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FOREWORD

The Groundwater Recharge Symposia in Arizona have progressed from skepti-
cism in the first one (1978) to optimism in the second one (1985) and to a
"let's get moving" theme in the third and present one (1987). As shown in
these proceedings, the Third Symposium had ten papers on proposed projects
in Arizona! Even in dry climates like Arizona's there can be water sur-
pluses, including storm runoff, excess imported water (Central Arizona
Project Aqueduct), and sewage effluent. Proper management and storage of
these waters are important in meeting future water requirements. In arid
areas, the time to prepare for water shortages is during water surpluses.
Long-term storage of excess water is best achieved underground, through

artificial recharge of groundwater. Many years of artificial recharge in
california and other areas have established recharge as a dependable and
successful practice. Systems for artificial recharge of groundwater are,

however, very much site-dependent, and local investigations and experimen-
tation often are required to formulate design and management criteria for
optimum performance of the system. Water quality considerations are very
important. As the recharge water moves through the vadose zone and aqui-
fers, there can be positive and negative quality effects. Both must be
considered in 1light of the quality of the water used for artificial
recharge and the intended use of the water when it 1is pumped from the
aquifer. Legal and institutional constraints can be more difficult to
solve than technical issues. Artificial recharge of groundwater must be
practiced for the common good of the public, with technical, legal, and
requlatory people working together to achieve the best solution for our
water problems. Let us hope that the next recharge symposium will have
presentations on operational groundwater recharge projects in Arizona!

Herman Bouwer




GROUND WATER RECHARGE PERSPECTIVES FOR ARIZONA

SID WILSON, ASSOCIATE GENERAL MANAGER, WATER

SALT RIVER PROJECT, PHOENIX, ARIZONA

Recently I visited the City of San Antonio and it gave me some ideas
related to artificial ground water recharge. I did not realize it, but San
Antonio is the next largest city in the United States behind Phoenix. San
Antonio doesn't have as large of a metropolitan area as Phoenix, but the
city itself is about a million people. They claim that the '"jewel" in city
development is their water feature, the famed '"river walk'" of the San
Antonio River. After being there only two days, I would hardly qualify as
an expert on water matters in Texas or San Antonio, but my impression is
that the river walk is indeed beautiful. There has been a tremendous
amount of economic development centered around that water feature. It has
been good for San Antonio. The whole city is revitalizing, but they really
haven't gone far enough because the San Antonio River provides just the
aesthetic backdrop for that economic development. The river's head waters
develop a few miles outside the city, the water passes through the city and
is not used in any way other than for the river walk, yet that city is
solely dependent on ground water. At the same time, they are mining the
ground water and ultimately, their pumping may jeopardize the flow of the
San Antonio River. San Antonio may need to do a little planning, just as
we are doing in the state of Arizona, to ensure that we have a dependable
water supply for the future.

Let's look at the Arizona situation for a minute. History indicates
that Senator Daniel Webster passed through this area in the mid-1800s. His
observation was that this was a worthless area, a region of savages and
wild beasts, of shifting sands, whirlwinds of dust, cactus and prairie
dogs. His final observation was to question how we could ever hope to put
these great deserts and endless mountain ranges to use. He saw little
value to this area. Fortunately, there were other individuals with

different visions.

The same country was seen with a different perspective by John Wesley
Powell who saw the potential that could be realized with the development of
water resources for this region. Today we are the beneficiary of his
vision and similar visions of our own. I think we, as water resource
planners, have a responsibility to carry that vision on, not only through
the few remaining years of this century, but into the next century. How
are we going to do that? We are going to have to do it through an
effective, creative program of water resource management that conserves our
ground water supplies. Artificial ground water recharge is one such
opportunity available to us in Arizona.




This is the third symposium on artificial ground water recharge that
we have had here in Phoenix in the last nine years or so. I remember the
first symposium I attended in 1978. That seminar was a "get acquainted"
seminar as I recall it. There were many of us who weren't that
knowledgeable about ground water recharge and we wanted to know what it
was, how it worked and where it was being done. To be honest with you, I
think there was a lot of skepticism. I certainly was skeptical. It
appeared to be too costly there didn't seem to be a good supply of water
available for recharging or suitable recharge sites. Times change, needs
and opportunities change, and people's perspectives change. There were
some common beliefs about recharge, that in looking back, a good many of
which were erroneous.

First, we thought that since agricultural lands were urbanizing in the
Phoenix area there would be plenty of water to go around. Secondly, many
people thought that the Central Arizona Project (CAP) was the answer to all
our water problems and that it would provide a secure future for much of

Arizona.

In 1980, Arizona passed a landmark law known as the Ground Water
Management Act. It has been described as one of the toughest measures
enacted in the nation. This law was passed because many individuals
recognized that we were 'mortgaging' our future by mining ground water
supplies. This law mandates that we can no longer pump ground water as a
routine source of water to meet our needs, thus it mandates conservation
and provides for augmentation planning and implementation. Current studies
on water supply and demand by the Salt River Project (SRP), the City of
Phoenix and others, indicate that Arizona still could face the prospect of
water shortages in the future. We are going to have to do a very effective
job of managing our water resources to avoid those shortages or to minimize
their impacts. We now have ongoing water rights adjudications for many
rivers of the state including the Gila, San Pedro and the Little Colorado.
When a settlement has been reached, the question of who has the right to

pump water should be resolved. There are many claimants including the
federal government, Indian tribes and non-Indians. When you total the
claims, they greatly exceed the average water supply. It appears that

there are going to be some shifts in water allocations, which will further
complicate our ability to meet demands in the future.

So what are the benefits of artificial recharge for Arizona? Is it a
viable tool to supplement water supplies? I think the answer is yes. With
a great deal of effort and cooperation by Arizona's water management
community, ground water recharge can be used as an effective tool to help
us manage our resources in the future.

Ground water recharge is not a new subject in Arizona. One of the
first recharge efforts was the Beardsley Project, where ground water
recharge was conducted by Sol Resnick and co-workers at the University of
Arizona in the early 1960s. This project was done in cooperation with the
Beardsley Irrigation District, using water that was collected behind
McMicken Dam, as runoff from the White Tank Mountains. The project studied
recharge in a pit-type facility. Another project called Flushing Meadows
was built in 1967 and consisted of six long, narrow infiltration basins,
each about three-tenths of an acre in size. This test project was located
in the Salt River bed, downstream of the 91st Avenue water treatment plant.




Tt was the first of two experimental projects initiated by Dr. Herman
Bouwer and his colleagues at the U.S. Water Conservation Laboratory. The
purpose was to study the applicability of wastewater renovation for use in
agriculture, in essence, recharge as a method of wastewater cleanup.
Unfortunately, Flushing Meadows was washed out in 1978, the first year in a
long time that we had really large flows in the Salt River.

Based on the results of the Flushing Meadows recharge test, Dr. Herman
Bouwer, in a cooperative effort with the City of Phoenix, built a much
larger recharge demonstration facility downstream from the Phoenix 23rd
Avenue Wastewater Plant in 1975. It was constructed with the intention of
expanding the operation to a fullscale project.

Several other projects that are worth mentioning are the City of
Phoenix's Cave Creek recharge project that will utilize a dual purpose
recharge and recovery well to store and later recover CAP water. The City
of Tucson has a recharge test facility located on the west bank of the
Santa Cruz River near their new wastewater treatment facility. In
addition, SRP, the City of Mesa, and others currently have recharge
projects on their drawing boards.

The time for operational recharge programs is here. In my opinion,
one of the major impediments to recharge operating was removed last year
with the passage of ground water recharge legislation. That law provides
for two types of recharge. The first type is recharge projects which are
intended to replenish basin ground water supplies with no specific recovery
rights accruing to the recharger. The water recharged becomes ground water
and is administered under the state ground water law. The second type of
recharge project is the underground storage and recovery project. The
water in this case is stored for future recovery and use by the recharger.
When recovered, the stored water retains the legal right of the water that
was originally placed in the ground.

Some of the more specific criteria for obtaining recharge permits

under the auspices of the Department of Water Resources (DWR) and the
Department of Environmental Quality (DEQ) are listed below.

1. The applicant must demonstrate:

- technical and financial capability to construct and operate a pro-
ject.

- a right to water that they propose to use and that the project is
hydrologically feasible.

2. It must be determined that the:

- project will not cause unreasonable harm to land or other water users
within the area of hydrologic impact of the project.

- applicant must have applied for any water quality permit that is
required by the DEQ.

- recovery wells must generally be located within the area of hydro-
logic impact to the storage projects.




RESEARCH NEEDS FOR WELL INJECTION SYSTEMS

By

Richard A. Randall
Water Resources Engineer
CH2M HILL
Tucson, Arizona

INTRODUCTION

Using well injection systems for artificial groundwater re-
charge is perhaps the most difficult of all the recharge
methods both from a design and an operations viewpoint.
Design criteria for the construction and operation of in-
jection wells is scarcely available and conflicting design
recommendations often exist between different sources.
While numerous injection wells have been constructed and
many are currently operating, the purposes for which they
are used and the conditions under which they operate vary
drastically from site to site. Design experience with large
capacity injection wells for augmenting groundwater supplies
is limited to a few locations. Consequently, the use of
injection wells to recharge significant supplies of imported
water here in Arizona will require detailed site evaluations
and a moderate amount of research-oriented activities. The
research would be conducted during site investigations and
pilot scale studies to develop adequate design and opera-
tional experience for implementing large scale projects.

RELEVANT EXPERIENCE

The bulk of the experience with injection wells has been
applications for oil field recovery enhancement, waste dis-
posal, and aquifer thermal energy storage. Injection wells
have played an important role in increasing the yield during
0oil field recovery operations. Water is injected at high
pressures to facilitate the recovery of petroleum reserves.
Deep well injection to dispose of various types of indus-
trial and municipal wastes has also been used extensively.
Disposal wells are typically completed into an isolated
strata below the fresh water aquifer, if one exists, and
injection rates are generally quite low. Aquifer thermal
energy storage involves a pair of wells, one for supply and
the other for injection. Water from the supply well passes
through a heat exchanger and then returned to the aquifer
for thermal storage through the injection well. Later in
the season the injection well is pumped to recovery the la-
tent heat stored in the aquifer.

With increasing frequency injection wells are being used to
protect, manage, and augment groundwater supplies.



Injection wells have been used extensively along coastal
areas to reduce the inland migration of saline waters.
Projects in Southern California using treated effluent and
imported water have successfully operated for many vyears.
Projects in the southeastern United States inject treated
water into brackish aquifers for seasonal storage. Recovery
efficiencies at these projects have been very good. A proj-
ect at E1 Paso, Texas injects tertiary treated effluent for
augmenting the groundwater supplies.

Good documentation is needed from past projects to facili-
tate the planning and implementation of new projects. De-
tailed accounts of the site conditions and the factors in-
fluencing the success or failure of previous projects is
helpful in developing design and operations criteria. For-
tunately, some injection well experiments and projects have
been well documented. The U.S. Geological Survey (USGS) has
conducted numerous injection well experiments since the
1950's. Other projects studied by the U.S. Department of
Agriculture (USDA) and several universities have provided
valuable injection well experience. Some examples of well
documented projects and a summary of their contributions to
injection well technology are listed below.

Grand Prairie Experiments, Arkansas

One of the first USGS experiments with injection wells,
conducted from 1955 to 1966. Experiments were conduct-
ed with two wells specially constructed for injection.
The studies were able to identify clogging due to air
entrainment and chemical precipitation. During these
experiments different equipment configurations and
methods were tried for injection, well redevelopment,
and pretreatment of the silt laden recharge water.

High Plains Experiments, Texas

Numerous injection tests were conducted at various lo-
cations in Texas and New Mexico. Researchers inves-
tigated the feasibility of recharging runoff water from
playa lakes into the Ogallala aquifer. Clogging due to
sediments suspended in the lake water caused the most
problems. In most cases, the sediments moved several
feet into the aquifer and made redevelopment of the
wells difficult.

Leaky Acres, Fresno, California

This project injected high TDS water received from a
subsurface drain collector system. The construction of
the recharge well provided enhanced redevelopment ca-
pabilities through controlled mining of the aquifer




face during pumping. Pumping sand during redevelopment
helped to remove the clogging materials.

Coastal Plains Wellfield, Israel

The Israeli's have 20 years of experience operating
over 100 injection wells. They currently recharge
about 80,000 acre-feet of lake water annually. They
have developed practical methods for equipping du-
al-purpose wells and redeveloping them effectively.

Bay Park Experiments, New York

About 300 acre-feet of tertiary treated effluent was
injected during these experiments. Clogging due to
microbial activity and suspended solids was encountered
even though the effluent was near potable quality.
Geochemical reactions involving iron were also detect-
ed.

Wastewater Disposal, Oahu, Hawaii

Numerous hotel and condominium developments along the
coastline are turning to injection wells for disposal
of secondary effluent. About half of the 500 wells in
operation experience severe clogging problems. A
2-year study was conducted to develop a better under-
standing of the clogging mechanisms and to find preven-
tative measures. It was determined that air binding
due to the release of nitrogen gas by denitrifying bac-
teria was the principal cause of long-term clogging.

