW GRAWITE REEF DIVERSION DAM

IN CuBic FEeT PeEr Seconp

TOTAL TOTAL
RELEASE  RELEASE

YEAR  PEAK FLOW DATES EVENTS  DAYS
1913 3,700 FEB.. MARCH, APRIL 3 30
1914 15,709 JAN., FEB.,MAR.,DEC. 3 21
1915 13,700 JAN., FEB., MAR., APR., 7 30

MAY, AUG., SEPT., DEC.
1916 79,100 JAN.- MAY, SEPT., OCT. 3 128
1917 23,100 JAN, FEB., MAR., APR. 3 39

MAY
1918 28,400 FEB., MAR., AUS. 3 19
1919 146,200 FEB., MAR., APR., JULY 5 30

AUG., NOV., DEC.
1920 87,800 JAN., FEB.- APR. 3 58
1921 15,900 JULY, AUG., DEC. " 8
1922 24,100 JAN., FEB., MAR. 4 17
1923 42,300 MAR., SEPT., NOV. DEC. 4 19
1924 5,990 JAN., APR. 3 8
1926 28,800 APRIL 2 15
1928 7,820 FEB. 1 5
1929 17,200 APR., MAY 2 7
1931 22,900 FEB., DEC. 2 9
1932 48,700 FEB., MAR. 3 35
1935 6,827 JAN. FEB. MAR. 5 13
193 4,000 FEB. 1 1
1937 36,891 FEB. MAR. 3 21
1938 57,554 MAR. 2 10
1940 2,495 DEC. 2 3
1941 32,206 FEB.- MAY 3 %5




TABLE 4 SALT RIVER PROJECT
WATER MANAGEMENT FACILITIES

STORAGE DAMS

ROOSEVELT

HORSE MESA

MORMON FLAT

STEWART MOUNTAIW
SUBTOTAL SALT SYSTEM

HORSESHOE
BARTLETT
SUBTOTAL VERDE SYSTEM

TOTAL

DIVERSION DAM

-~ GRANITE REEF

DATE

1905 - 1911
1924 - 1927
1923 - 1925
1928 - 1930

1944 - 1946
1936 - 1939

1906 - 1908

CAPACITY (AF)

1,381,580
245,133
57,352
69,765
1,754,335

139,238
173,477
317,715

2,072,050

o



TABLE 5 CALCULATIONS
FROM
TABLE OF SIGNIFICANT RELEASES
BELOW GRANITE REEF DIVERSION DAM

PERIOD OF RECORD 68 YEARS (1911-1978")
TOTAL RELEASE EVENTS 9%
TOTAL RELEASE DAYS 399

SURPLUS FLOOD WATER AVAILABLE 5.6% OF RECORD PERIOD
*ASSUMING NO ADDITIONAL RELEASES IN 1978

AFTER COMPLETION OF RESERVOIR SYSTEM
(HORSESHOE DAM, 1946)

PERIOD OF RECORD 32 YEARS (1946-1978°)
TOTAL RELEASE EVENTS 19
TOTAL RELEASE DAYS | 198

SURPLUS FLOOD WATER AVAILABLE  1.7% OF RECORD PERIOD

*ASSUMING NO ADDITIONAL RELEASES IN 1973




TABLE 6 STORM OF MARCH 1978
VERDE SYSTEM

INFLOW 652,000 AF
STORED 102,000 AF
USED 21,000 AF
RELEASED *529,000 AF

*526,000 AF (99.4%7) oF TOTAL RELEASE WAS MADE
IN 8 pays (MarcH 1-8, 1978).




FIGURE 1 - THE HOHOKAM INDIANS PRACTICED FARM IRRIGATION PRIOR
ARRIVAL OF THE FIRST PIONEERS
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FIGURE 2 - DROUGHT MAY HAVE DRIVEN THE HOHOKAM FROM THE VALLEY
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FIGURE 3 - EARLY-DAY CONFLICTS WERE CREATED BY DROUGHT CONDITIONS

FIGURE 4 - FLOOD FLOWS WASHED AWAY IRRIGATION DIVERSION WORKS
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FIGURE 6 - ROOSEVELT DAM




FIGURE 7 - AGRICULTURE
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FIGURE 8 - MUNICIPAL




FIGURE 9 - DOMESTIC




FIGURE 10 - RECREATION

FIGURE 11 - HYDROGENERATION
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FIGURE 12 - SALT, VERDE & TONTO WATERSHED AREA




SPRING SNOW MELT

FIGURE 13 -




FIGURE 14 - RIVER GAGING STATION
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FLOW PROCESS TO UNDERGROUND FROM SURFACE PONDS

by
HERMAN BOUWER

Introduction

Putting surface water underground for recharge of groundwater
involves the following three processes (Figure 1):

1. Getting the water into the ground (infiltration),

2. Gétting it down to the groundwater, and

3. Getting it to flow away laterally from the fecharge

area. | |

Before infiltration is started, we usually have an
unsaturated zone (vadose zone) between the surface and the
.groundwater zone (aquifer). The top of the grouhdwater is the
water table (Figure 2) and it is the height to which the water
will rise in a well penetrating the aquifer. The lower boundary
of the aquifer is some kind of impermeable material (clay,
bedrock, etc).

When the soil surface is flooded, like in an infiltration
basin, water moves into the ground, it wets up the soil, and
forms a wetted zone which advances downward (Figure 2). The
lower part of the wetted zone is called the wetting front. As
infiltration continues, thé wetted zone moves down until it
reaches the groundwater. When that happens, the water table
rises and forms a groundwater mound. This creates a system of

lateral flow away from the infiltration area and causes the




adjacent water table to rise, thus "storing" the recharge water

(Figure 1). 1Initially, the groundwater mound will rise fast; but .
with continued recharge it will rise slower and reach a pseudo-
equilibrium position.

The above system applies to an unconfined aquifer, which is
an aquifer that is "open" at the top to atmospheric conditions
and bound by a water.table. There are also aquifers that are
sandwiched between two slowiy permeable layers, like a sand layer
between two clay layers. Such aquifers, called confined |
aquifers, cannot be recharged from the surface, but must be
recharged through injectién wells. 1In the Salt River Valley, the
upper aquifers generally are unconfined. Deep clay deposits and

underlying confined aquifers may also be present.

Water Réqﬁirements for Formation of Wetted Zone

The wetted zone functions as a transmission zone, ‘
transmitting water from the surface to the groundwater (Figure |
l). Water cannot be collected from the Eransmission zone as
such, because the zone is unsaturated and the water is held by
capillary forces. Thus, it will not flow into a well. This
means that a portion of the recharge water first has to be used
to set the soil and create a‘transmission zone, before the water
can reach the groundwater. How much water has to be stored in
the transmission zone depends on how dry the soil is before
infiltration, and how deep it is to groundwater. If the soil is
very dry, the fillable porosity may be around 20 percent, which

means that for every 10-ft depth to groundwater a depth of 2 ft.

of water must be used to create a transmission zone. If the soil .




has already been wetted before, like in the Salt River bed or
below irrigated fields, the fillable porosity may be on the order
of 5 to 10 percent. This means that for every 1l0-ft. depth to

: grqundwater, 1/2 to 1 ft. of water must be stored in the |
transmission zone. These figures show that appreciable amounts
of water may have to be "invested" in the transmission zone
before groundwater recharge begins. Not all the watér that is
stored in the transmission zone is lost forever, however, because
if infiltration is ceased, the transmission zone slowly drains to
the groundwater and}eventually a significant portion of the watér
will reach the groundwater.

Infiltration Rates

A very important factor in groundwater recharge is the
infiltration raté, which is expressed as a velocity (inches per
hour, feet pef day, etc.). The infiltration rate can be
visualized as the rate of fall of the water surface in an
infiltration pond when the inflow of water is stopped. Thus, if
the water level then drops 1 inch per hour, the infiltration rate
is 1 inch per hour or 2 feet per day. Knowledge of infiltration
rates is important because it enables the engineer to predict how
much land area would be needeé'to get a certain volume of water
into the ground per year. Also, if only a certain amount of land
area 1is available, it enables one to calculate how many acre-feet
of groundwater recharge can be obtained.