OPERATIONAL LIMITATIONS

The operation of an injection well is the mirror image of a
pumping well. Theoretically the head buildup during in-
jection is the same as drawdown during pumping at a given
flow rate. However, due to clogging, injection rates rarely
exceed pumping rates and are usually less. Clogging is the
major problem encountered during well injection. The degree
of clogging is a function of the quality of the recharge
water and characteristics of the receiving aquifer. The
processes that cause clogging can be divided into four cat-
egories:

Filtration of Suspended Solids
Microbial Growths

Chemical Reactions

Air Binding




Filtration of Suspended Solids

Suspended materials in the recharge water can include miner-
als, colloidal particles, decayed organic matter, and micro-
organisms, i.e., bacteria and algae. Clogging due to sus-
pended solids can occur even at low concentrations. In-
stances where significant clogging has occurred with Iless
than 2 mg/l1 suspended solids have been reported when re-
charging into alluvial materials. Injection wells con-
structed into consolidated materials and fractured rock typ-
ically experience less problems with clogging from suspended
solids.

From the available data it is not possible to predict rates
of clogging due to suspended solids. From previous studies
it appears there is 1little correlation between clogging
rates and turbidity or total suspended solids concen-—
trations. Apparently, there are other variables, i.e., par-
ticle size distribution, aquifer permeability, etc., that
influence rates of clogging.

Microbial Growths

Bacteria can utilize nutrients contained in the recharge
water as an energy source and their growth can contribute to
clogging. Initially, these nutrients may be at low concen-
trations, but filtration at the borehole face tends to con-
centrate these materials and stimulate biological activity.
A common practice is to chlorinate the recharge water (1 to
2 mg/l) prior to injection. The chlorine residual prevents
active growth of the organisms during injection. However,
if injection is interrupted for more than a day or so, the
bacterial will flourish. The result is very turbid, foul
smelling water during early pumping and redevelopment. Of-
ten high levels of bacteria will persist in the pumped water
for days or weeks. In which case, the pumped water must be
disinfected prior to customer deliveries.,

Chemical Reactions

The chemical environment for in-situ groundwater and aquifer
materials is near equilibrium. The introduction of recharge
waters with a new chemistry can create significant chemical
changes. These chemical changes can reduce the permeability
of the aquifer due to precipitation or ion exchange process-
es. An increase in permeability can occur if the recharge
water causes the dissolution of aquifer minerals.

Disturbing the chemical equilibrium of certain minerals can
result in precipitation. One of the most significant is
calcite (Calcium carbonate) since calcium and bicarbonate
are major constituents in native waters. Calcite equilibri-
um is sensitive to the concentration of dissolved carbon



dioxide (CO,) contained in the water. Several instances
have been réported where calcite precipitation has occurred
during injection.

Ion exchange processes can cause swelling or dispersion of
clays that result in reduced permeability. Calcium rich
clays can be converted to less permeable sodium clays
through ion exchange. Another process is the solution of
aquifer minerals that results in the formation of new miner-
als. Figure 1 is an electron micrograph of some dirty cal-
cium rich sand grains. The star shaped features are gypsum
crystals that have formed on the sand grains. The formation
of minerals within the aquifer matrix can reduce porosity
and permeability. The mineral crystals also have a tendency
to break off and further plug pore spaces during injection.

Air Binding

Air binding is caused by a concentration of tiny gas bubbles
contained within the interstices of the aquifer matrix that
causes a decrease in permeability. Gases can be introduced
into the aquifer through several pathways. Entrained air in
the recharge water has often been reported as a cause of
clogging during injection. Air entrainment is typically
caused by allowing the recharge water to cascade inside the
well. To eliminate air entrainment, the recharge water must
be introduced below the water table under positive pressure.
Gases can also be released within the aquifer by dissolution
due to a decrease in pressure or an increase of temperature.
Biochemical processes can release gases sufficient to cause
air binding. Air binding due to nitrogen gases released by
denitrifying bacteria has also been reported.

SITE INVESTIGATIONS AND MODELING

Important tasks to be conducted during initial site inves-
tigations should include a thorough investigation of aquifer
characteristics, an evaluation of the potential for
geochemical reactions, and a determination of applicable
methods for equipping the injection well. Performing these
tasks will help insure long-term operational success of an
injection well project.

Aquifer characteristics to be determined include not only
hydraulic parameters, i.e., transmissivity, specific yield,
porosity, etc., but information on aquifer mineralogy,
lithology, and in-situ water quality is also needed. Model-
ing the response of the aquifer system to recharge will help
determine the hydrologic impacts and storage capabilities of
the aquifer. Various analytical techniques as well as so-
phisticated computer models are available for these



FIGURE 1

ELECTRON MICROGRAPH
OF CARBONATE RICH SAND
WITH GYPSUM CRYSTALS




analyses. Water quality and mineralogy data are used to in-
vestigate the existing geochemistry and the potential for
adverse geochemical reactions during recharge. The USGS has
computer-based models, WATEQF and PHREEQE being the most
commonly used, available for analysis of mineral stability
and chemical equilibrium. The PHREEQE model is especially
useful for examining the effects of mixing differing waters.
For detailed mineralogical studies of drill cuttings, there
are x-ray diffraction analyses and electron microscopy tech-
niques available.

The specific configuration of above ground piping and down-
hole injection facilities needs attention early in the fea-
sibility studies. There are many options available and also

certain equipment limitations that must be considered. De-
termination of the appropriate equipment and system config-
urations can impact project feasibility. Particularly,

where existing wells are retrofit for injection, the size
and construction of the well, depth to water, injection and
pumping rates, and the redevelopment requirements must be
factored into the equipment needs. An example of the piping
arrangement for an injection well with a vertical turbine
pump installed for pumping/redevelopment is shown on Fig-
ure 2. In this example, the recharge water can be dis-
charged both into the well annulus and through the pump dis-
charge head down the pump column pipe. The design flow rate
will determine whether one or both of these discharge
options is needed. A flow control valve is shown upstream
of the well discharge head to regulate the recharge flow
rate into the well. Figure 3 has examples of some options
for discharging/reqgulating the recharge flows downhole. The
options shown in Detail A include an air operated control
valve on the pump column and a flow restricting collar on
the pump column pipe. The restriction created by the collar
maintains a positive pressure above the water table. To use
the flow collar requires a strong, water-tight well casing
with no perforations above the water table. Detail B shows
a modified check valve on the pump column and a conductor
pipe <contained within the well annulus with a flow
restrictor on the end. Some wells will not have sufficient
clearance in the well annulus to place conductor pipes.

PILOT STUDIES

Pilot studies are needed to develop design criteria and to
gain operational experience before implementing a large
scale project. The specific behavior of injection wells is
dependent on actual site conditions, equipment config-
urations, and the quality of the recharge water. The expe-
rience gained during pilot studies includes determining re-
liable injection rates, workable equipment configurations,

LAl
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rates of clogging, appropriate methods and time intervals
for redevelopment, impacts on water quality, and response of
the aquifer system. A detailed operations plan and monitor-
ing program is needed during the pilot studies to insure
that the appropriate data is collected and analyzed. The
length of time required for pilot studies will vary depend-
ing on the needs of the project, but six months is probably
a minimum. Much of the data to be collected requires that
the facility be continuously operated for a long period of
time to produce measurable impacts and establish trends.
Operations during pilot studies provide the opportunity to
experiment with different equipment configurations and to
try out a variety of operational schemes. The objective is
to find ways of optimizing the system operations to maximize
recharge rates while minimizing the redevelopment require-
ments. While pilot studies certainly will not provide all
the answers, the experience gained will go a long ways to-
wards reducing the operational headaches and minimizing
costs on a large scale project.

RAR1/59:3k
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RESEARCH AND DEMONSTRATION NEEDS FOR ARTIFICIAL RECHARGE OF

GROUND WATER WITH INFILTRATION BASINS

Herman Bouwer
United States Department of Agriculture
Agricultural Research Service
U. S. Water Conservation Laboratory
Phoenix, Arizona 85040

Abstract

In dry climates, natural replenishment rates of aquifers (safe
yields) are quite small. Many of these aquifers are being depleted.
This is giving rise to an increasing interest in artificial recharge
of ground water or ground water augmentation. While artificial
recharge with infiltration basins is an established practice, there is
still not enough information available to optimize the design and
management of such systems. The new program on demonstration projects
under the High Plains States Ground Water Demonstration Project Act of
1985 provides an excellent opportunity for additional research.
Projects should be selected to cover a range of conditions so that the
results form a broad data base that can be used to develop design and
management criteria for other projects. Other techniques for augmen-—
tation of ground water, in addition to well injection, include vegeta-
tion management, runoff enhancement, and increasing seepage from
streams.

Demonstration Projects for Infiltration Systems

The passage in 1983 of the High Plains States Ground Water Demon-
stration Project Act (PL98-434) has stimulated interest in demonstra-
tion projects for artificial recharge of ground water. The law will
authorize and support twenty—one demonstration projects in the High
Plains states (Colorado, Kansas, Nebraska, New Mexico, Oklahoma, South
Dakota, Texas, and Wyoming) and other western states (California,
Arizona, Idaho, Montana, Nevada, North Dakota, Oregon, Utah, and
Washington). Demonstration projects are also desirable in states
where the law does not apply if there is a need for underground stor—
age of water or replenishment of aquifers.

Demonstration projects for infiltration basins should involve
more than constructing a basin, filling it with water, and, when the
water disappears at a pretty good rate, declaring the demonstration a
success! In reality, there is still a lot of research to be done
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before the design and management of systems for artificial recharge of
ground water can be optimized. Demonstration projects should incor-
porate as much of these research needs as possible so that a data base
can be compiled that will permit best design and management practices
for a wide spectrum of conditions of soil, climate, water quality, and
ground water hydrology. Some of the more critical research needs are
listed in the following paragraphs.

Prediction of Hydraulic Loading Rates

It is often desirable to have some idea of hydraulic loading
rates (long-term hydraulic capacity of basin, usually expressed as
accumulated infiltration per year or per recharge season) before an
artificial recharge system is installed. For example, a city or other
entity may want to recharge 20,000 acre feet per year (25 million
m3/yr) and needs to know approximately how much land may be required
to get the water underground, or a city or district may have 500 acres
(200 ha) of land available for ground water recharge and would like to
know about how much water that land could take for artificial recharge
of ground water, or a water district may just wish to get some idea
about the feasibility of artificial recharge without putting up much
money for preliminary investigations or pilot projects.

To see how well hydraulic 1loading rates can be predicted,
demonstration projects should be preceded by a program of hydraulic
conductivity and/or infiltration measurements at the site. This will
permit calculation of potential infiltration rates for the infiltra-
tion basins. Allowing for some reduction in these rates due to
clogging of the bottom of the basins and for dry-up times for a
restoration of infiltration rates and possibly cleaning operations,
then permits calculation of the hydraulic loading rate in, for
example, feet per year. This figure would then be compared later with
hydraulic loading rates observed for the actual infiltration basins
after they have been in operation for some time. If this is done for
enough different soils, climates, and water qualities, prediction of
hydraulic loading rates of recharge systems from soil permeability and
infiltration measurements may prove to be a reliable procedure.

Basin Management for Maximum Performance

As a rule, infiltration rates in recharge basins decline with
time of inundation because of sedimentation of suspended solids and
biological activity which clog the bottom. Usually, once the basins
are installed, some experimentation is needed to find the optimum com—
bination of flooding and drying cycles and the need for cleaning and
possible disking of the basin bottoms during drying. If flooding is
continued too long, not enough water enters the ground anymore.
Drying the basins is necessary for restoring infiltration rates, but,
of course, during drying, no infiltration occurs. Thus, there is an
optimum combination of flooding, drying, and cleaning the basins that
has to be determined experimentally. Sometimes, flooding and drying




cycles are controlled by environmental factors, such as breeding
cycles of mosquitoes, midge flies, or other insects, or growth of
algae or weeds in the basins.

Optimum Water Depth

Theoretically, increasing the water depth in infiltration basins
will have little effect on sustained infiltration rates if the bottom
of the basin is clean and unclogged (provided, of course, that the
bottom of the basin is well above the ground water level). If the
bottom is clogged, increasing the water depth will produce an almost
linear increase in infiltration rate. However, increasing the water
depth will also compress the clogged layer due to an increase in the
seepage force across this layer. This will reduce infiltration rates.
Also, increasing the water depth without a proportional increase in
infiltration rate will diminish the rate of turnover of the water in
the basin, exposing the water longer to sunlight and increasing the
opportunity for growth of suspended algae in the water. These algae
filter out on the bottom and form a filter cake, which greatly
decreases the infiltration rate. In addition, heavy growth of algae
can cause precipitation of calcium carbonate due to an increase in pH
of the water as the algae remove carbon dioxide from the water for
photosynthesis. This precipitation of calcium carbonate further
increases the hydraulic impedance of the clogged layer on the bottom.
Thus, there may be the paradoxical phenomenon that increasing the
water depth in infiltration basins for ground water recharge will
actually decrease infiltration rates. The water depth for maximum
infiltration depends on water quality, climate, and type of bottom
soil, and is best found by on-site experimentation.