Infiltration rates are not constant. They are highest when
water is first applied to the basin. This is because the wetting

front has not advanced downward very far, and the water pressure




due to the water depth in the basin is dissipated over a
relatively small distance. After a few hours, however, water
mainly moves downward due to the force of gravity, and
infiltration rates become essentially constant. The constant or
final infiltration rate is about equal to the permeability or
hydraulic conductivity of the soil. The coarser the soil, the
higher the hydraulic cohductivity; and hence, the higher the
constant infiltration rate. Orders of magnitude for the
hydraulic conductivity and final infiltration rates for soils
are:

‘Clay soils: A few inches per day

Loam soils: A few feet per day

Sands: A few yards per day.

Thus, if we have a loamy sand with a final infiltration rate

"of 4 feet per day, one acre of infiltration basin can infiltrate

4 acre-feet of water per day.'

Clogging Effects

Constant infiltration rates are obtained only if pure water
is applied. Unfortunately, water in infiltration basins always
contains some suspended particles, such as inorganic sediments
like clay, silt, or fine sand, and organic particles like algae.
These solids settle out on the bottom of infiltration basins
(Figure 2, Right). Also, as water moves into the soil, the
particles are physically strained out on the soil surface. When
infiltration is just started, very fine partiéles can actually
pPenetrate into the soil and move down some distance before they

are finally trapped in the pores. This trapping causes other



particles to become trapped higher up, etc., until the entire
surface portion of the soil is clogged by fine particles..
Clogging is not only caused by suspended particles in the water,
but also by bacterial growth and slime production on the bottom.
In addition, algae in the water uses up carbon dioxide during the
day, which increéses the pH of the water and in turn results in
precipitation of calcium carbonate, which accumulafes on the
bottom. This can actually cause a cementing of soil particles at
the surface.

The clogging matgrials have a much lower permeability than
the soil itself, so that infiltration rates gradually decrease to
very low values. The clogged layer then becomes the controlling
factor or bottleneck in the infiltration process.  Eventually,
infiitration rates will become so low that the clogged layer has
to be removea.

Effects of clogging can be reduced by minimizing the
suspended solids content of the water in fhe infiltration basins.
This may require presedimentatién of the water in special
reservoirs or forebays before it is admitted to the infiltration
basins. Some projects use a floating intake facility that skims
off surface water for conveyance to the infiltration basins.
Other possibilities are coagulation and sedimentation of the
water, or filtering it by letting it flow through grassed
surfaces to reduce the suspended solids content.

Presedimentation basins shoﬁld not be so large that water stays

in them for days or weeks and algae has a chance to develop.




If the infiltration rate in the basin has become unacceptably

small, the basin must be dried. When the clogging materials are | .

‘mostly organic, like algae and bacteria, drying alone may be

- effective in restoring infiltration rates because the organisms
die_and decompose, and the clogged layer shrinks and breaks up in
curled flakes. If the clogging materials are mostly inorganic,
like clayvand silt, drying alone»wili not do the job. It will
then be necessary to scrape off the surface layer or otherwise
remove the fines that have accumulated on the soil. Infiltration
basins for,groﬁndwater recharge thus must undergo»regular drying
and cleaning periods. The "useful" length of flooding periods
may vary from several months or more for clean water, to only a
few days for very turbid water. Gravel layers, mulches, and

other cover layers normally are effective for a limited time in

minimizing clogging effects. Eventually, such cover layers also
clog up with solids and must be completely removed.

Because of clogging, infiltration rates in the Salt River bed
when the river is flowing are much less than the permeability of
river-bed material as such; The coarse sands and gravels that
prevail in the main channels may have a permeability of about 30
ft per day. Yet, infiltratioh rates are only on the order of one
to several feet per day. |

Hydraulic Loading

The depth of water that can be infiltrated over a long period
of time with a recharge~basin system is called the hydraulic
loading rate or hydraulic capacity of the system. While

infiltration rate refers to the actual rate of movement of water .




into the ground during flooding, hydraulic loading rate inéludes

the tima that basins have to be dry for cleaning and

infiltration-rate recovery. Thus, if 6-week flooding periods are

: alternated with 3-week drying periods and the average

infiltration rate during flooding is 2 feet/day, the hydraulic:

loading rate is 485 feét per year. At this rate, 2,060 acres of
recharge basin would be required to infiltrate 1 million acre-

feet per vyear. | '

Effect of Water Depth on Infiltration Rate

If the soil surface is not clogged, the depth of water in the
basin does not have a significant effect on infiltration rate,
except at the beginning of the infiltration when the wetting
front has not yet penetrated very far into the soil. After a few
days, however, the pressure due to the water depth is dissipated‘
over a large wetted zone, so that the effect of water depth is
small compared to the effect of gravity which then is the main
driving force for the downward moving water. However, most
infiltration basins will develop a clogged layer at the bottom,
in which case the pressure due to the water depth is dissipated
~over the clogged layer itself. Since this layer is relatively
thin (a few inches at the most), water depth then has a
significant effect on infiltration. As a matter of fact, the
effect is almost linear. Thus, doubling the water depth will
essentially double infiltration rates in recharge basins where

the infiltration is controlled by a thin, clogged layer at the

bottom.




Ajir-Pressure Build-Up

If the infiltration basin»is relatively large, air pressure
can build up in the vadose zone underneath the downwérd moving
- wetting front. These air pressures could reduce infiltration
rates. Air pressures below wetting fronts can be minimized by
. using relatively narrow infiltration basins, or by installing
air-pressure rélief pipes.

Effect of Groundwater Depth

The position of the groundwater tgbie has no effect on
infiltration rate as long as it is below the bottom of the
ihfiltration basin. This is because there is unsaturated flow in
the wetted zone, which is controlled by.gravity; and the water in
the basin "does not know where the groundwater is." However, if
the water table comes within a foot or so of the bottom or even
rises above?it; it will back up the infiltration process and
cause a reduction in infiltration rate. Thus, in designing aﬂ
infiltration system, one must always make sure fhat-the mound
will stay well below the bottom of the basins.

The rise of the groﬁndwater mound depends on how fast the
aquifer can transmit the recharge water laterally. The thicker
the aquifer and the more perméable the material, the easier it is
for the water to flow away laterally, and the lower the mdund
will be. Whefe aquifer traﬁsmissivity may be insufficient, long,
narrow basins rather than round or square basins should be used
to minimize mound heights. In the Salt River Valley, aquifers

generally are permeable and thick so that excessive build-up of

-




groundwater'mounds is not to be expected, at least for normal-

sized infiltration basins.

Perching Mounds

éométimes, there are less-permeable layers in the vadose 2zone
between the basins and the groundwater. Such layers typically
occur in élluvial deposits, where clay and silt deposits were
formed in stagnant pools or in.channels with sluggish flow after
floods receded. Where there is an impermeable lens, a perched
groundwater mound must build up on the lens before water can move
off the edges and percolate downward. If the.perching layer is a
continuous layer of reduced permeability; a perched mound will
build up until enough pressure is created on the perching layer
to "push" the water through this layer so that it can flow down
to the underlying aquifer. |

Sometimes, the restricting layer is the upper confining layer
of a confined aquifer. If the confining layér is not completely
impermeable (hence, if it is an aquitard and not a aquiclude);
recharge water can move into the confined aquifer if the perching
mound generates enough pressure on the semi-confining layer.
Where the upper confining layer is not sufficiently permeable to
transmit water in significant‘amounts, the underlying confined
aquifer can only be recharged by means of wells that penetrate
the confined aquifer (well recharge or well injection).

Pre-investigations and Design

The best way to predict infiltration rates and to develop

criteria for designing and managing a system of infiltration

basins for groundwater recharge is to work with some test basins.




Before that, however, there must be pre-investigations regarding
infiltration'fates and permeability wvalues of the soils in the
vadose zone, for feasibility studies and proper site selection.

- Also, the transmissivity of the underlying aquifer must be
evaluated, so that heights of groundwater mounds can be predicted
and optimum shapes and sizes for recharge basins can be selected.
The technical knowledge and methodology on‘these matters'hés

progressed to the point where rational approaches are possible

and reliable results can be expected.

REFERENCES
There are numerous articles, reports, etc. on the various
aséects.of groundwater recharge. For a recent re&iew vathis
literature (including infiitration, clogging, groundwater mounds,
hydraulic-conductivity measurement, etc.), reference is made to
the book: |

Groundwater Hydrology, Herman Bouwer, McGraw-Hill, New York,

1978 (480 pages).




)7 /) /\\ N 1 YRR A R A/ SRS ///\\

VADOSE ZONE

VEERVENY | GRS V—

WATER TABLE

AQUIFER

7777 77T T

Figure 1. Schematic of groundwater recharge system showing infiltration basin, wetted
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SOME PRINCIPLES OF FLOW IN THE UNSATURATED ZONE
AS RELATED TO ARTIFICIAL RECHARGE
by
E. P. Weeks

This discussion will be geared to emphasize some of the bésic
principles of flow in the unsaturated zone. An understanding of
these principles is important, because many of the familiar
concepts of groundwater flow do not apply to the unsaturated
zone, and, as a consequence, flow relationships in the
unsaturated zone are somewhat nonintuitive. Thus, we need to
understand the basic principles of flow in the unsaturated zone
so that we aren't mislead by preconceived notions gathered
through our work in groundwater. |

The first factof that I will discuss is that relating to the
pressure head status of water in the unsaturated zone. As you
know, head relationships in the saturated zone are determined by
measuring water levels in wells. In the unsatufated zone, on the
other hand, water is held under negative pressure, and will not
enter an open pipe or hole. The cause of this negative pressure
may be explained by the theory of capillarity. Effects of
capillarity on water in a capillary tube (Stallman, 1964) isr
shown in Figure 1. Because water has a significant surface
tension and tends to cling, or adhere, to the walls of the tube,
water rises in the tube. The height of the rise is governed by

the contact angle between the water and the tube wall, which is a




measure of the adhesive force between the water and the tube

material and by the surface tension of the water. These forces, .

which cause water to rise in the tube, are counterbalanced by the
weight of the hanging water body, and the actual height of rise
represents that at which the counteracting forces balance. It
can be shown that the net effect of the surface-tension force is
proportional to the radiusvof the tube, whereas the weight of the.
water is proportional to the square of the radius. Hence, the
height of capillary rise is inversely proportional to the radius
of the capillary, which will thus be greatest in very fine
capillaries;

The capillary tube of course shows little resemblance to a
porous mediﬁm, but the same principles apply. Hence, a capillary

water body at the contact between two spheres, also shown in

Figure 1, will also be under tension. Such a water body is

termed a pendular ring, and the tension within the water body is

defined by the radii of curvature rq and L. Because of this
tension, water in the pendular ring will not enter a larger
opening, in which the pressure would be higher. The porous
medium can be considered to be composed of a great many spheres,
_ with water help by capillafity at each grain contact. This water
will not enter an open hole or observation well, just as a fluid
moving through a wick will not enter a hole in the wick.

I have belabored this point, but it does represent an
important concept, that if-unrecdgnized, could lead to erroneous
conclusions. As an example, I was recently at a meeting in which

it was argued that no recharge was occurring from a sewage '




lagoon. The people involved were certain of this because no
water entered open holes that they had installed horizontally
beneath the lagoon for the purpose of measuring recharge. In
fact, however, a water balance of the lagoon suggested that
infiltration of several feet a year was occurring. Because the
bottom of the lagoon was nearly sealed, water was moving by
unsaturated flow through the underlying materials, and could not
enter an open hole.

Before progressing further, I should clarify the difference
between head and pfessure, as water in either the saturated zone
or unsaturated zone will move in the direction of decreasing
head, rathe; than decreasing pressure. The difference between
head and pressure is shown by examining the relationship between
the two in waﬁer held behind a dam. 1In Figure 2, it can be seen
that the pressure near the bottom of the reservoir, P1 is much

greater than that near its surface, P_, yet there is no vertical

2/
water movement. Head, on the other hand, is defined by the

equation:
h=PHF + Z,
where P = pressure, in terms of force per unit area;
¥ = weight per unit Qolume of water; and
Z = height above a reference plane, distance.

As we move up from the reservoir floor, the pressure decreases,

but Z increases at the same rate, so head is constant. Thus, h1

= h,, and there is no head gradient in the reservoir.




Pressure Measurement in the Unsaturated Zone

As I mentioned earlier, pressure or head in the unsaturated
zone cannot be measured with an observation well. Instead, it
must be measured by use of a tensiometer, shown diagrammatically
in Figure 3. Thé tensiometer consists of a cylinder (&), fitted
on one end with a fineegrained membrane (B), and on the other by
a clear small-diameter tube (C). The tensiometer is filled with
water, which forms a continuous'wéter body throughythe porous
membrane with water in the adjoining porous medium, shown by
shading in the diagram. Because the water in the unsaturated
Zone is under tension, it tends to suck water out of the
tensiometer. This tendency is counterbalanced by the development
of a negative pressure in the tensiometer, and the tensiometer
.reaches equilibrium when éhe suction at D equals that at Dl' In
the diagram, this suction, in terms of head h 1is equal to the
depression of the meniscus in the tube C below the center line of
the tensiometer tube.

Figure 3 is obviously diagrammatic. 1In actual practice, a
tensiometer is generally installed in the bottom of a hole, and
tension is read at land surface. Under these conditions water
would be drawn out of the fube, C, by capillary suction and
gravity. This is overcome by bringing the tube in an inverted U
into a mercury reservoir, as shown in Figure 4. Moreover, the
tensiometer measures the pressure head at the membrane-soil
interface, and total head.in the unsaturated zone must be

corrected by taking the position of the tensiometer membrane

below the reference plane into account.




The above description, although brief, describes the method
by which pressure head is measured in the unsaturated zone. Most
texts on soil water or unsaturated flow, such as Hillel (1971),
and Kirkham and Powers (1971), or Childs (1969), give a more

complete account of their operation and use.

Meesurement of Moisture Content

Several methods exist for measuring moisture content in the
unsaturated zone, but I shall mention only two. One method is
based upon core analysis. A core of material from the
unsaturated zone, taken, say, by drive-coring to avoid disruption
of its moisture content, would be weighed and its volume
measured. It would then be dried in an oven and weighed again.
The weight loss, in grams, represents moisture content in cubic
centimeters, which, when divided by the volume of the core,
represents the volumetric moisture content as a dimensionless
fraction.

A second method for measuring moisture content is by neutron
logging (Stallman, 1967). Use of this method requires a neutron
moisture meter or logger and an access tube for lowering the
neutron probe through the eoil. Essentially, the neutron probe
consists of a source of fast neetrons and a detector for
measuring slow neutrons. The fast neutrons, commonly generated
by an americiam-beryllium source, will pass through steel or
aluminum, because the particles are without charge. When a fast
neutron does strike the nucleus of a large molecule, such as that

of iron or silica, it will rebound elastically with little loss




of energy. However, when a fast neutron strikes a hydrogen
nucleus, an elastic collision occurs that accelerates the
hydrogen nuéleus but slows the neutron, much as a cue ball is
slowed upon striking an object ball in a pool game. Measurement
of the flux density of the slow neutrons gives a measure of the
volumetric moisture content in the unsaturated zone.

The:néUtrén log measurements will vary with access hole
construction and other factors. However, the neutron logs can be
calibrated against volumetric samples, as described above. Once
calibrated, the neutron moisture meter orhlogger provides a.
cohvenieht and accurate method for making repeated nondestructive
measurements of moisture change at a site.