Pretreatment of Water

If the water for ground water recharge has a relatively high
sediment content, the suspended solids can be taken out before the
water enters the infiltration basins, or they can be allowed to accu-
mulate on the bottom of the basins. Removal of suspended solids
before entry of the water in the infiltration basins costs money
because it usually requires addition of coagulant, mixing, and sedi-
mentation ponds. Leaving the solids in the water and letting them
accumulate on the basin bottoms also costs money because of decreased
hydraulic loading rates and the need for more frequent cleaning of the
basins. The economically optimum combination of pretreatment of water
and cleaning and drying of the basins can be determined only by on-
site experimentation.

Stagnant vs. Flowing Water
Horizontal velocities of water in infiltration basins are very

small or almost zero, and the water is essentially stagnant. Thus,
all suspended solids in the water can settle out on the bottom of the
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basin, including the very fine particles. Such particles can greatly
increase the hydraulic impedance of the clogging layer and greatly
reduce the infiltration rates. If, on the other hand, the water is
kept flowing horizontally, as in infiltration channels, fine sediment
may be kept in suspension and will not contribute as much to the
clogging problem as in stagnant basins. The question of whether an
infiltration system would consist of flowing water in channels or of
stagnant water in basins must be answered by local experimentation.

Significance of Best Management

Optimum design and management of an infiltration system for arcti=
ficial recharge of ground water can yield hydraulic loading rates that
are considerably higher (two, three, four, or five times higher and
maybe even more) than the rates obtained with haphazard design and
management of the basins. Maximizing hydraulic loading and the neces-
sary on-site experimentation are especially important where suitable
land for infiltration is limited and/or expensive.

Vadose Zone

Ground water recharge demonstration projects should also include
studies of the vadose zone, primarily to detect presence of restric-
ting layers and perched ground water that could restrict infiltration
for the full-scale project. The work could consist of measuring the
hydraulic conductivity profile of the soil and of soil exploration
before construction of the basins. Water content profiles beneath the
infiltration basins can be measured with, for example, the neutron
method (saturated zones indicate perched ground water and semiperme-
able restricting layers). Piezometers and tensiometers can be
installed to measure positive or negative water pressures at
various depths.

Another item of interest in the vadose zone is the amount of
water that has to be "invested" in the wetted zone below the infiltra-
tion system. 1If, for example, the water content is 10% by volume in
the original vadose zone and 30% in the wetted zone below the basins,
2 feet (0.6 m) of water need to be invested in the wetted zone for
every 10 feet (3 m) of depth of the ground water table below the basin
bottom before the recharge water reaches the aquifer. Thus, if the
water table is at a depth of 300 feet (90 m), 60 feet (18 m) of water
must infiltrate before recharge of the aquifer can begin. If the
hydraulic loading rate is 300 feet (90 m) per year and the projected
duration of the project is 20 years, the total infiltration will be
6,000 feet (1800 m), of which 60 feet (18 m), or 1%, are "stored" in
the vadose zone. This yields a recovery efficiency of 99%. 1In the
long term, however, most of the water in the wetted zone will even-
tually drain back to the aquifer if ground water recharge is ceased.
The only "true'" losses from the system are evaporation losses from the
basins. This is on the order of 6 feet (1.8 m) per year in the
Phoenix area for a free water surface or continuously wet soil, and
less in cooler, more humid areas.
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Ground Water Mound

The demonstration project should also include monitoring wells to
measure the rise of the ground water table below the infiltration
basins. From this rise, an effective transmissivity of the aquifer
for ground water recharge can be calculated with Hantush's or Glover's
equations (Bouwer, 1978) and used in the design of the prototype
system. For thick aquifers, ground water recharge flow will not be
uniformly distributed across the entire thickness of the aquifer.
Most of the flow in the vicinity of the basins will occur in the upper
or active region of the aquifer, while ground water deeper in the
aquifer moves a lot slower (passive region). Thus, the effective
transmissivity for ground water mound calculation below recharge
basins may be significantly less than the transmissivity of the entire
aquifer, as evaluated from a pump test on a completely penetrating
well. Studies with an electrical resistance network analog have shown
that the thickness of the active portion of the aquifer is about equal
to the width of the recharge basin or infiltration area (Bouwer,
1962).

The ground water table response in the demonstration project can
be used to predict the ground water table response in the full-scale,
prototype project, including ground water levels at great distances
from the infiltration basins. Basin geometries and layouts can then
be selected to avoid undue ground water mound rises below the infil-
tration basins. If there is a natural ground water gradient in the
area, the projected mound can be superimposed (Bouwer, 1978) on the
moving ground water system, yielding a ground water ridge instead of a
ground water mound. If there are pumped wells, recharging streams,
deep percolation flow, and other sources or sinks in the area affected
by the recharge system, ground water level responses in the region can
best be predicted with a computer model using the Prickett-Lonquist or
other aquifer simulation model.

Water Quality

The main quality concern is with the input water. Depending on
the source of this water, complete chemical analyses may be desirable.
Bacteria and viruses should also be determined. Some undesirable
constituents, including microorganisms, can be effectively removed
from the water as it moves through the vadose zone and through the
aquifer (Bouwer, 1985).

From an infiltration standpoint, the most important water quality
parameters are suspended solids, sodium adsorption ratio (SAR), and
total salt concentration (TDS). The SAR and TDS content determine the
status of the clay in bottom sediments or original soil below the
infiltration basins through which the water flows. The lower the TDS
and the higher the SAR, the more the clay will be dispersed and the
lower the hydraulic conductivity, K, and hence, the infiltration rate
will be (Bouwer, 1978, p. 44).
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Another matter of concern is leaching of toxic substances from
the vadose zone due to downward percolating water. In addition to
calcium, which would increase the hardness of the water, toxic trace
elements may also leach out. The selenium problem in California is a
good example of what can happen. Selenium leaching apparently is not
confined to California and is much more widespread than previously
thought. Other toxic trace elements that could be leached from vadose
zones include arsenic, boron, cadmium, molybdenum, and mercury.
Monitoring wells for taking water samples from the top of the ground
water mound and farther away in the aquifer should be installed.
Problems of leaching chemicals from vadose zones tend to be more
severe for relatively fine textured materials in vadose zones that
have no history of frequent natural leaching, than for sandy or grav-
elly formations in river beds or flood plains that have already been
regularly leached for a long time.

Environmental, Social, Economic, and Legal Aspects

In addition to engineering and chemical aspects, demonstration
projects should include research on the environmental aspects, such as
relations between infiltration basin management and insect, algae, and
odor problems. Social aspects to be considered include multiple use
of the basins (recreation, wildlife, scenic enhancement, aesthetics)
and community acceptance. Economic aspects, of course, are always
important. Legal issues may arise as to the ownership of the input
water, the rights of pumping recharged water from the aquifer, who
benefits, who pays, and who administers the project.

Other Techniques for Groundwater Recharge Enhancement

Other methods for augmenting ground water resources include vege-
tation management, runoff inducement, and increasing seepage from
streams by increasing the wetted width of the channel or lowering the
ground water level in the flood plain. Vegetation management for
augmenting ground water recharge normally consists of replacing trees
or other deep-rooted vegetation with grasses or other shallow-rooted
vegetation. This can produce more runoff and cause ground water
levels to rise, sometimes with undesirable effects like the mobiliza-
tion of salt from the vadose zone in parts of Western Australia.
Higher ground water levels could also lead to more seeps, springs, or
base flow in gaining streams. This flow could be conveyed to areas of
lower ground water levels for aquifer recharge.

Runoff inducement is accomplished with water harvesting tech-
niques where soil is covered or treated to minimize infiltration
(Frasier and Myers, 1983). This produces runoff from small rains
which normally would wet only the top portion of the soil profile and
be returned to the atmosphere via evapotranspiration during the next
few days. The treated areas could be in small catchments, or as
strips between benches or furrows in a terrace-—type layout (Fink and
Ehrler, 1986). The runoff water produced by water harvesting systems
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can be infiltrated on site, or conveyed to channels or basins for
ground water recharge.

Increasing the wetted width of losing streams or other channels
can be accomplished by levees or low dams (weirs) across the stream-—
bed, or by installing longitudinal and transverse levees in the flood
plain to create off-channel basins, as done in the Santa Ana River in
Orange County, California.

Ground water levels in flood plains of losing streams can be
lowered by drilling wells and pumping ground water for irrigation or
other use in the flood plain or use elsewhere. Lowering the water
table can have two effects: (1) it can reduce water use by vegetation
in the flood plain, especially the deep-rooted vegetation that lives
off the ground water (phreatophytes), and (2) it can increase the
seepage from the stream. Phreatophytes can consume copious amounts of
water. 1In the western USA, for example, phreatophytes are estimated
to occupy about 6.4 million ha (15 million acres) of flood plain area
and to use about 30,000 million m3 (25 million acre feet) of water per
year (Bouwer, 1975, and references therein), or about one-—and-one-half
times the entire flow of the Colorado River! While eradication of
phreatophytes was the indicated solution a few decades ago, environ-
mental and aesthetic concerns now preclude such an approach. Possibly,
water use of phreatophytes can be reduced without killing them by
lowering ground water levels in the flood plain (Figure 1). There is,
however, very little field information available showing how much the
water use of phreatophytes can be reduced by lowering ground water
levels (Bouwer, 1975). Hopefully, new developments in remote sensing
of evapotranspiration can be used to obtain more data on this
(Jackson, 1985; Jackson, et al. 1987).

Graphs of seepage from losing streams as a function of ground
water level for different water depths in the stream and different
geologic conditions were developed by electrical analog and are shown
on pages 273 and 274 of Bouwer (1978). The curve for a uniform soil
to great depth and a channel with a water depth equal to 0.25 of the
bottom width is shown in Figure 2 where

Ig = seepage rate per unit area of stream water surface (m/day)
K = hydraulic conductivity of soil (m/day)
Dy = depth of water table below water level in stream at 10 Wy

from stream center
Wy = bottom width of stream

The curve applies to a trapezoidal channel with 1:1 side slopes.
Furthermore, there is no sediment or other clogging material on the
wetted perimeter so that there is a direct hydraulic connection be-
tween the water in the stream and the underlying ground water (Bouwer,
1978). The graph shows that lowering the ground water table in the
flood plain causes a linear increase in seepage when Dy is less than
about 2 Wp. Then the rate of increase in seepage with increasing Dy
becomes smaller, and when Dy has reached a value of about 4 Wp, the
seepage is already close to the seepage obtained when Dy = ». Thus,
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Figure 1. Schematic of seepage flow system with
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Figure 3. Schematic of seepage from stream with a clogging layer
on the wetted perimeter and unsaturated flow to under-
lying groundwater.
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lowering D, from 4 W, to "infinite" depth does not significantly
increase seepage. This 1is because at Dy = 4 W,, seepage is already
pretty well controlled by a zone of predominantly vertical flow due to
gravity and at unit hydraulic gradient below the stream. Further
lowering of the ground water merely elongates this zone at unit
hydraulic gradient without increasing the seepage.

When the stream wetted perimeter is covered by fine sediment or
other clogging material (Figure 3), seepage 1is controlled by the
clogging layer. The head due to water depth is then completely dissi-
pated across the clogging layer and the flow below the stream channel
is unsaturated. The pressure head of the water in the soil below the
clogging layer is negative (Bouwer, 1982). In this situation, the
seepage from the stream is not affected by ground water depth as long
as the water table is deep enough so that the top of the capillary
fringe is below the stream bottom. This will usually be true if the
water table is at least 0.5 m (1.7 ft) below the stream bottom. Thus,
the ground water table can vary from infinite depth to about 0.5 m
(1.7 ft) below the stream bottom, and the seepage from the stream will
be essentially constant. If ground water levels are high and the
water table, or rather, the top of the capillary fringe, is above the
stream bottom, stream seepage will vary linearly with depth to ground
water, as expressed by the vertical distance between the water surface
in the stream and the ground water table.
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Abstract

Under natural conditions, alluvial aquifers in the Basin and Range
physiographic province in southern Arizona are recharged by runoff near the
mountain fronts and along stream channels in the alluvium. The dilute
water reacts irreversibly with primary rock minerals such as plagioclase
feldspar, producing clay minerals, silica, and solute ions. Dissolved
carbon dioxide species participate in these reactions and in reactions that
may dissolve or precipitate solid carbonates such as calcite. High-solute
concentrations can occur in hydrologically closed basins where most or all
the water leaving the basin is discharged by evaporation or transpiration.

Colorado River water has a higher disssolved-solids concentration than
most natural recharge in this region. This water may become supersaturated
with respect to calcite, especially when the water temperature rises during
warm weather. The river water also may react with silicate minerals.
Although, under these conditions, some calcite may precipitate along the
flow path of the recharge, the volume of such precipitated material
probably will be widely dispersed if recharge is accomplished by methods
that encourage dispersal.

Cation-exchange reactions are capable of altering physical properties
of certain types of clays, particularly smectite, and thereby decreasing
aquifer transmissivity. It appears unlikely that such effects will occur
as a result of recharging aquifers in southern Arizona with Colorado River
water, but a firm prediction cannot be made without additional specific

studies of interactions that can occur within the aquifers to be recharged.
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Introduction

Areas in southern and southwestern Arizona where aquifers may be
recharged with imported Colorado River water are part of the Basin and
Range physiographic province (Fenneman, 1931). North- and northwest-
trending mountain ranges in the region are separated by broad structural
basins that have been filled with alluvium. At various times during their
past history, many of the basins were hydrologically closed, and readily
soluble evaporite material such as gypsum and halite are interbedded with
the alluvial fill in places owing to the concentration of weathering
products by evaporation of the water. However, in large areas of the
alluvial basins, particularly near the recharge sources, the ground water
has not been affected by these evaporites and is of excellent chemical
quality.

Ground water that has accumulated in the basins is naturally recharged
by precipitation that is intense enough to produce runoff in ephemeral
streams. Most of the recharge occurs near the points where stream channels
leave the mountains and flow across the alluvium. Basins that are crossed
by perennial streams also receive recharge from that source. Recharge from
the ephemeral streams generally has low dissolved-solids concentrations.
However, as the water moves downward toward the zone of saturation, and as
it subsequently moves laterally downgradient toward discharge areas, there
is extensive opportunity for interaction between the water and the rock
minerals it contacts. Characteristically this can be expected to produce a
regional pattern of ground water chemistry, with the more dilute waters
occurring near recharge areas, and a trend of higher solute concentrations
occurring as the ground water moves away from these areas. In areas
recharged by ephemeral streams, the composition of the ground water
typically is dominated by calcium and bicarbonate with near-neutral pH
values reflecting the higher partial pressures of carbon dioxide (PCOZ)
associated with these areas. In downgradient and discharge areas, these
dilute waters may evolve into a sodium bicarbonate or a sodium mixed anion
type or, as dissolved-solids concentrations increase, into a sodium
chloride or sodium calcium sulfate type. The solute composition of the
water will be controlled by the feasibility and rates of various chemical

processes of dissolution, alteration, and precipitation of solids that may
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influence the water along its flow path, and pH values are generally higher
than in areas near recharge sources.

In this paper we will consider some chemical reactions that may occur
in typical aquifer systems during and after recharge is introduced and
suggest methods for evaluating whether specific chemical reactions are
thermodynamically feasible. These methods can be used to help predict the
effects of recharging an aquifer with a water that differs chemically from
the native water in the aquifer. Some examples of such applications to
specific reactions within aquifers of the Tucson basin and other basins in
the region will be given. A model developed for the region for computing
mass transfer between solid mineral phases and solution in ground water

will be described and some of its implications discussed.

Physical and Chemical Characteristics of Alluvial Aquifers

The basins in the area contain alluvial deposits of late Cenozoic age
(Wilson and others, 1969). The deposits may be thousands of feet thick in
some places and range in particle size from coarse gravel to silt-clay.
Evaporite beds containing gypsum, anhydrite or halite are intercalated in
the detrital sediments in parts of some of the basins. The basin-fill
sediments were derived primarily from igneous and metamorphic rocks of the
surrounding mountains which contain a wide variety of mineral species, and
are a readily available source for major and trace elements in the ground
water.

An important attribute of ground-water systems in aquifers made up of
this granular material is the high ratio of solid-liquid interfacial area
per unit volume of water. It is at this interface that dissolution and
precipitation reactions will occur, and sites of charge located on the
solid surface also will attract and retain ions of opposite charge from the
solution. Adsorption and cation exchange at sites of negative charge on
mineral surfaces are particularly important as such reactions may change
aquifer characteristics.

An indication of the order of magnitude of surface area/water volume
ratios can be obtained using certain simplifying assumptions. 1In an
aquifer having an effective porosity (ratio of volume of interconnected
pores to total volume of rock) of 0.10, a cubic meter of aquifer will

contain 100 L (100 dm3) of water. If the pores are assumed to be capillary
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tubes having a mean internal radius of r the length of tube, needed to

contain 0.10 m3, or 100 L can be calculated from the equation

0.10
£ = 5 (1)
b @

If the mean pore radius is 10 x 10_6 meters (10 pum) the value of £ becomes

3018 x 108 meters. The internal surface area, A, is computed from

A=2 nwrp. (2)

For this value of £, A = 2.00 x lOAmZ. Thus, the area of surface per liter

of stored water is 200 m2.

The volume of this aquifer material required for storing 1 L of water
will be 0.01 m3, equivalent to a cube of length 10—2/3 m. Thus, each liter
of water will encounter 200 m2 of surface moving through a distance of
10_2/3 m, (or 0.215 m), and about 930 m2 per meter of distance that each
liter moves. If the average pore diameter is increased by a factor of 10
the ratio of area per unit volume decreases by a factor of 10. These
calculations oversimplify the movement of ground water in granular material
in several ways. They are included to emphasize the fact that large areas
of solid-liquid interface can be present, but the numbers have a

substantial uncertainty.

Chemical Reactions in Recharge Areas

Mineral grains that make up the alluvial fill where natural recharge
is occurring are in general, highly resistant to dissolution. Water
containing dissolved carbon dioxide may, however, attack silicate minerals
such as plagioclase feldspar, producing relatively insoluble products such
as clay minerals and releasing cations and soluble silica. Similar
reactions may occur with other silicates, ferromagnesian minerals for

example, and, depending upon the level of PCOZ, with carbonate minerals.
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For the weathering of the sodium feldspar, albite, to form a clay

mineral and soluble products for example, one may write

2NaAlSi,O, + 2CO, g + 11H20 —

378 2
(albite)
. : + =
A1281205(OH)4 e 4H481O4 + 2Na + 2HCO3 . (3)
(kaolinite)

This reaction is irreversible in the sense that the products do not
recombine to form albite under the conditions existing near the earth’s
surface. Chemical thermodynamic calculations are useful in evaluating and
predicting the extent to which such reactions may occur, but nonequilibrium
systems must be viewed in a different way than might be appropriate for
systems approaching thermodynamic equlibrium.

The energy gradient or thermodynamic driving force available to
promote the feldspar weathering reaction can be expressed mathematically as
the "affinity of reaction", A. This quantity is computed from the

relationship
A--RT In 2 (4)
K
where R is the gas constant needed for conversion of measuring units, T is
temperature on the kelvin scale, Q is the quotient of measured product and
reactant activities in a particular solution (expressed in mass-law form),
and K is the thermodynamic equilibrium constant for the reaction being

considered. For 25°C and expression of A in terms of kilocalories
A = -1.364 (log Q - log K). (5)
A positive value for A indicates that the reaction being considered is

thermodynamically favored to proceed to the right as written.

Applying equation 5 to the feldspar weathering process, equation 3,

leads to
Ay = -1.364 (2 log [HCO, ] + 2 log [Na©] +
4 log [H,Si0,] - 2 log PCO, -4.45). (6)
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Bracketed quantities are reactant and product activities expressed in terms
of moles per liter, and PCO2 is the partial pressure of carbon dioxide in
the gas phase associated with the water. The final term (-4.45) is the
negative log of the equilibrium constant for reaction 3 calculated from
standard free-energy values compiled by Robie and others (1978). The form
of feldspar specified is an albite glass. Unit activities are assumed for
solids and for water.

In an open system, common to recharge areas within alluvial aquifers,
other factors may be present to maintain a positive value for é3 as the
reaction proceeds. For example, the partial pressure of 002 in the gas
phase of the unsaturated zone may be maintained at a relatively high level
by respiration of CO2 by roots of growing plants and decay of organic
matter, and movement of the water past the feldspar surfaces transports
reaction products away and can maintain lower activities of Na' and HCO3-
than would be expected without the water movement. Both these kinds of
effects can be expected in natural ground-water recharge areas.

Similar calculations using anorthite, the calcic end member of the
plagioclase (sodium - calcium feldspar) series, show that A increases with
increasing calcium content, thus tending to make all reactions involving
the remaining members of the plagioclase series proceed even more strongly
to the right.

Another factor that is important in actual ground water systems is
that many other chemical reactions may be occurring at the same time as the
one being considered here. Some of these may be processes that can be
expected to remain near equilibrium--others can be irreversible. The
products of some of these reactions may become available as reactants in
other reactions. This linking effect can be an important source of
thermodynamic drive for irreversible processes.

Reactions involving CO2 and water are generally near equilibrium and
are readily reversible. When CO2 gas dissolves, there is a release of Ht

ions according to the general scheme:

002 g + HZO s H2C03 aq (7)

H, CO > H' + HCO, 8

g tapiay 3 (8)
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+ 2-
. 9
Hiil " © e H' + C0,° . (9)

There may also be equilibria that involve precipitation or dissolution of

relatively insoluble carbonate minerals such as calcite in the relatively

fast reaction

caZt + co. 2" > CaCo.,. (10)
3 < 3

If the concentration of H48104 aq becomes high enough, some form of

crystalline silica may precipitate

: d 1

H481O4 4y ——> SlO2 c + 2H20. (1)
Reactions 7, 8, and 9 may be linked to the slow feldspar weathering

process as that process effectively consumes H'. This linkage can be

represented by rewriting reaction 3 as

INaAlSi.0. + HCO.  + H 4+ 9H©O —=
A 3 2

CO,°" + AL,S1,0,(OH), + 4H,S10, aq + oNa'. (12)
This is a reaction path that might be followed if the added new recharge
contained more HCO3_ and less HZCO3 than natural recharge.

The presence of other ions in the recharge water might also have
effects on the feldspar reaction. The CO32_ ions produced in reaction 12
might react with Ca2+ in the recharge water to precipitate calcite, linking
reaction 10 to reaction 12. Weathering of additional silicate minerals or
dissolution of gypsum may provide a substantial increase in calcium
concentrations. The sum of reactions 10 and 12 is

2+

ONaAlSi.O. + HCO, + HT + ca‘’ + 9H,0
30 3 2 o

: 3 2
CaCO3 c + A1251205(OH)4 + 4H481O4 aq + 2Na (13)

>

In addition to this, the aqueous silica (HQSiOA) concentration could be
maintained at a fixed value by reaction 11.
These considerations suggest that ground water recharging and moving

through granular aquifers containing plagioclase feldspar may follow a
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general reaction process that attacks the feldspar, while precipitating
calcite and silica along the flow path. The reader is reminded that
initially carbonates may dissolve before the onset of calcite precipitation
6 i PCO2 is great enough to give a negative value for A for the sum of
reactions 7, 8, 9, and 10. Precipitated solids may accumulate as a cement
holding the individual grains together and blocking some of the pore space.

Another way of expressing the thermodynamic feasibility of a chemical
reaction is by means of a "saturation index" (SI). The SI is a commonly
used way of evaluating analytical data for departure from calcite
solubility equilibrium, with positive values indicating supersaturation,
and negative values indicating undersaturation or ability to dissolve
CaCO3. Waters near equilibrium will have SI values near zero.

After procedures suggested many years ago by W. F. Langelier (1936), a
calcite saturation index can be computed by subtracting the equilibrium pH
computed for analytically determined concentrations of Ca2+ and HCOB- from
the pH actually measured in that water. One of the authors of this paper
(Hem, 1985, pl 2a and 2b) has published a two-sheet nomograph that can be
used to compute equilibrium pH values from water analyses, using as input
the reported milligrams per liter concentrations of Ca2+ and HCOS-, the
temperature, and the ionic strength of the solution (computed from major
ion concentrations).

This form of the saturation index is numerically equal to the reaction
affinity for the precipitation reaction divided by the factor R T, however,
there is a difference in the sign convention. The reaction considered in
the nomograph (Hem, 1985) is written

CaCO, c + H+<—> HCO,  + Ca’'. (14)

3 —— 3

A favorable thermodynamic drive (positive A) for this reaction going to the
right indicates dissolution would be expected--a condition of

- : o
undersaturation rather than supersaturation. Hence, at 25°C
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Characterization of Solid Phases in Aquifers

The reaction affinity as defined and applied here is an index of the
extent of departure from equilibrium that is displayed by chemical analysis
data for ground water. Where there is specific knowledge of the
composition of the solids that are present in a ground-water aquifer, the
application of such a calculation can provide a considerable insight into
the chemical processes that are going on, and the effect that might be
expected if the system were perturbed by introduction of a chemically
different water. Although the need for information as to the actual
mineral composition of aquifer materials has been recognized, the field of
ground-water hydraulics generally has developed in directions that did not
require such information. The computer programs applied to evaluate the
chemical properties of ground water commonly yield results showing
departure from equilibrium for hypothetical reactions involving a
hypothetical set of solid-phase minerals for which chemical thermodynamic
data are available. The usefulness of the results is substantially
increased if the user knows which of the minerals that might be considered
are, in fact, present.

A study by Robertson (in press) of the geochemistry of ground water in
alluvial basins of the Southwest includes a substantial amount of
mineralogic information on the water-bearing formations in southern and
western Arizona. X-ray diffraction and X-ray fluorescence analysis of more
than 170 samples of drill core and well cuttings from eigﬁt basins showed
that quartz, plagioclase, calcite, potassium feldspar, and muscovite are
the dominant minerals in the bulk sediment (diameter less than 62 pm
fraction). Smectite with minor kaolinite and mica were dominant minerals
in the clay (less than 2 pm) fraction.