2

Relationship Between Moisture Content
and Moisture Tension

Moisture content and tension, the measurement of which were

just described, are related. I am going to use a capillary tube

model to illustrate this relationship. Now, all of you who have

ever looked at a handful of dirt know that a capillary tube
doesn't look anythingylike a porous medium. Surprisingly,
however, the capillary tube model provides an effective tool for
understanding flow in the unsaturated zone.

A curve of moisture content versus height above the water
table, which would be equivalent to tension in this example, is
shown in the bar graph in Figure 5. The two smallest capillaries
combined will produce the moisture content shown by bar A, the

medium capiliary are shown by bar B, and the effects of a large




capillary are shown by bar C. If however, instead of only'four
capillaries, we had a large number, their cumulative effect would
be to produce a smooth curve of moisture content versus height
above the water table, as shown by the curve in figure 5. Thus,
the relationship between moisture content and tension is defined

by pore size distribution. The curve describing this

relationship is frequently called the moisture characteristic
curve.
The capillary tube model also may be used to explain the

concept of air entry pressure. Assume that the large capillary C

(Figure 5) represents the largest capillary in the porous medium.
Note that it contains water held by capillarity under a certain
negative pressure, and that the pressure immediately above the
capillary interface is atmospheric. An additional preésure~equa1
to the height of capillary rise in the capillary will be
necessary to push the water out of the capillary, and once that
has occurred, air could move through the capillary. Hence, the
air entry pressure can be considered to be that required to

evacuate the largest pore in the medium.

Relationship Between Moisture Content
and Hydraulic Conductivity

The rate of flow of a fluid in a porous medium resulting from
head gradient, for either saturated or unsaturated flow, is given
by Darcy's Law. For saturated flow this relationship is quite

simple:




where q = flow rate (specific discharge), L/T;
K = hydraulic conductivity, L/T; and
dh/dl = head gradient, or decline in head per unit length,
dimensionless. ‘

For saturated flow, K is a constant that depends on the
properties of the medium and upon the viscosity and density of
the fluid, but is independent of head.

Darcy's Law for the unsaturated zone, however, is more
complicated. Again referring to the capillary tube model in
Figure 5, water can only move in the capillaries filled with
water, so, at high tensions (or low heads), 6n1y'the fine
capillaries can conduct water, as the large capillaries will be
filled with air and thus impermeable to water. Consequently, in
the unsaturated zone, hydraulic conductivity is a fﬁnction of
moisture content, as wel% as o£ the properties of the medium and
fluid. Moreéver, since moisture content is a function of tension '
or head, unsaturatéd hydraulic conductivity is also a function of ‘
head.

The fact that hydraulic conductivity is a function of head
causes flow in the unsaturated zone to behave in a manner
contrary to our intuition. As an example, a clay will contain
many fine pores, but few coarse ones, while a sand will contain
mainly coarse or large pores. Hence, at higher tensions the clay
will have many more pores than the sand that can transmit water,
and it will actually have a higher hydraulic conductivity at that
tension than the sand. Thus, a vertical sand stringer in the

soil would not necessarily be a preferred conduit for unsaturated

flbw, but might instead be a barrier to such flow.




Another example of nonintuitive flow behavior in the
unsaturated zone is that occurring when a clay overlies a sand,
as shown in Figure 6. In this case, the effect is the same as
having a fine capillafy overlying a coarse one. A positive
pressure will be needed to move water from the fine pore to the
large one. Hence, during recharge or downward percolation, water
will accumulate in the clay until the clay is saturated and has a
positive head before percolation occurs into the sand. As a
result, the sand will act as a temporary barrier to downward

unsaturated flow.

Review

As a matter of review to this point, water occurs in the
unsatﬁrated zone under negative pressure. Hence, head or tension
cannot be measured by an observation well, but must be measured
using a tensiometer. 1In addition, moisture content can be
measured by sampling and by neutron logging. The relationship
between moisture tension and moisture content can be explained on
the basis of a capillary tube model, and is governed by the pore
size distribution. Moreover, hydraulic conductivity in the
'unsaturated zone is also a‘function of moisture content and
tension. This results in fine grained material sometimes having

a greater hydraulic conductivity than coarse grained materials.




Some Applicétions of Unsaturated Zone Flow
Theory to Artificial Recharge

The theory of flow in the unsaturated zone is complicated,
and generally requires elaborate computer models that frequently
work only under certain conditions. However, there are a number
of simple applications of unsaturated zone flow thebry that can
be used to explain the behavior of recharge from a spreading
basin.

Figure 7 is a generalized diagram of infiltration rate versus
time for a spreading basin. Scales are not shown, bégause the
infiltration rate and its duration vary greatly from place to
place. For example, on Long Island, the maximum infiltration
rate might be 30 feet per day; in areas underlain by some tight
soils in the Panhandle of Texas, it might be 0.3 feet per day;

and in other areas of the Southern High Plains of Texas, it might

be 3 feet per day. However, although’the maximum recharge rate
varies by a factor of 100 among these areas, the general shape of
the curve is similar to those shown in Figure 7. As shown by the
figure, the infiltration rate génerally declines at the start of
recharge. After leveling off, the recharge rate increases either
to a new m;ximum or submaximum and then again declines. Let's
look at how some aspects pf unsaturated flow theory may be used
to explain this general S-shaped curve.

The initial decline in infiltration rate may be explained by
the theory of Green and Ampt (1911), already mentioned by Dr.

Bouwer. This theory is illustrated by Figure 8, which shows

water moving into a homogeneous medium until a wetting front has




been developed down to a certain depth. The theory of Green and

Ampt states that the flow rate is given by the equation:

g=K (h - h + L)/L,
where g = infiltration rate per unit area, L/T;

K = saturated hydraulic conductivity, L/T;

h = ponded head, or depth of water above basin floor, L;
h = pressure head at wetting front, L;
and L = distance from floor of basin to wetting front, L.

Based on the above equation, the infiltration rate will be
relatively large when the depﬁh of the wetting front is small,
but will decrease as the wetting front advances and the flow rate
increases. Basically, the ponded head and the wetting front head
remain constant, but the flow path length increases, resulting in
a declining infiltration rate. This phenomenon explains the
initial decline in infiltration rate shown in Figure 7.

The increase in flow rate illustrated by the‘rising limb of
the curve in Figure 7 is due to an entirely different phenomenon,

the dissolution of trapped air. As water begins moving down from

"land surface, it traps air 'as isolated bubbles in some of the

pores, shown diagrammatically in Figure 9. The small circle in
Figure 9 represents a bubble trapped between three spheres. The
air bubble, which is impermeable to water, is relatively stable
both because of a near balance of forces acting on it, and
because of capillarity. In regard to the status of forces acting

on the air bubble, they include an upward-directed buoyance force
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on the air bubble, they include an upward-directed buoyance force

arising from the difference in density between the air bubble and .

water, and a downward-directed viscous drag exerted by the water
as it flows around the air bubble. These forces tend to
counterbalance each other so that there’is little net force on
the air bubble. Moreover, the surface tension of the water acts
to keep the surface of the air bubble as small as possible,
Thus, the air bubble tends to remain spherical in shape. If the
air bubble began to move into either neck of the pore shown in
Figure 8, it would deform and obtain a greater surface area.
Thus surface tension also tends to keep thé air bubble in place.
Hence, the air bubble essentially has to dissolve out. The
dissolution of entrapped air explains>the long climbing limb of

the infiltration rate curve. Dissolution of the air may take

- weeks or months, but often resulfs in an increase in the
infiltration rate by a factor of two to four.

The last part of the curve in Figure 7 shows a decline in
infiltration rate. This is due to clogging by sediment and by

various biological effects.

Effects of Low Permeability Lavers

The performance of a spreading basin may be governed by low-
permeability layers either at the surface or at depth. The
effect of the limiting layer at land surface is shown in Figure
10. The clogging layer is shown by hachures in the left hand
diagram and pressure head is shown on the right. Note that the

pressure head at land surface is just equal to the pond depth. .
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At the clogged layer—-aquifer interface, on the other hand, the
pressure head, h , is negative and the flux is given by the

equation:

g=Kc (hp= hi+ L¢)/LC

where g infiltration rate, L/T;

Kc = hydraulic conductivity of clogged layer, L/T;
hp = ponded head, L;

hi

head at clogged layer—aquifer interface, Lj;

and Lc thickness of clogged layer, L.
The head at the interface hi, is determined by the relationship
between unsaturated hydraulic conductivity and pressure head for
the aquifer material, and is the tension at which the qnsaturated
“hydraulic conductivity equals the infiltration rate. An increase
in pond height will increase the head on top of the clog layer,
and will increase infiltration rate to some extent. However, the
head at the interface, h;, will become less negative, so that the
head gradient will increase by less than the increase in pond
depth. As an example, assumelthat the clay layer is one meter
thick, pond depth is one méter, the hydraulic conductivity of the
clay layer is .01 meter/day, and the tension in the underlying
aquifer material is one meter. Then the infiltration rate, q, is
determined as follows:

g = .01(1-(-1)+1)/1 = .03 m/day.
Next, assume that the pond depth is increased to two meters, but

the tension beneath the clay layer is reduced to 0.5 meters.
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Then the infiltration rate is increased to:

q = .Ol’(2—(—.5)+l)/l = .035 m/day. .
Thus, doubling of the pond height only increases the infiltration
rate by about 20% for these assumed conditions. Chénges in
infiltration rates for an actual spreading basin will of course
depend on conditions prevailing at the site, but the relatively
small impact of pond height on infiltration rate has»often been
observed in artificial recharge studies.

The layér limiting infiltration may occur at depth, rather
than at land surface, as shown in Figure 11, The limiting layer
in this caée results in the development of a perched mound that
might extend to land surfaée. Should this happen, the hydraulic
gradient at the base. of the pond, and consequently thev
.infiitration rate, would be greatly reduced.

We have been working on a method for measuring the hydraulic ‘
conductivity of such limiting layers at depth. The method relies
upon the measurement of air pressure changes at depth as the
atmospheric pressure changes at land surface. As the atmospheric
pressure changes, air must move into or from the unsaturated zone
to balance the change. However, suéh movement is impeded by the
inverse of the permeability of the material to air, or by its
pneumatic resistance, and by the change in soil-gas storage
resulting from its compressibility as the pressure changeé.

In order to determine the permeability of materials in
different layers in the unsaturated zone, screens are placed
within the bottom layer and at each layer boundary, as shown in

Figure 12. Thus, we end up with a nest of piezometers that are .
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open to the soil-gas atmosphere and measure soil-gas head rather
than water head. These piezometers may be connected through a
‘manifold to an inclined manometer, which is a very sensitive
differential pressure measuring device shown diagrammatically in
Figure 13. Note that whén the valve to piezometer 1 is open, the
downhole pressure for the screen is transmitted to the manometer
reservoir, whereas the meniscus in the manometer tube is at
atmospheric pressure. The manometer fluid will migrate up or
down the tube until the weight of the fluid counterbalances the
difference in pressure between the piezometer and atmospﬁere.

Periodic measurement of atmospheric pressure changes and of
downhole pressure difference result in curves of soil-gas and
atmospheric pressufe versus time for each piezometer, as shown by
Figufé 14, These data may be analyzed by trial-and-error
variation of permeability in a simulation model, as described by
Weeks (1978). Once simulated heads are matched to measured heads
by such manipulation, the permeability to air of each layer will
have been determined.

The relationship between air permeability and hydraulic
conductivity is not always clear cut. The permeability of the
materials may be altered by the effects of wetting on the
structure of the medium. Moreover, the medium contains residual
moisture that reduces the permeability to air. Finally, if the
materials are fine-grained, the permeability of the medium to air
will be greater than that to water because of the Klinkenberg

effect. Nontheless, in an experiment near Lubbock, Texas, the
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method gave reasonable estimates of hydraulic conductivity for
several layers at depth, but not for the surface layer. .
The method, despite its problems, may be the only one
feasible for certain problems. For example, in the Southern High
Plains of Texas, a fossil caliche layer is reputedly a
restricting layer that prevents recharge, based on laboratory
analyses of cores of the caliche. The cores are indeed
impermeable, but thevair-permeability method has shown that the
caliche beds have sighificant permeability to air, apparently
because of solution‘openings and fractures. Various ponded
infiltration experiments have born out that the éaliche is indeed
permeable. Thus, from materials in which fluid movement is
malnly through secondary permeability features, the air
permeability method gives ‘an index of the permeability of that
zone that cannot be obtained in any other simple way. ‘
In summary, we have covered several aspects of flow in the
unsaturated zone, including measurement of moisture tension and
moisture content, the relationship among moisture content,
moisture tension, and unsaturated hydraulic conductivity, an
explanation of typical curves of infiltration rate versus time,
and a method for measﬁring.the permeability of limiting layers at
depth. This is a great deal of material to simulate in a short
period of time, but hopefully illustrates some of the effects of

unsaturated zone flow behavior on infiltration during an

artificial recharge operation.
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Figure 6. Effect of fine grained material overlying coarse-grained material

on infiltration.
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time during spreading-basin recharge.
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Figure 9. _
Al
Forces acting on a trapped,bubble during downward infiltration.

B = buoyancy; D = viscous drag.
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infiltration through a clogged surface layer.




o @
| ,//%\ Ponded water _/f\\

Perched mound

T T T T 7 T 777 777

\/A;N

Figure 11. Sketch showing effect of a low-permeability layer at depth

on spreading-basin recharge.




Piezometer ¢

3
- |
Land surface '
Layer 4
HEEE W
Layer 3
Layer 2
Layer |

Capillary fringe [z

Figure 12. Typical piezometer nest used to determine pneumatic heads

at selected depths in the unsaturated zone.




Manometer

‘——reser

8oard mount for manometer

voir

iy ——t—Vented plug
(Atmospheric
pressure)

Hose clamp —

Hose

NQTE. All pipe fiﬂingé, valves,
and hoses are standard
{/4 -inch items

Land surface

2" x 8"
board

e P i0@=t0~ NOSE
connaction

>~ Globe valve

LY. L W W WY
J_‘\?J r“r‘(‘ 5

N ITI

ST N ALY
TESANH

/—Cerﬁent grout

]

1 23 4

5 ——pPiezometer
number (pipe)

Figure 13. Diagram showing an inclined manometer connected through a manifold

to a piezometer

nest.




26478 T 856
ANALOG  PIEZOMETER BER
SIMULATION NO. DATA 55" 0 Ol-gos
: . sl bt
- D D D amn _— - ’ ‘ )
——— W S— 2 ’ o F A/ / o)’ X P -
3 . ” - ol P Pl
0.40 _ D - ENEERVED . N Qv -
w {input) x 7/ s
23 ’ e
[=) Xy -
[SR V) o
S ” -
%] 2 Y4 >3
£ E g9l 2
(S -]
23 o0 g
2 6 3
¥ =
S g e
e —g8s
e & 3
- w
g z
S
;
L3 Q.20 asb
- 885
Q.128
1600 1800 2000 2200 2400 0200 0300
MARCH 8,1969 MARCH 9, 1969

Figure 14. Comparisan of measured pneumatic heads at several depths to the

best-fitting numerical simulation.










NAME :

EDUCATION:

JOB POSITION:

EXPERIENCE:

AUTHOR'S BIOGRAPHICAL SKETCH

Herbert E. Skibitzke

Hydrologist and Mathematician for Hydro Data
Corporation in Tempe, Arizona

Internationally recognized authority in the field
of hydrology, retired from the U.S. Geological
Survey in July 1976 after 30 years of service.
Was the U.S. Geological Survey's leading
authority for mathematical theory describing
groundwater motion

Aerial surveying of the 1964 Alaskan earthquake
damage plus hydrologic and environmental
considerations

Remote sensing by means of sidelooking airborne
radar (SLAR), thermal infrared imagery, and
photography of the Trans-Alaska Pipeline System

Consultant to the National Aeronautics & Space
Administration on remote sensing

A member of President Kennedy's commission to study
water salinity in West Pakistan.