A study of ground water resources in the Tucson basin published in the
early 1970's (Laney, 1972; Davidson, 1973) also included a considerable
amount of information on the mineralogic composition of the basin fill. In
the northeastern half of the Tucson basin, the fill is mainly composed of
granitic detritus from the Santa Catalina and Rincon Mountains (Davidson,
1973, p. E57) and plagioclase feldspar probably is a major consituent of
such material. The X-ray diffraction analysis data (Robertson, in press)
confirmed the presence of albite in 7 of 13 plagioclase occurrences at

various points in the Tucson basin.
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Geochemical Reaction Models

In evaluating processes such as artificial recharge, understanding the
natural system is imperative. Much knowledge was gained about the
geochemical proceses in the alluvial basins through the development of
conceptual chemical models, which were subsequently tested by field
observations and the mineralogic and chemical data of the aquifer materials
(Robertson, in press). Reactions were identified through chemical flow-
path modeling, which consists of reacting water with gases and minerals as
the water moves downgradient along flow paths.

For example, in a simplified system showing weathering of rocks,
a(unweathered rocks) + b(water) —>c(clays) + d(dissolved species) (16)

it is possible in theory to solve the reaction coefficients a, b, ¢, and d
and define the mass transfer of each respective phase associated with the
reaction. Mass transfer is defined as the amount of the reactant or
product phase that enters or leaves the aqueous phase. The computer code
BALANCE (Parkhurst and others, 1982) was used to facilitate the
calculations of the reaction coeffcients. The determination of reactions
and mass transfer is a powerful tool in evaluating and quantifying
geochemical processes when used in conjuction with the cited thermodynamic
constraints. The Tucson basin was not one of the basins modeled in detail
during the regional study, but the reactions determined for other basins

appear markedly transferable and should be applicable to the Tucson basin.

Simplified Feldspar Weathering Chemistry Applied to the Tucson Basin

Five chemical analyses from published literature are given in table 1
and are shown graphically in figure 1. The analyses show, in general, how
the composition of the relatively dilute surface flow in Rillito Creek, a
natural recharge source, is changed by reactions with rock minerals in the
basin fill during and after recharge. Two samples representing wells
relatively near the recharge source and wells a greater distance away, near
the Santa Cruz River, show how solute concentrations may increase along the

ground water flow path.
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Thermodynamic Calculations

A quantitative indication of the ability of the waters to attack rock

minerals or form precipitates can be obtained by computing reaction
affinities or saturation indices for reactions with rock minerals known to
be present in the Tucson basin. Although kaolinite is present in the
alluvial fill of many basins in Arizona, the predominant clay mineral
species in these basins apparently are higher in silica content and are
presumably more stable than kaolinite under the chemical conditions in the
region. The major clay mineral identified by Robertson (in press) in the
£i1l material is a montmorillonite smectite similar in composition to
beidellite. Thermodynamic calculations for the feldspar weathering
reaction in the Tucson basin have been made assuming a sodium beidellite
with the composition Nao.33A12.33Si3.67010(OH)2 is the clay mineral
product. The balanced reaction is

7NaAlSi3O8 + 6HCO3 + ZOHZO — lOHAS;?A +

" +
3Na33A12'33813.67010(0H)2 + 6Na + 6CO3 (17)

If coupled to the calcite precipitation reaction (reaction 10 multiplied by

6 to maintain stoichiometric balance)

JNaAlSi.O. + 6HCO. + 6Ca’t + 20H,0 —>

398 3
10,510, + 3Na 4,4l (OH), + 6Na® + 6CaCo

33819 33813 47010 (18)

4 3°

The equilibrium constant for reaction 17 is computed to be 10'7'49,

based on thermodynamic data from Robie and others (1978) and from Plummer
and others (1976). The equilibrium constant for 18 is computed as 1042'31.
These values are for a temperature of 25°C which is a few degrees higher
than shallow ground-water temperatures in the Tucson basin, but the effect
of these small temperature differences is negligible compared to other

uncertainties in the calculation. However, it should be noted that the
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solubility of calcite, as expressed by reaction 10, is strongly influenced
by temperature. The equilibrium solubility of calcite at 10°C is about
twice as great as the solubility at 30°C. The equilibrium constant for
reaction 10 used in equation 20 was computed by subtracting log K17 from

log K,, and dividing the result by six.

%2ble 2 contains values of reaction affinities for albite weathering
(reaction 17), for calcite precipitation (reaction 10 calculated for 25°C)
and for the coupled reaction (reaction 18) for those analyses showing
significant calcite supersaturation. Analysis 1 in the table gives a
negative affinity for calcite precipitation and this water would tend to

dissolve CaCOB. The equations used to compute affinites are:

~ -1.364 (6 log [CO,° ] + 6 log [Na'] +

817
10 log [H,Si0,] - 6 log [Hco3'] + 7.49). (19)
2+ 2-
Ay, = -1.342 (-log [Ca”'] - log [CO4°7] -8.30). (20)
and
Ajg = 1.364 (6 log [Na*] + 10 log [H,5i0,] -
6 log [Ca’’] - 6 log [HCO, ] -42.31). (21)

The stoichiometry of reactions 17 and 18 entails the dissolution of=/
moles of albite. Values for A17 and élS given in table 2 should be divided
by 7 to give the affinity of reaction per mole of albite. Reaction
affinities for reaction 12, in which the clay mineral specified is
kaolinite, would be somewhat more positive than those for reaction 17. 1If
both are computed as kcal per mole of albite reacting, the difference is
bewteen 1 and 2 kcal.

Quantities in brackets are thermodynamic activities of solutes,
measured concentrations corrected for effect of ionic strength using the
Debye-Hiickel equation (Hem, 1985, p. 15-17). The activity values are given
in table 2 in log form. The carbonate activities in the table were
computed from pH and determined HCOB- alkalinities, assuming equilibrium
for equation 9. No pH data were given by Laney (1972) for the samples from

Rillito Creek and the value given in the table is an estimate, with an
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uncertainty of perhaps 0.5. The estimate, derived from measured values
of similar recharge waters, is supported by a field-measured pH of 7.4 from
a well adjacent to the creek that receives recharge from the creek (Austin
Long, University of Arizona, oral commun., 1987). The molar activity of

HASiO4 is equal to that of aqueous SiO2 reported in the analyses of

table 1. The formula H4

form of dissolved silica.

SiO4 probably represents more accurately the actual

Uncertainties in thermodynamic data used to calculate values for é17

and é18

affinities in table 2. The uncertainty caused by this effect in AlO is

inject an uncertainty about * 2 kcal into the numbers for these

much less. Values of Ao lying between +.30 and -.30 can be interpreted as
indicating equilibrium with respect to calcite dissolution or
precipitation.
Discussion

Calculated values of the affinity of reaction for weathering of albite
(reaction 17) are positive for all five analyses in table 1, indicating
that all the waters represented would tend to attack albite. The decrease

in values of A,_ for water recharging the Tucson basin (1) and the water

moving downgraéient (2 and 3) suggest that as the water moves it gradually
loses some of its capacity to react with albite, but the affinity remains
large and nearly constant even though solute concentrations show
substantial increases.

Both Colorado River waters also have large positive affinities for the
albite weathering reaction. More importantly, both also have positive
values for CaCO3 precipitation. The total-dissolved solids concentration
and composition of water at Davis Dam given in analysis 5 in table 1 show
the effect of the large volume of dilute runoff produced by abnormally
large amounts of upper-basin precipitation in 1983-86. The composition
shown for water at Parker Dam in 1983 (analysis 4, table 1) is probably
nearer that to be expected in water diverted to central Arizona in the
future.

The albite weathering reaction takes place at an extemely slow rate.
Mass transfer constraints indicate that a unit volume of water would
probably need to move through a distance of about 8-10 kilometers between
the recharge and sampling points to attain the sodium concentration of

sample 2 in table 1, if all the sodium is derived from the albite reactions
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Ll atmospheres in the recharge area.

assuming an initial PCO, of about 10°
A laboratory study of albite dissolution rates in water saturated with
carbon dioxide was made by Busenberg and Clemency (1976). Extrapolation of
their rate data also suggests that in a system like that of the Tucson
basin a unit volume of water would probably need to move through a distance
of at least several kilometers from the recharge area to reach the
concentrations in sample 2.

In contrast to albite dissolution, calcite precipitation can occur at
a rapid rate. If introduced recharge is already supersaturated with
respect to calcite there will be some precipitation of this material on
mineral surfaces near the point at which the recharge enters the ground.
The supersaturated state of the Colorado River water may be substantially
more critical relative to the native water recharging the basin as
suggested by the negative value of AlO for calcite precipitation in
table 2. In surface spreading basins such precipitation effects would
probably be distributed over a relatively large solid surface area. If
recharge is introduced through wells, however, the precipitation effect may
be concentrated within a smaller total surface area in the immediate
vicinity of the well, and water movement away from the well may be impaired
after a time as pores are blocked with precipitated material.

If the calcium concentration of introduced recharge decreases by 1.0
mg/L owing to precipitation of CaCO3, the volume of calcite deposited by a
cubic meter of water would be about 0.93 cm3. The pore volume in a cubic
meter of aquifer with an effective porosity of 0.10 is lO5 cm3. If all the
CaCO3 were precipitated uniformly within the first cubic meter of aquifer
it would appear that loss of porosity would not be very significant until
many thousands of cubic meters of water had passed through it. It should
be noted, however, that CaCO3 precipitation may not occur uniformly and the
amount deposited by a liter of water during equilibration could be greater
by a factor of 10 or more.

The possible effect of cation exchange processes on physical behavior
of clays has been mentioned. Because of the dominance of the
montmorillonitic clays, exchange of sodium for calcium in the interlayer
position is particularly important because it may cause swelling and
distortion of the clay decreasing aquifer porosity. Although this

possibility cannot be rigorously evaluated in advance, the sodium
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adsorption ratio, an index of possible effects of this sort in irrigated
soils, may have some value as an indication of potential for
cation-exchange effects when recharge of different chemical composition is
introduced. The method for computing SAR is given elsewhere (Hem, 1985).
The values for this ratio given in table 1 show that the Tucson basin
ground water and Colorado River water should have similar cation exchange
behavior, and, in this basin at least, this suggests that significant
cation-exchange effects are unlikely to occur as a result of recharging
with Colorado River water.

The modeling calculations by Robertson (in press) included some
estimates of cation exchange effects that also indicate that ion exchange
probably will not occur to any great extent. In waters that are dilute
(about 500 mg/L dissolved-solids concentrations), ion exchange reactions of
all types appear to be absent. Ion exchange of calcium replacing sodium on
the clay substrate appears to occur in some basins that contain water with
larger dissolved-solids concentrations (1,000 to 3,000 mg/L). The basins
with the highest salinity also appear to have some calcium replacing
magnesium and potassium. Although all ground waters evolve into a highly
sodic water, sodium replacing calcium on exchange sites does not seem to
occur. Of all ion- exchange schemes investigated, exchange of sodium for
calcium seems the most unlikely. Additional support for the specified
smectite behavior is provided by the total dissolved-solids of most ground
waters. Owing to the higher charge of the divalent calcium ion, this ion
would be preferred in the interlayer position in these dilute waters. As
the Colorado River water also is relatively low in dissolved solids and
high in calcium concentrations, significant cation-exchange effects of
sodium for calcium are unlikely to occur.

Possible Recharge Effects in Other Basins in Arizona

There is in fact a good example of Colorado River water naturally
recharging the ground water of several alluvial aquifers in Arizona.
Basins along the Colorado River receive most of their recharge directly
from the river. River water infiltrates the alluvium beneath the flood
plain and may move a considerable distance beyond the flood plain into
piedmont-slope areas adjacent to the mountains. The reactions determined
in basins that receive local recharge appeared to be applicable to this

area. The chemical composition of ground water in the Yuma area was
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derived from the river starting with a weighted-average analysis of
Colorado River water, which is nearly identical to the October 20, 1982,
analysis in table 1. The derivation suggested that the major reactions
occurring in much of the flood-plain area are the dissolution of calcite,
dolomite, halite, and gypsum, and that some weathering of silicates occurs.
The dissolution reactions are attributed to high partial pressure of co, in
the soil gas; depths to water are on the order of 5 to 15 feet, and the
entire flood plain has a high density of phreatophytes. Other reactions
can account for ground-water compositions in the Yuma area--namely
evapotranspiration, carbonate precipitation and sulfate reduction (Olmstead
and others, 1973)--but the above derived reactions are the most compatible
with the stable isotope and chemical data and with the field observations.
In any event, the reactions that are in fact occurring do not appear to
affect aquifer porosity. Transmissivities along the river commonly range
from several hundred thousand gallons per day per foot to several million
gallons per day per foot.

The chemical models developed for several other basins in the region
not along the river indicate that the precipitation and not the dissolution
of the carbonates is the major reaction and, thus, such basins or areas in
them would not be as suitable for recharging Colorado River to the ground
water. Partial pressure of CO2 in most ground waters in those basins Nange

203 and 10-4 atmospheres, considerably lower than those found in

between 10
the flood plain along the Colorado River, which commonly range between
gt ge 10720 atmospheres.
Summary and Conclusions

Problems that may arise through artificial recharge of Colorado River
water in Arizona in Arizona include the precipitation of calcite and ion-
exchange reactions that would cause swelling of the clays. Such reactions
would decrease the porosity of the alluvium and eventually prevent
continued use of artifical recharge.

Chemical modeling and major element compositions of the Colorado river
water and of ground waters in the Tucson basin and other basins indicate
that ion-exchange reactions should not occur to any large degree. Exchange

of sodium for calcium is unlikely and swelling of the clays is not

expected.
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Under the most unfavorable circumstance, a water supersaturated with
CaCO3 injected into a well can plug openings and interfere with injection
after a fairly short time. On the basis of calcite precipitation
constraints, the areas within basins that would be the most favorable for
recharge are those along major streams where partial pressures of CO2 are
highest and ground water temperatures are lowest. Artificial recharge
would be best accomplished in the Tucson basin through dispersal along the
major stream channels, if this is the only concern. Other considerations,
such as aquifer hydraulics, location of withdrawal facilities, and
potential mobilization of contaminants which may have been concentrated in

the beds of ephemeral streams may play an important role in determining the

most effective methods to utilize water imported into the Tucson basin.
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Table 1
Chemical analyses and related data for natural recharge and ground water from two well fields in the Tucson basin, and two samples of Colorado
river water

1 2 3 4 5
Date sampled 1959-1965 Jan. 10, 1962 Jan. 10, 1962 Oct. 20, 1982 Sept. 4, 1984
Temp. °C —_— 2073, 22.2 20 18
pH 7.1 (est) 7.8 7.6 8.3 8.2
Ionic Strength (I) 0.0037 .0055 .010 .0182 .0150
e .48 1.4 3.3 2.9 142
mg/L log activity mg/L log activity mg/L log activity mg/L log activity mg/L log activity
(moles/L) (moles/L) (moles/L) (moles/L) (moles/L)
SiO2 14 -3.63 29 -3.32 35 -3.23 8.5 -3.85 8.2 -3.86
Ca 32 -3.22 42 -3.12 63 -2.96 79 -2.91 73 -2.94
Mg 5 -3.81 3.4 -3.99 10 -3.55 31 -3.11 26 -3.17
Na 11 -3.35 34 -2.87 67 -2.58 120 -2.34 83 -2.50
K - - 1.8 -4.37 2.4 -4.26 4.9 -3.96 4,5 -3.99
HCO3 119 -2.74 158 -2.63 242 -2.45 147 -2.68 141 -2.69
C03(Calc) .06 -5.97 +53 -5.19 .58 -5.20 1.8 -4.76 1.3 -4.89
SO4 19 ~3.82 39 -3.53 115 -3.10 310 -2.72 250 -2.79
Ccl 4 -3.98 14 -3.43 16 -3.40 91 -2.65 68 -2.77
F +3 -4.83 %2, -5.02 1.0 -4.33 4 -4.74 +3 -4 .85
TDS 145 - 252 - 433 - 722 - 584 -

Sample descriptions-(1l) Mean of chemical analyses of flood flows in Rillito Creek near Tucson, Arizona (Laney, 1972, p. D12). (2) Composite
sample of water from wells in North-side field, City of Tucson water-supply system. Wells located in northeast part of city (Durfor and
Becker, 1964, p. 96). (3) Composite sample of water from wells in South-side field, City of Tucson water-supply system. Wells located near
Santa Cruz River in southern part of city (Durfor and Becker, 1964, p. 96). (4) Colorado River below Parker Dam, Arizona - California.

Oct. 20, 1982, discharge 4560 cfs (White and Garnett, 1986). (5) Colorado River below Davis Dam, Arizona - Nevada. Sept. 4, 1984, discharge
30,000 cfs (Frisbie and others, 1985).



l Table 2
Calculated affinities of reaction for albite weathering
and calcite precipitation for waters whose chemical
analyses are given in Table 1
l Analysis A Ao Alg
number

1 93.15 -1.21 —_—
l 2 79.51 - .01 79.43

3 77 .46 .19 7.8%:61
l 4 78 .47 .86 83.63

5 80.90 .64 84.75
l 49




Figure 1. Graphical representation of chemical composition of water from five sources (Table 1). Silica

concentrations in millimoles per liter, other solutes in milliequivalents per liter
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ESTIMATING RECOVERABLE WATER FOR UNDERGROUND STORAGE AND RECOVERY
PROJECTS

by L.G. Wilson

Hydrologist, Water Resources Research Center
The University of Arizona
Tucson, Arizona 86721

Abstract:

The new Arizona legislation dealing with underground storage and
recovery projects assigns credits and debits to '"recoverable"
water, i.e., the amount of water that has reached an aquifer. For
recharge well projects the recoverable amount is relatively
simple to estimate. For water spreading projects estimating the
amount of water that has been added to an aquifer is more complex
because of tortuous flow paths in the vadose zone. This paper
reviews recent research addressing flow at the microscopic (i.e.,
pore-size) and macroscopic levels and describes methods for
estimating recharge. One study of flow at the pore level shows
that lateral spreading of percolating water occurs at a greater
rate than expected because of the effect of a moisture dependent
anisotropy. The second study suggests that vertical deep
percolation rates are greater than expected because of
preferential flow paths. Field scale studies illustrate that
establishment of transmission zones for deep percolating water
may occur faster than expected. Vertical flow rates of 33 ft/day
were reported for a site in Arizona. Methods for measuring
recoverable amount include solids sampling and neutron moisture

logging.

Introduction:

The Artificial Recharge and Underground Storage and Recovery Act
of 1986 recognized two classes of artificial recharge projects.
"Recharge projects" are designed and constructed for the purpose
of adding water to an aquifer (ARS 45-651). Basically, such
projects are intended for water conservation. The recharging
entity does not have special rights to recover. In contrast, the
purpose of "underground storage and recovery projects" is to
store water underground for future recovery. The recharging
agency maintains a storage and recovery account. By establishing
these two classes of recharge projects, the state legislature
successfully avoided the onset of prolonged court battles that
have occurred when establishing recharge projects in other
states, for example, in California. Specifically, the Act
circumvents potential lawsuits over the question of who has the
right to recharge and who has the right to recover water placed
underground.
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In addition to its foresight in avoiding 1legal-institutional
impediments the legislation is also progressive from a technical
viewpoint by accounting for fundamental hydrological principles.
For example, "recharge" means to add water to an aquifer by means
of a recharge project (ARS 45-651). Water has been recharged only
when it has reached an aquifer. Similarly, the legislation on
underground storage and recovery projects deals with the question
of recoverable amount. "Recoverable amount" means the amount of
water, as determined by the director, that has reached an
aquifer (ARS 45-669).

The definition of recharge is technically accurate. However,
determining the amount of water that has reached an aquifer is a
very complex technical issue.

Estimating recoverable amount depends on the recharge method and
local geological conditions. For well recharge, estimating the
recoverable amount is fairly simple. Water is metered as it flows
into a cased well terminating below the water table. For water-
spreading methods the problem is more complex in that water
follows a tortuous, circuitous path enroute to the water table.
Complex flow patterns are a reflection of the geological
heterogeneity of the vadose zone at typical recharge sites.

Hydrogeologists and other scientists and engineers recognize that
the complexity of the geology at a typical recharge site adds to
the difficulty in predicting flow patterns during recharge.
Recent research 1illustrates that flow patterns are often
unexpected both at the microscopic and macroscopic levels.

Because of the complexity of vadose zone flow, planning for
either a recharge project or an underground storage and recovery
project and for monitoring during the operations of such projects
requires detailed hydrogeological investigations. For storage
and recovery projects, effective monitoring methods should be
selected to ensure receiving full credit for the recoverable
amount. Several methods are available to help in arriving at
recharge estimates.

The purpose of this presentation is to review recent research
that provides technical insights into the recharge process, and
to briefly describe methods for estimating the amount of water
that has reached an aquifer.

Flow in the Vadose Zone:

Microscopic Flow Effects:

Two recent studies illustrate recent insights into flow at the
pore level. The first study shows that lateral flow occurs
locally because of local variations in the unsaturated hydraulic
conductivity. The second study shows that vertical flow
velocities at the local level are greater than predicted because
of the presence of preferential flow paths.
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Recharge is frequently estimated using simple flow models which
assume that bulk flow in the vadose zone is predominantly in the
vertical direction. Studies by Yeh, Gelhar, and Gutjahr (1985)
found that the anisotropy ratio (horizontal to vertical) of mean
unsaturated hydraulic conductivity increases when the mean
moisture content decreases. Such a moisture dependent anisotropy
can lead to unexpectedly large horizontal flow components in
unsaturated media. Accordingly, modelling approaches that assume
unsaturated flow is one-dimensional in the vertical direction do
not adequately describe field flow systems that are affected by
the presence of strong lateral capillary pressure gradients.
Multidimensional unsaturated flow is suggested. Moreover, because
soils exhibit bedding, the nonuniformity and stratification of
the soils produce a moisture-dependent anisotropy in which the
horizontal hydraulic conductivity can be many times the vertical,
depending on the saturation of the soils. This effect is likely
to be more significant for channel recharge systems than for
large basins.

A simple approach for estimating recharge is to conduct a water
balance. Recent studies by Rice, Bowman, and Jaynes (1986)
suggest that water movement through a soil profile may be greater
than predicted wusing the water balance approach. Rapid flow
velocities in soils are frequently attributed to the presence of
macropores or structural cracks. This is mainly a saturated flow
effect. A similar effect has been observed under unsaturated flow
conditions. Rice, Bowman, and Jaynes (1986) compared the velocity
of downward percolating water, measured using tracer
concentration profiles, with macroscopic velocity calculated from
a water balance. The deep percolation rate calculated from the
trace velocities was about five times greater than the rate
determined using a water balance. The results indicate that a
significant portion of the applied water moves downward through
preferential flow paths in the soil matrix under unsaturated
conditions. Accordingly, simple water balance models may
overestimate arrival times of surface-applied water to ground
water.

Macroscopic Flow in the Vadose Zone:

Water spreading in natural river channels is often the preferred
method of artificial recharge. Understanding natural recharge
processes provide clues on the potential effectiveness of in-
channel spreading operations and on potential recoverable amounts.

The patterns of water movement through vadose zone sediments in
Arizona's alluvial basins, as well as the natural recharge
process, remain somewhat of a mystery because of the limited
amount of data on flow patterns in the highly variable alluvium
of the basin. Conceptually, water percolating beneath a stream
channel flows into the permeable stream alluvium deposits,
sometimes called "shoe-string" aquifers, and then into the
adjacent basin-fill deposits of lesser permeability. Figure 1
illustrates two possible conditions. For case la, the surficial
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Figure 1, Conceptual cross-sections of two geological profiles
along alluvial stream channels (after S. J. Keith, 1980).
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alluvium extends below the depth of the water table and recharge
occurs fairly quickly. For case 1lb, the alluvium unit does not
extend below the water table and direct recharge is inhibited.
This case is typical of stream channels in the Tucson Basin (CH2M
Hill, Montgomery and Wilson, 1987). For both cases, the vertical
and lateral transmission rates in the surficial deposits will
eventually be limited by the permeability of the contiguous basin
fill deposits.

The influence of channel alluvium on the recharge process is
demonstrated by water level responses in wells near the Rilldto
River, in Tucson, during flow events. Matlock (1987) prepared
water level hydrographs for a transect of wells along the river
during flows in the 1960's (see Figure 2). A marked water level
response occurred in wells located within the band of channel
alluvium, approximately one half mile from the river channel. In
contrast, there was very little response in wells outside the
band of stream channel alluvium.

The interface effect which controls flow from the surficial
deposits into the basin fill wunit will interfere with
infiltration rates as the water-holding capacity of the surficial
deposits is approached. As this occurs, it is conceivable that
water within the surficial region will flow longitudinally,
downgradient in the "shoe string" aquifer. This effect has
implications for monitoring the area of hydrologic impact of a
storage and recovery project and for locating recovery wells.

A concern with recharge projects at sites with deep water tables
is that a large quantity of water must be "invested" in the
vadose zone to establish a transmission zone from land surface to
the water table. Results of a recharge study by J. Marie in an
ephemeral channel in south-central Arizona illustrate that this
transmission zone may be produced fairly quickly in some channel
deposits. During his studies Marie observed a water level
response in a well 10 days after the start of a test, where the
initial water table was 330 ft below land surface. Accordingly,
the vertical velocity of the front reaching the water table was
33 ft/day. Data on water level response were corroborated with
neutron logging data in two-inch wells which showed an increase
of water content throughout the profile.

The implication of Marie's study for either a recharge or an
underground storage and recovery project is that the frequency of
monitoring required to detect water level responses may be
greater than previously expected.