Author of numerous professional and scientific
publications




A DISCUSSION ON AQUIFER RECHARGE
FROM INJECTION WELLS

BY

HERBERT E. SKIBITZKE

The problems encountered in aquifer recharge from injection
wells is the subject for this session. We have already heard
some discussion about the pfobiems of introducing water into the
aquifer from pits located above the aquifer. Wells have now
entered into the considerations of recharge because the geologic
nature of sediments is such that the horizontal permeability is
much greater than the vertical permeabilityf, Hence, it is easier.
to inject water laterally than vertically. In certain parts of
the world, and particuiarly_in the western United States,
stratification has made vertical injection very difficult. 1In
most of the experiments that have been undertaken, wells have
been used. In other parts of the world such as in Holland where
recharge from pits has been very successful, both the vertical
and the horizontal material is of uniform permeability, allowing

the water to flow into the ground quickly.

The central Arizona flood of March 1978 presented an
interesting study of the recharge process. It has been reported
that 526,000 acre feet of water was released at Granite Reef Dam
on March 3. Between March 3 and March 13, 385,000 acre feet of
water arrived at the Painted Rock Reservoir near Gila Bend. The

" difference, about 141,000 acre feet, was lost in the channel




(although some of that probably arrived at the reservoir after

March 13). Most of the missing 141,000 acre feet was abs-orbc:ad | .
into a very dry channel. The water was largely taken up by
capillarity, and has been or will be released by evapofation in
subsequent months. Therefore, there are approximately 385,000

acre feet of water to observe in the Painted Rock Reservoir.

"8ince March, the rate of decline in the reservoir has been
about 10,000 acre feet of watef a month, with'a head loss of 9
feet in the five-month period following. The rate of seepage
from the bottom of the réservoir is probably about 0.4 foot per
month. The water level has béen lowered 0.6 foot per month
during the same period, and evaporation losses account for some
of the decline. Theréfore, the rate of water goingvinto the
ground is quite slow, even though 109,000 acre feet of water has
entered the groundwater system from the Painted Rock Reservoir

since March.

A lake covering 16)500 acres of land has been required to
introduce 109,000 acre feet bf watef'into-the groundwater system.
If reservoirs are to be built to provide similar amounts of water
for recharge in the upper part of the basin near Phoenix or near
Mesa; where it is needed badly, between 10,000 aﬁd 20,000 acres
of land must be set aside for each reservoir site to store the
water while it seeps into the ground. As an alternative, it has
been proposed that injection wells be used in conjunction with
existing reservoirs to supplement the seepage losses from the .

reservoirs. Roughly, about a third or a little more of the water




in the reservoir is lost to evaporation and this will always be a
problem. Thus, some of the water in the reservoir is lost by
evapération, and some is lost by seepage; now, we propose to
investigate the possibility of pumping some of the water from the
reservoir into wells for recharge into the ground. It might be

well to look into the physics of the problem.

According to Mr; Bauman, from the Los Angeles‘Water District,
who wrote a number of papers on the problem of injectién wells in
the 1950's and 1960's, the problem of injecting water into the
ground through a well is not exactly the reverse of pumping the
water from the well. As a matter of fact, there is a great
difference, and the different factors must be considered

carefully before injection commences.

An importanttconsideration, ana one that is frequently
misinterpreted in reporting on occurrences such as floods in the
river channel, is the concept of movement of water versus the
concept of pressure changes. I would like to draw an analogy to
illustrate the lack of understanding of these phenomena. Let us
suppose for a moment that the water supply system for the City of
Phoenix -- all its piping, all its duct work, all its storage
facilities -~ were drained. Then, let us suppose that after the
system was dry, water was reintroduced into the sysﬁem from the
Squaw Peak station and the pipes began to £ill throughout the
system. Early in the filling process, we would find some water
at the lower end and we would also find that there was pressure

in the taps. As the water filled the pipe system, increasing




numbers of residents would find water pressure at their taps.
Finally, after the entire system was filled, we would have
pressure in all'the taps and, of course, the greatest pressure,
if no water were being drawn, would be at the lower end. Now an
interesting thing would take pléce.~ If suddenl? very high
pressure were exerted on the upper end of the system, say at the
Squaw Peak Statiod, we would find that the pressure woﬁld respond
in the lbwer part of the systém alhost simultaneously. That does
not mean that water has been moved from the upper end down to the

lower end. It simply means that pressure has been transferred

from the upper end to the lower end. A similar situation applies

in groundwater systems.

Considering the case of transferring pressure in a
grouﬁdwater system without moving water, consider,'for example,
that at the junction of the Salt and Gila'Rivérs where the pore
spaces of the soil are virﬁually filled with watér, the river
begins to fiow in flood stage. Three or four miles away, the
pressure in the wells begins to rise, not because the water has
moved from the river channel to the wells several miles north of
the river, but because the pressure waves have moved. - The
process is very similar to the pressure change in the upper end
of the city water system and the simultaneoﬁs response at the
lower end of the system. To say that the water in the flood
channel has moved great distances because of the rapid response
from pressure changes in areas where the pore spaces in the

aquifer system and above the water table are full, is to



misinterpret the occurrence. So, care must be taken in

interpreting the meaning of the rapid changes that are occurring.

As a matter of fact, in the case of the March flood, ohly
114,000 acre feet of water was lost from the channel by
evaporatién, capillarity, seepage, or whatever means, and did not
arrive downstream at the Painted Rock Resérvoir. Let us keep in
mind that we are dealing with two different phenomena -- a
pressure wave which manifests a rapid transfer in any groundwater
system, and water movement, which is very slow by comparison.
Actually,; the rate of groundwater movement in Arizona amounts to
only a very few feet per year. It takes hundreds of years for
groundwater to move a mile in the natural state. The only way we
can speed the process is to increase hydraulié gradient steeply
by drilling wells into the ground and pumping rapidly. In the
days before irrigation was so extensive in the Salt River Valley,
tens of thousands of years would have been required for the
movement of groundwater from Apache Junction to a point Jjust
below Phoenix. The pressure changes, however, could occur

considerably faster.

Let us consider some of the problems that occur when
groundwater injection is initiated. Figure 1A depicts the
problem that exists in Salt River Valley. Water is seeping from
a pit, attempting to work its way to the groundwater table.
However, the material between the pit and the hard rock at the
bottom of the aquifer, is composed of lenticular layers of

gravels and sands. After the water leaves the pit it must move




in devious channels and, in some cases, must flow through the
lenses of large continuity to reach the aquifer. Just so, the ‘

rate of vertical recharge at Painted Rock Reservoir is slow.

Conversely, on the right side of Figure 1A, the water'being
discharged laterally from the wells, is moving between the lenses
and quickly-f&lling in the pore epaces. The result is more rapid
- recharge to the-aquiferethan if the-pitedrainege were the only
‘resource. However, the recharge'procese is not as rapid as it
appears in the diagram, as a quantitative analysis will show in a

later paragraph.

If the lenticular systems that were described a@ove, were
down near the original water level, as ehown in Figure 1B, the
water table would be virtually confined. If water were injected
from a well below the confining clay layef the water would £ill - : ‘l'
the spaces below the confining layer and the water resource would
.not be increased in this particular area at all; rather, the

water pressure would be increased.

If the water-preesure were raised to the level indiceted as
the piezometric'surface, water would be found in the observation
well that is shown to the left of the injection well, because the
observation well is below the piezometrie surface. The problem
in getting the water from the groundwater system to move up and
fill the zone above the water table is quite often the same
problem as that encountered in getting the water from the pit at

the surface of the ground to move down to the water table;vonly




the directions are reversed. Probably by far the best way to get
water into the groundwater system in this region would be to
perforate both above and below the confining clay layer, allowing-
the water to move laterally along the clay layers filling in the

entire region to the ground surface.

Figuré 2 is a set of tables for the transmissivity and
permeability relationships that are found in normal materials in
the Salt Rivér Valley and throughout central Arizona. The
permeability in almost every unit runs from 10 3 feet squared per
minute for clean sands down to 104 feét squared per minute for
the clay layers. The variation, then, is 107, one million times
the change in permeability of the normal rock matefials in which
wells are being drilled in central Arizona. One million times is
a hugé factor and since the préferred'stratification is lateral,-
it means that‘the chances of getting water in vértically are
severely limited, considering the large extents of very low

permeable zones that must be traversed.

The diagrams of Figure 3 illustrate the problem encounﬁeredv
in injecting water into the ground. 1In Diagram A, two solid
lines appear to be a sectioh'through a cone of impression»around
the wells. 1If a single well were injecting water into an aquifer
that had no confining 2zone, the condition might be as shown by
the solid line in Diagram B, indicating a single cone of
impression building up over the water table as water is injected
into the system. However, returning to Diagram A, there are two

cones; each intruding upon the other's space. The dotted line




shows that the two cones have joined and a water surface is
forming above the original water table in the pattern that is
shown more simply in Diagram C. After the wells have jo'ined, the ‘
water table begins to build and injection from each well
interferes with the injectionkrate of the other. The quantity
that might be injected from a single well will be considerably

greater than the quantity injected from each well when two wells

are piaced side by side.

As for trying to build an injection field by placing numerous
wells in cloée proximity, the cones begin to join as shown in
Diagram D, resulting in the formation of a mound. The wells in
the center of the mound can take in very little water because the
adjoining wells severely interfere with the hydraulic gradient.
The result is that instead of the single cone pattern of a single
injection well like the one in Diagram B, a pattern is formed of '
a series of these cones joined together. As the multicone
pattern-is built up the water level will rise more rapidly in the

center of the cone than at its outer perimeter.

Placement of 36 Wells in a rectangular pattern in one valley
location is being considered; as shown in the upper right corner
of Figure 4. Thirty six wells! Observe the rise in water level
in those wells, and also the build-up of the water level two
miles away. In the center of the well field, the water table
building toward the surface of the ground limits injection. Once

the water table rises to the surface of the ground or to any

interfering body, no more water can enter the system. For




example, if the water table were at a depth of 100 feet, no more

water could enter the system after the water table had been built

up 100 feet.

The computations of Figure 4 show that the wells would be
limited to an average intake of 1,289 gallons per minute. 1In a
36-well field such as this, a total intake of 46,415 gallons a
minute would be possible. This would represent, in a year's
time, 75,000 acre feet of water that could'énter such a well
system; At a distance of two miles away, however, the water
table would rise only 2.63 feet after one year. The spread would
continue with time until about 254 days after injection ceased;
when the water table in the cone of impression would have

declined to about half its value..

Again, a large well field éuch as this coﬁld handie'75,000
acre feet of water per,yeaf.‘ Economically, the cost of the well
field is probably less than the cost of a reservoir to store |
75,000 acre feet of water for input to the well field at the rate
of about 1,285 gallons pef minute per well. The 75,000 acre feet
of water will have to be stored for about a year. The acreage
required for the reservoir would depend on the depth of water
required to store the 75,000 acre feet. For example, if ten feet
were the depth of water that could be stored in the.reservoir,
7,500 acres of land would be réquired. Thus, the greatest cost
in well injection is not in drilling the wells but in providing

the reservoir for the distribution of water to the injection

site.




The size of the well field is limited. In the field under
discussion, with the 36 wells spaced at intervals of 1,500 feet,
there is sufficient mutual interference to cause diminished
efficiency of the injection scheme. If the well field were
doubled in size the amount of water injected would not be
doubled; rather, the proportion of increase would be much
smaller. The percéntagevof increase falls off rapidly as the
field size is increased. If fewerIWells were spaced at greater
intervals; the water would then necessarily be distributed in
channels or in'pipélines over a much wider area. Remember, also,
that when water is injected at a given location, ﬁhe water level
at a remote site is not éffeéted;by the injection. 1In the casé
considered, even at a distance of two miles away, the water level
had increased only 2.63 feet at the end of a yvear. Therefore,
the injection sites'must.bé located where the water is required.
That means that the water must be transported from whatever

reservoir is used to the injection site.

'The.problem now is largely one of economics. Couid we pay
for the reservoir? Could we pay for wells to furnish, as in this
casé, 75,000 acre feet of water for the year that injection might
be possibie? Also, consider that in the case of Painted Rock
Reservoir, probably as much as a third of the water is being lost
by evaporation, so the reservoir must have the capacity to store
the additional one-~third that will be lost by evaporation in

addition to the amount that will be lost by seepage. Of course,

seepage losses would amount to an additional source of water to




the ground water system -- if it were in the area where water is
‘ needed. Otherwise, any advantage from seepage might be in terms
| of budget, only;, and not in terms of water available for use in a
i given locality. That ié véry important because groundwater moves
slowly; fherefore, the injected recharge must be furnished in the

areas of intended use.

Now, comes the task of actually getﬁing the water into the ’
wells. Three of the most severe problems are illustrated in‘the
rather simple diagram of Figure 5. The upper part of the diagram
depicts the No. 1 problem: Air bubbles from the water are
fiiling the pore spaces in the porous material surrounding the
slotted steel casing (left) and are held there by capillarity.
Neither the pump nor the injection system is powerful enough to

. vméve these air bubbles;’and as air entraéped in the water rapidly
seals the well, injection ceases completely. Because of this
formidable problem, there can be no air in the water that is
being injected. At the bottom of the diagram, we see that small
particles entrained in the water also fill the pore 'spaces and |
seal the well. Therefore, all the sediment carried in the water
must be removed. Air bubbles and sediment create more difficulty
in the injectioh well than in the pit, because the cross-
sectional area of the well is so small; and because the water
that is entering through the few existing openings in the casing
is so concentrated, whatever sediments are contained in the water
are going to be trapped in the porous material and thus force the

incoming water to back up. The third problem shown in the

~11-
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diagram occursibecause the interval between floods may be long
and the availability of water for injection may be nil over long
periods of time. Biological changes may bccur iﬁ the pore
spaces,'which will also effectivély seal the well, precluding
further‘injection. Thus, the injection system that was

considered adequate is suddenly backing up.

  vTo circumvént thé pfoblemé that.have'ﬁust been described,
many alternatives have beénvprdposed, As an example, Reider; in
his experiments in New Mexico, advocates injecting 'the water
through four-inch pipes so that the loss of pressure in the pipe
dées not allow‘any air into the system. Then a series of four-
'inch pipes'would be required to bring the water that is to be
injected déwn to the level of the‘water-table; to prevent air

from entering the system. However, some air is bound to enter.

The severity 6f the biological problem, as well as the
sediment problem, depends upon the areé and the content of the
water. In some parts of the country, injection water must be
treated just as the drinking water is treated. A high chlorine
content is necessary. All the small particles, asvwell as the
air, must be removed. Therefore, the water handling procéss,

from the reservoir on, is expensive..

In the eastern United States, the Rahney Collector System
Figure 6A, has been utilized for water injection. The Ranney
Collector System is quite a large installation. Pipes extend

horizontally from the base of a large shallow well. The reason

-12-




that this method of injection has been used in eastern U. S. is
that back pressure can be applied to remove the sedimentation and
the entrapped air. The procedure is to use one set of collectors-
for injection while using another set to pump water back out,
thus removing some of the extraneohs material., These systems,
useful at rather shallow depths, are very expensive. In Ariiona,_
injection can be accomplished at shallow depths more effectively
than‘ét greater depths, so that criterion‘is appropriate, but
otherwise, the extent to which the Ranney Collectors could be
used here is questionable. At any rate, the Ranney Collector

System is one way of handling the entrapment problem.

Diagram 6B shbws the flow system ouf of a vertical well that
is above the water table. Diagram 6C is from a Russian |
publication shoﬁing a system of injection from above the water
table, creating flow lines and pressure pattern extending from
the injection point down to the water table. This is another
method that has not been tried in Arizona where a considerable
amount of stratification of clays and sands and gravels exists;
rather, it was tried in an area where uniform sands prevailed.

The Arizona problem is illustrated in Figure 7.