There is evidence that lateral flow velocities in the vadose zone
may also be be substantial during recharge. For example, Wilson
and DeCook (1968) reported the patterns of subsurface water
movement during natural recharge events at a site in the Tucson
Basin. Neutron logging in access well transects along the Santa
Cruz River during runoff events revealed the presence of perched
ground water at the interface between the surficial deposits and
the basin fill unit and a mound above the water table.
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Apparently, the sediments of the perching layer are in hydraulic
contact with the river. Vertical leakage of water from the river
and from the perched ground-water system into the underlying
basin fill deposits appears to have contributed to the growth of
the water table mound. Lateral spreading of the recharge pulse
was observed travelling in the perched system and water table
mound at a rate of between 100 and 150 ft/day. Perched ground
water dissipated in two to three weeks, while the lower mound
dissipated over a period of 6 months.

The implication of the study of Wilson and DeCook (1968) is that
a monitoring network for an in-channel spreading operation should
extend far enough inland for accurate representation of the
recharge mound.

Monitoring Requirements:

ARS 45-669 specifies that recoverable water is the amount of
water, as determined by the director, that has reached an
aquifer. Accurate determination of the amount of recharge is a
difficult task. This section reviews methods for estimating water
that has reached an aquifer.

A common approach for estimating recharge is to observe changes
in water 1levels in monitoring wells and to use specific vyield
values to calculate the volume of water stored within the water
table mound. Water level responses in wells provides clues on the
response of the water table to recharge events but fail o
provide information on the volume of water in storage under near-
saturated conditions.

A study of natural recharge along the Santa Cruz River reported
by Wilson and DeCook (1968) revealed the error of using
observation well data alone to assess the impacts of recharge.
Water 1levels increased about 15 ft above pre-recharge levels in
two observation wells. Neutron moisture logs indicated that an
additional 31 ft of sediments were saturated or near-saturated.
The amount of recharge was calculated for the 0.34 acre area
encompassed by the wells, using an average moisture content
change of 25 %. The volumes of water in storage above and below
the phreatic zone were calculated to be 2.7 acre-feet and 1.3
acre-feet, respectively. These data demonstrate that
measurements from observation wells accounted for only 33 % of
the total amount of water that had "reached the aquifer". The
remaining volume eventually drains into the water tabel and
should be accounted for during determination of recharge credits.

Several methods are available for estimating water in storage
within the vadose zone. The most direct method for estimating the
water content of a recharging profile 1is to determine the
volumetric water content of solids samples. This requires the use
of drilling equipment for obtaining depth-wise samples and a
laboratory with a drying oven and auxiliary facilities for
determining water contents. This approach is costly and
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unsuitable for repeated sampling at the same location.
Accordingly, indirect methods are frequently used.

Indirect methods for measuring water content changes in a
recharging profile relate soil water to an indirect property such
as the energy status of water in the porous matrix. Common
devices for this purpose include tensiometers, electrical
resistance blocks, and Peltier-effect psychrometers. Specific
details on these units are described by Everett, Wilson, and

Hoylman (1984). Time domain reflectrometry (TDR) techniques
relate the apparent dielectric constant of a soil to its water
content. These indirect methods depend on a calibration

relationship between water content and the property of interest.
Obtaining calibration relationships is a costly and time
consuming process. Another disadvantage of these indirect methods
is that they are difficult to install at depth in the vadose
zone. Tensiometers, blocks, and psychrometers provide only point
measurements.

Another indirect method that is sometimes used to estimate water
content profiles in the vadose zone is neutron moisture logging.
The equipment and principles of this technique are illustrated in
Figure 3. Basically, when a source of fast neutrons is lowered
into a soil through an access well, hydrogen in the water
molecules in the soil thermalize or moderate the fast neutrons.
The thermalized neutrons are detected, or counted, using the
principle of neutron capture. The distribution of water contents
is determined from a calibration relationship between volumetric
water content and count rate. :

The major advantage of the neutron logging technique 1is that
water content changes can be logged in the same profile over
time. By using transects of wells, it is possible to define
the lateral distribution of mounds and perched water zones in the
vadose zone. As indicated in another paragraph, neutron logging
in the vadose zone is a valuable technique for detecting stored
water that may not be detected by measuring water levels in
observation wells.

Marie used neutron moisture logging during his infiltration
studies in an ephemeral channel in south-central Arizona. During
his second experiment, neutron logs showed a progressive increase
in soil moisture from the surface to depth. A significant
increase in soil moisture, almost to saturation, occurred in the
50 ft zone immediately above the 330 ft deep water table between
the 7th and 16th day after water was discharged into the channel.
During the next 5 days, the moisture content had increased a
similar amount for a total of about 100 ft above the water table.

A major problem in using neutron logging in deep access wells is
assuring that the access well casing are in tight contact with
the bore hole to prevent side leakage of water. Side 1leakage
could lead to invalid observation of water content changes in the
profile. Drilling methods that ensure tight-fitting casing should
be used. This will require installing larger diameter casing than
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used for two-inch diameter logging tools with small neutron
sources. Hot neutron sources will be required.

Use of Cl/Br Ratios to Detect Recharge:

The previous sections deal with techniques for determining water
accretion to a water table. It may also be important to show that
recharge water has mingled with native ground water. Various
tracers are possible. Recharge of CAP water may be inferred using
a tracer technique developed by S.N. Davis and associates (1987)
at the University of Arizona. This technique is based on the
principal that the Cl/Br ratios of Colorado River water average
about 1250. 1In contrast, Cl/Br ratios in native ground water in
southern Arizona range between 100 an 200.
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Panelist Remarks to
LEGAL AND INSTITUTIONAL ASPECTS:
PROBLEMS AND SOLUTIONS

Floyd L. Marsh
Water Resources Director
City of Scottsdale
3939 Civic Center Plaza
Scottsdale, AZ 85251

Let me first of all say, not knowing what Bill Chase was going to
say previous to me, some of my remarks will overlap his. However, they
will be more of a generic nature rather than a project-specific nature
as he”s mentioned.

Introduction

As a prospective municipal recharger, a cursory review of the state
proposed aquifer protection permit rules does not make us "warm and
fuzzy all over" relative to implementing recharge. The general overall
concern is that all the institutional and administrative hoops to jump
through in an exhaustive permitting process may, in fact, hinder the
implementation of successful recharge projects. Many provisions of
these rules appear to be unduly burdensome and restrictive in many
cases. The blanket and extremely broad application, rather than
flexible facility-specific type of provisions, I think are going to be
something that needs to be worked out as the implementation process
proceeds. And lastly, in terms of introductory comments, the blanket
inclusion of recharge and subsurface storage projects with discharge
permitting activities is of some concern to us as well.
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Specific Concerns

Next I°d like to focus on a checklist of specific concerns relative
to interpretation of the enabling legislation relative to the rules
making process. First of all, the availability of technical
information being required, as Bill has previously mentioned, varies
site-by-site and case-by-case. The rules and regulations as currently
promulgated provide for site-specific permit conditions yet require
broad, blanket information in the permit application process, which
seems in—- consistent. Another concern that has recently come up that
we have some concern about is the addition of yet-to-be developed total
dissolved solids (TDS) standards including chloride, sodium and
sulfates to the existing aquifer quality standards notwithstanding the
need and requirement for basic water quality protection. However, will
this particular standard be more restrictive than it necessarily needs
to be? That is, so restrictive as to prevent otherwise effective
recharge operations.

The point of compliance concept, as developed in the rules and
regulations, we feel needs greater definition and clarification as to
the intent to meet these aquifer water quality standards. In addition
a more specific and functional definition of dry wells would be
helpful.

One major and fundamental question that we have is will effluent
from an advanced water treatment plant, that is a Water Factory 21 type
facility, be considered the same as that "... from a waste water
treatment works ...", as referenced in the definition of "seepage
pit"? An additional point is there needs to be more explicit inclusion
of effluent as a source of recharge water in the definition of
"underground storage and recovery project", as Bill Chase also
previously mentioned.

A joint fee schedule and coordinated reporting process between ADEQ
and the ADWR could well assist in implementing groundwater recharge
projectse The generally mandated information is frequently difficult
and expensive to obtain and perhaps it would be better to negotiate the
necessary information on a case-by-case site-specific basis rather than
taking a shotgun pattern approach, as is proposed in the rules and
regulations.

One final concern that we have before I move into some solutions, is
the length of time in processing permits. It“s projected in the AMWUA
recharge feasibility study that a groundwater discharge permit may take
7 to 9 months to process. That provides some idea of the magnitude of
the concern in terms of the reporting and permitting process. The
requirements are going to be quite extensive and exhaustive and time
consuming and may stand in the way of doing some ad hoc, short-term
recharge that we think is so imperative to get started.
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Solutions

In terms of solutions, perhaps there”s a possibility to add a
provision for a preapplication conference with the Department of
Environmental Quality as the Department of Water Resources is doing now
in their permitting process procedures. Clarity and practicality in
definitions and terms was mentioned. More precise functional
definitions of specific terms, such as terms including the discharge
impact area, applicable point of compliance and dry wells and injection
wells are necessarye. Again, the permitting processes should be
combined as much as is practical. In fact, the legislation, on which
the rules are based, specificaly refers to this in terms of the "to
maximum extent practicable." Fourthly, more discretionary flexibility
in negotiation of required information should be allowed on a case-by-
case basis. In general, many of the informational and reporting
requirements could be made director-discretionary or define the
criteria more specifically rather than so broadbrushed as they appear
to be. So, again, this provides a rather generic synopsis of where we
see the major problems areas being in terms of implementing short-term
recharge projects specifically and perhaps hindering implementation of
some of the long-term recharge programs as well.

Wrapup Summary

I°d like to underscore and echo Bill Chase”s comments that we have
to utilize to the maximum - the optimum, or whatever the case may be -
the effluent resource. It”s a very valuable resource and it”s going to
have to be utilized as best as practically possible. Relative to a
wrap-up comment following the open discussion, I would just indicate
that it”s a good start to make recharge work but let”s keep the
informational and permitting requirements consistent, practical, and
realistic in the rule-making process so that we can keep moving tying
back to the symposium theme, as we solve those long-term hurdles
required to accomplish recharge effectively and prudently.
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Welfare Queens and Wimps: The Saga of HB 2401

by: Bob McCain

Arizona Municipal Water Users Association

My talk is called Welfare Queens and Wimps: The Saga of HB 2401. HB 2401 is
the recent bill that was passed in the legislature that established the
authority for the Central Arizona Water Conservation District (CAWCD) to get
into the recharge and underground storage business. I chose this topic because
it is symptomatic and representative of a legal institutional problem in water
in Arizona which is that the distribution of water, by economic sector, is

inversely related to the value produced by using the water. As passed by the
legislature and sent to the Governor, HB 2401 provides the CAWCD with the
authority 1in two areas. The first area is included in Section 01, which

describes how CAWCD acts on their own behalf to store surplus CAP water, 1i.e.,
water that would otherwise remain in the Colorado River and not be brought into
Arizona for any kind of use whatsoever. It's water that would either go to
Mexico, go into the Sea of Cortez, or heaven forbid, be used by California.

CAWCD will store this water for use during times of shortage. Any CAP
subcontractor will be able to purchase such water, though it’s most likely that
it will be purchased for drinking water purposes here. There are no problems
with this. I think there was total agreement in the water community in Arizona
that this should be done. We've got to capture some of that water that's lost
in going down the Colorado River to waste. Everyone agrees with this concept
anyway . And this is why the cities supported 2401. This section of the bill
was vitally important to the state even though we have considerable problems
with the other parts of the bill. The specific section of concern is Section 02.
Section 02 allows the CAWCD to act as an agent. In Section 01 they were doing
it for themselves. They are going to then recover the water, and sell it to
others at some later point in time. Section 02 allows them to act as an agent
and store a particular CAP subcontractor’s allocation that has been granted to
them by virtue of contract with the Secretary of the Interior.

In almost all cases, I think, the CAWCD would be storing drinking water for a
city. And here is where Arizona's Welfare Queens came off the wall. And in the
context of the CAP when I say Welfare Queens I primarily mean Pinal County
agriculture. Because that’s where most of the CAP agricultural water is going
to go. I call them Welfare Queens because they now use federally subsidized
hydro power to withdraw groundwater and soon will wuse federally subsidized
surface water (CAP) to grow subsidized and surplus crops. To a large extent
their actions in this bill remind me of the welfare mother in Washington with 14
kids who became outraged when the mayor suggested or had the audacity to suggest
that she should stop having kids that would only be supported by the welfare

system. She said it was her God given right to have as many kids as she wanted
and it was society's responsibility to provide her with a house, and enough
welfare payments to raise those kids to adulthood. So, too, do the Welfare

Queens of Pinal County seem to feel that it's their God given right to have as
much CAP water as they want, to grow anything they want, and that the cost
should be borne by the drinking water public.
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They argued in this bill that if the CAWCD was going to act as an agent and
store municipal drinking water for future use, that is to store the water that
belongs to the city, the CAWCD must first see if agriculture can use 1t Why?
Well, they argued that it's much more important to use drinking water today and
save groundwater in Pinal County instead of storing drinking water today in
Butler Valley or in Maricopa County for future use tomorrow in those areas so we
wouldn’'t have to withdraw groundwater in the future. This 1is a fundamental
question of values over which obviously there is some disagreement. The Welfare
Queens also argued that they had always depended on the M&I user increasing its
use over time. Therefore they had sized their distribution facilities and had
bonded for the distribution facilities under those assumptions. It would be
harmful for them and terribly damaging to their interests if the M&I user began
to use all of their water at once, either directly through their treatment
plants or storage for future recovery.