If the well was not drilled‘all the way to the original water
table and water was injected through screened slots in the pipe
above the water table, the area above the original water level
would be filled rapidly. That essentially would be premature
filling of the pore spaces that we are attempting to recharge./

This would be interesting: 1In the one case, discussed earlier,

-13~




in a well injecting below the confining layer, bnly a very small
quantity of water would be entering the aquifer, but huge changes ‘
in pressure wopld occur; and in this case, a large quantity of |
water is ehtering with no pressure chanée in the early stages at -
all. The pore spaces are just being filled and at some léter

date, the water table will begin to rise abruptly. 1In a single
well’syStem, the lattef wou;& probably,bevthe much more efficient
method. If a,Ranney Collector System wefé uséd, injection would

be done at a shallow depth. It would not be necessary to reach
ﬂthe'wéter table. The trouble in Arizona is‘that in some éreas

the soil is very dry, and itkw°uld have to be recharged. 1The

clays would have to be filled in a non-reversible proéess, The

water used to we£ the clays could never bé=retfieved forgJ

irrigation.

In Arizona, where air is coﬁtinually allowed to circulate in
aquifers, dessication, or drying processes, occur. When reéharge
commences and the clay layers are wetted, a problem that already
exists is accentuated; that is, the land either subsides of rises
"as a result of recharging or discharging of the groundwater

system.

In conclusion, most of the problems with injection wells are
economic. The entire matter of economics of recharge by
injection wells -- not just the Cost of wells, buﬁ also the cost
of reservoirs and the distribution systems -- should be analyzed.

The reality of the situation should be investigated before

speculation on research activities along these lines is even ‘




considered. Sufficient information is probably available to

determine the feasibility of using injection systems.
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LEGAL CONSIDERATIONS OF GROUNDWATER RECHARGE
by-
HARRISON DUNNING

We heard this morning a good deal about the technical and
physical considerations involved in groundwater recharge. I
think‘those are matters that are universal. You don't have to
worry too much about ?olitical boundaries when you're talking
about experience'gained on those technical questions. I'm not
sure it's the same with the law. The law is very particular‘and‘>
peculiar to given jurisdictions and perhaps doesn't travel the
way some of the technical items do. 1In any event, I think
insofar as California is concerned, the news is good in that
recharge has been carried out rather extensively and, as far as I
can see, the law has not been a barrier. The law developed in
the California courts has been very accommodating to the
objectives of those involved in recharge programs, and although
there are many parts of California groundwater law which, in my
opinion, are not today satisfactory, the law on recharge is not
one of those areas.

Before I talk about the specifics of the legal considerations
involved in recharge of groundwater basins, I'd like to put the
- matter in context a little bit by talking about groundwater
rights in general.

All but one jurisdiction in the United States took, at the

beginning, the common law of England as the basic foundation.




The common law of Englana provided with regard to water that for
surface water, riparian rights would be recognized. This is the . '
right of the land owner adjacent to a stream to have some share
in that water course available for the land awner's use.,

With regard to’groundwaﬁer, the English rule was the rule of

Acton vs. Blundell developed in 1843, a rule sometimes referred

to as the Rulé of Absolute Ownership. This meant that the owner
of the surfacé~was absalutely entitled to full utilization of any
water that could be pumped up from the subsurface. Of course

that rule was developed in the 1840's at a time when groundwater
hydrology was,an infant science, if indeed it existed at all, and
when judges ceftainly knew nothing about the ways in which
groundwafer trayels beneath the surface. I suppose it seemed, in
that kind of circumstance, we don't reaily have'any iegal regime
for the groundwater, and we just say whoever punips it up gets to ‘
keep it. In fact} although that rule is often referred to as a
Rule of Absolute Ownership, really it was just.a rule of capture.
You captured and could hold whatever you brought to the surface,
but you had absolutely no protection against your neighbors and
what your neighbors might capture through their wells. In any
event, the English Common Law on water rights has been largely
rejected in the western United States. '

With regard to surface waters, of course, many states have

followed the so-called Colorado Doctrine. This doctrine rejects
out-of-hand the riparian right and says the principal water right

for surface waters is the appropriative right, the right of the

appropriator of water to put that water to beneficial use. Not




all western states have done that. California and a few others

‘ have recognized riparian rights as well as appropriative rights,
although California is the only one today that really gives
riparian rights any great significance.

With regard to groundwater, Acton vs, Blundell was based on

the o0ld concept that a landowner owns up to the heavens and down
to the bowels of the earth, including the resources to be found
in those two areas. That concept, obviously, is a difficult one
to live with once you have airplanes, for example, and some of
the other thingsvof modern life. It's been rejected with regard
to the area above the surface many times in all jurisdictioné.
Landowners, for example, cannot charge for aircraft passing
across "their" air space.

Similarly, this cpncept.hés by and large been rejected with

.' regard to the space below the landowner's parcel. There

apparently are some remnants of the Acton vs. Blundell approach

in Texas. But most of the western states in the United States
héve~abandoned this notion of absolute ownership of groundwater
in the landowners and instead have developed some variation of a
reasonable use theory. Landowners are fegarded as entitled to
reasonable use of the groundwater resource, but that's tempered
by the needs of their neighbors and, in some jurisdictions, by
the needs of society in general. California distinguishes
between those landowners who overlie the basin and those who do

not and provides a preference for the overliers, but also

provides very clearly that non-overliers or overliers who wish to




use the groundwater for non-overlying purposes may appropriate
surplus water. | .

Like most of Ehe other western states, California has decided
as a policy matter that the wéter bught to be movable. It ought
to be a&ailable to go to;the place of beneficial use. Surplus’
groundwaters like surplus surface waters are subject to
~appropriation and mo?ement to other areas. California, like most
of the western states, has.nothing like the appurtenancy doctrine
which seems to Ee unique to Arizona and which ties the water to
the land parcel for which it originally was appropriated.

All right, that's a little bit of background on groundwater
rights generally. Turning to recharge problems, I will
distinguish three stages involved in recharging. Firét of all,
is the spreading or infiltration stage; secondly, maintenaﬁce of
recharge water in__ the basin_;- and, thirdly, recapture of the .
recharge water for beneficial use. |

With regérd to the spreading, the first obvious question is,
"Whére do you get the water?" This morning most of the emphasis
seemed to be on floodwater: the capture of floodwater in certain
years and use of that floodwater for recharge purposes. This is
done rather extensively in California. The Los Angeles County
Flood Control District, for example, has an elaborate system for
flood control and recharge of groundwaters. Usually the legal
questions, if they arise, are liaSility questions, and by
conserving the floodwater and using it for recharge purposes, one

decreases the possibility for damage and, consequently, the

exposure to liability. However, there are other sources of water




for recharge purposes in addition to conservation of peak flood
flows.

One source which has been used extensively in California is
simply to purchase water for recharge purposes from whoever has
water to sell. The major projects, the Federal and State
projects in California, have been important suppliers of water,
some of which is used for rgcharge. For example, the
Metropolitan Water District of Southern California, operating

throughout the metropolitan Los Angeles and San Diego areas, buys

Colorado.River water, some of which ultimately is used for
recharge purposes. I would assume as the negotiations develop
and the contracts are executed for the Central Arizona Préject
that some consideration may perhaps be given to use of Central
Arizona Project waters as a sourcé of water to purchase and use
for recharge operations.

| There's one legal consideration which is worth mentioning in
this connection and that's the excess land law. Section 5 of the
1902 Reclamation Act and Section 46 of the.l926 legislation limit
federally subsidized water to certain amounts of land. As I
understand it, however, the Bureau of Reclamation has taken the
position that the excess land limit does not apply to situations
where the benefits conferred on landowners are involuntary. You
have such a situation with groundwater replenishment, I suppose,
where project water is purchased and used for a recharge

operation. This would have the general effect of raising a water

table and there would be some benefit to landowners. As I




understand the Bufeau's position, that would be an involuntary

. benefit not subject to the excess land limit.‘ ' ‘ :
Another source of water, one of increasing impor