The problem is that the Pinal County agriculture knew from the beginning that
the M&I users could take their entire allocation up front if they wanted and use

it for artificial recharge if they chose. It says so in the CAP subcontract.
That was the message for the Secretary of the Interior. That was the message
from Wes Steiner. They knew this before they bonded for their distribution
systems. When the CAP contract was changed for cities, when we moved to a take
or pay capacity purchase contract, it was done for the purpose of accelerating
M&I wuse in the beginning including groundwater recharge. Pinal County
agriculture was told that this could potentially mean less water for them. Any
problem? No problem. Last year when we passed the underground storage and
recovery bill, the Department of Water Resources informed Pinal County

agriculture that not only do they have an economic incentive to use CAP water,
but also they now have the legal and institutional framework where they can

recover the water that they recharge. Any problem? No problem to Pinal County
agriculture. But now this year it’s a big problem. And not only does Pinal
County agriculture feel that they have a priority to the wuse of municipal
drinking water, they believe they don’t have to pay for it. The M&I user pays

for this entire capital, his entire allocation each and every year whether he
uses it or not.

According to the legislation, municipal drinking water is a higher value than
storage of that drinking water for use in the future. Why did this happen?
Well, one of the reasons is wimps. There are a lot of gutless people out there.
The inability of several groups to stand up to the Welfare Queens of Pinal
County and say you don’t rule the roost anymore. You don’'t pay the freight, you
don't get to call the tune. And in my opinion this group includes, and it may
come back to haunt me, the State Senate, not the House, the CAWCD, and the City
of Tucson.

There are two reasons for this observation. First, in the eyes of the State
Senate, the Welfare Queen, the agriculture community has a disproportionate
influence when it comes to water. There is a Welfare Queen bias in the Senate.
In addition, HB 2401 also came right at the end of the session and there is
immense pressure to quiet all outstanding issues and move towards closure.

What they have done, though, is to rank agricultural use of drinking water over
the storage of drinking water. There was an editorial in the Scottsdale
newspaper Saturday and it said, golf is a big clean revenue producing industry
in Scottsdale. Nevertheless, the use of CAP water on golf courses 1s more
ammunition for Congressional opponents of Western water projects. I think
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establishing a priority of agricultural wuse of drinking water to grow
subsidized crops also sends a very devastating message to Washington and what
are they having hearings on in Washington right now? The use of subsidized
irrigation water to grow subsidized crops.

Secondly, in terms of the CAWCD, the hardness of its backbone is exceeded only
by that of a jellyfish. They put and ran. They bent to the demand of Pinal
County agriculture and abandoned those people who had supported them in the

past. It was the cities that supported the CAP during Plan 6 regulations. It
was the cities that supported the CAWCD during the Hoover hydro power
negotiations. The cities supported the CAWCD using their taxing to get into
their storage of surplus water. But it was the Welfare Queens of Pinal County
who opposed the CAWCD on all of these issues. The upshot of the bill is that
the cities will not wuse the CAWCD to store any city water. We’ll do it
ourselves. Or we'll use the flood control district because HB 2401 also states
that the flood district can act as the agent of a city in the storage of CAP
water without establishing any priority for agricultural use whatsoever. If we

can deal with the flood control district without any restrictions, why would we
want to use CAWGD if we have all those restrictions? I think CAWCD should look
at that carefully and decide what this amendment does to their future authority
as well. There are groups in the state which would like the CAWCD to remain
nothing more than a high class janitor and clerk. Not a water manager.

The City of Tucson also joined the compromise. And traditionally when push

comes to shove, unfortunately cities in general, and the City of Tucson in this
case, cave in. No guts, no glory.
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GROUND WATER RECHARGE:
INSTITUTIONAL IMPACTS, ISSUES,
IMPEDIMENTS, INCENTIVES AND ILLUSIONS

T. J. Harrison
Assistant Tucson City Attorney

INTRODUCTION:

I am employed as an environmental attorney by the City
of Tucson. Any legal research, analysis or advice that I do in
the course of my employment is privileged information and may be
communicated to others only with the express permission of the
City. Therefore, the reader must understand that the following
materials do not necessarily represent analysis or advice that I
have given or will give to my client. And, it is certainly does
not represent the official policy or opinion of the City.

I must also hasten to warn that the following material
is not legal advice in the sense that you can plan and order
your affairs in dependence upon it. It is in the first and
final analysis a rather cursory coverage of a broad and complex
subject made by an author with formal training and years of expe-
rience in the field of water law. As such, it may be worth con-
sidering; it may be worth heeding, but it is not meant to be,
nor should it be taken to be, encouragement for you to take any
particular action nor that you take that action or approach it
in any particular way.

What is this presentation meant to do then? It is
meant to alert you to the complex and varied issues inherent in
any proposed recharge project. It is meant to alert you to the
need to seek competent and adequate legal counsel early in the
planning stages of any proposed project. And, it is meant to
alert your legal counsel to some of the issues involved in accom-
plishing your goals. If I accomplish that, it will be a lot.

As will become abundantly obvious as we wade through
this presentation, the word "institutional" as used in the title
of this paper means, by and large, legal -- that is state and
federal laws and regulations, court cases and common law and pro-
posed legislation. 1In a very few instances, "institutional"
means fiscal; however, even then, most fiscal issues are insep-
arable from legal considerations -- take for example taxes;
which are clearly both legal and fiscal.
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Lack of time and allotted space are two obvious reasons
why I have not expanded this paper into an exhaustive and compre-
hensive analysis. However, there are two additional reasons for
my lack of depth and detail -- to freeze my focus in time and/or
space reduces the utility of the analysis. If I involve myself
in detailed analysis of Arizona law, I have then ill-served
those who propose projects in other places. And, if I blindly
proceed based on existing Arizona law and do not acknowledge and
account for the potential changes in that law, my analysis might
actually mislead any reader involved in long-term planning. You
will note mention in several places in this presentation, that
state and federal laws impacting on this subject area have under-
gone numerous changes and additions in recent years. Perhaps
more to the point and certainly closer to home, each year there
are several proposals before the Arizona legislature which
could, if adopted into law, drastically affect ongoing or pro-
posed recharge projects. This is the "illusion" to which I
alluded in the title of this piece. Existing law cannot be
depended upon. It can and will change. This thought should not
freeze you in your tracks - after all, life and business proceed
apace in other subject areas despite the dark and shifting path
presented by our ever changing laws. On the other hand,
recharge projects can involve millions of dollars and thus must,
in their planning, financing and design, take into account the
lack of surety in the law.

There are bright sides to this "illusion". For one,
deep down in the body of the law there are certain given fea-
tures that can be depended upon to retain their nature even
through generations. For example, the concept of property.
Thanks to Constitutional protections and to a widespread need,
property has been and will continue to be protected. Thus, if
you buy a recharge site or a water right, you can be sure that
others cannot take it from you without due process and compensa-
tion. They can, through the mechanism of the law, regulate your
use of property, tax it, reduce its value, etc.; but, they
cannot simply take it from you.

And, the malleability of the law is a two-edged sword.
Just because existing law would impede your plans is not in and
of itself sufficient reason to abandon all hope. Hire a lobby-
ist. If your cause is just or if your need is shared by many
others, if the law has out lived its usefulness or if your power
over your adversaries is superior, you can change the law.

The law is meant, after all, to serve us. If, for no
good reason (or even if for inadequate reason) it impedes our
legitimate objects, it should be changed. And this is particu-
larly so if those changes do not otherwise ill-serve society.
Change in the law is not, as some would hold, offensive; in
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fact, changes in the law in the service of our citizens is the
very life and reason of the law. After all, no legislator is
absolutely prescient and, conditions do change. The only law
that makes sense, is a law that can be changed.

The remainder of this analysis is broken into the fol-
lowing subjects:

dis Obtaining possession and ownership of the water:

2% Transport of the water to and from the place of
recharge;

3% Issues involved in recharge itself;

4. Maintaining control of and protecting the stored
water;

5. Recovery of the stored water.

I OBTAINING POSSESSION AND OWNERSHIP OF THE WATER

Recharge, in and of itself, imparts no feature or power
of ownership. If you did not own the water in the first place,
recharge will not improve your claim to it. This makes perfect
sense. For example, I do not in any way advance my claim to
stolen money by depositing it into my bank account. It is sur-
prising then the number of people to whom, if they are able to
grab onto a drop of water by hook or by crook, recharge repre-
sents some illusion of sanctuary. See also A.R.S. Section
45-668 regarding use of stored water once it is recovered.

In the world of water law, just because your capture or
use of water offended no particular person's property rights,
does not mean that you are home free. Society tends to view
unclaimed water as a public resource available only to those who
satisfy certain statutory conditions -- both before and during
the period of ownership of the water right.

However, in fact, at this late date and level of devel-
opment, it is difficult to find any water that is not already
claimed by one individual or another under an existing water
right. Hence, with certain exceptions as discussed immediately
below, those who seek to obtain water to recharge must either
buy an existing water right or buy land which has an appurtenant
water right.

In Arizona, perhaps the most obvious source of "new"
water (that is water that is not now available under existing
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surface water and ground water rights) is Central Arizona Pro-
ject water. C.A.P. allottees do not hold a water right per se
-- instead they possess contract rights. And, those contract
rights may not be transferred or sold to others without the per-
mission of the administering authorities - Central Arizona Water
Control District (C.A.W.C.D.), United States Bureau of Reclama-
tion and the Arizona Department of Water Resources (advisory
only). Thus, if you hope to obtain C.A.P. water to recharge, it
behooves you to become active in the ongoing allocation pro-
cess. The finalization of the allocations is in progress now
and authorities will soon reallocate any water that was not suc-
cessfully allocated in the first allocation - some allottees
have refused their allocations. You should move quickly and, be
prepared to spend lots of money.

There have been questions raised as to the appropriate-
ness or even legality of recharging C.A.P. water. Non-Indian
agriculture has the lowest priority in the C.A.P. hierarchy. 1In
years of low Colorado River flow, agriculture will be the first
to be denied C.A.P. deliveries. For that and other reasons,
agricultural representatives are loathe to support anything that
would encourage or facilitate cities signing up for or taking
delivery of maximum amounts of C.A.P. water. If, for example, a
city has a C.A.P. allocation of 100,000 acre feet per year; but,
in the early years of the contract, that city is only able to
take delivery of 60,000 acre fee, that unclaimed 40,000 acre
feet will be available for use by agriculture. This, in fact,
is fairly typical as the C.A.P. allocation process in gross
plans large initial deliveries to agriculture with these deliver-
ies tapering off over the years as municipal and industrial
demands grow. Agricultural representatives then view with
alarm, municipal plans to recharge C.A.P. water. In the example
set out above, the city would then take perhaps the whole
100,000 acre feet per year in the early years, using 60,000
directly and recharging the remaining 40,000 acre feet. The
farmers are claiming that recharge is not a "beneficial use"
under the C.A.P. contract and applicable law. In effect, they
are saying that, so long as there are farmers willing to use
C.A.P. water directly, cities should not be allowed to recharge
C.A.P. water. It should be noted that, by taking larger deliver-
ies in early years, cities are not exceeding contractual or
legal limits per se. The water is theirs to order and use if
they see fit. But, the cities probably would not take such
large or full deliveries if they were required to use it all
directly. Most damaging to the farmers' position are Sections
4.12 and 4.3(b) of the Tucson C.A.P. M.&I. Subcontract in which
recharge is expressly listed as an allowable and contemplated
use. This is one of the things, as noted in my previous "illu-
sion of the law" discussion, that the cities ought to be able to
depend on, at least for the 50 year life of the contract.
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C.A.P. authorities appear ready to follow that language and
allow C.A.P. recharge. The farmers are promising to sue. Stay
tuned for later developments.

It is worth taking time to explore a side development
in this same subject area. As will be discussed by Bob McCain,
legislation introduced into the Arizona State Legislature this
year, would have authorized the C.A.W.C.D. to recharge "excess"
C.A.P. water on behalf of municipal and industrial customers in
return for reimbursement of costs. As expected, agricultural
interests fought this proposal. And, they have apparently won
the battle. That is not to say they have won the war however.
Cities will still be able to buy and recharge C.A.P. water, they
simply won't be able to use C.A.W.C.D. or its available funding
mechanisms to do so.

At the same time, agricultural interests seemed to have
had some success in modifying the proposed legislation to autho-
rize C.A.W.C.D. to engage in recharge for itself as opposed to
the custom contract recharge originally proposed. This is a
horse of a different color. Thanks to its lowest C.A.P. prior-
ity, agriculture will be the first to suffer in years of low
Colorado River flow. Thus, anything, such as C.A.W.C.D.
recharge, which promises to make additional water available to
C.A.W.C.D. in low-flow years, will be, in effect, an agricul-
tural relief mechanism. The cities, of course, opposed this pro-
posal; but, their absolute bottom line was (and understandably
so) that the process must be so structured and financed as to
avoid the cities paying for any portion of what is viewed as an
agricultural benefit. I can predict with confidence that this
battle will go on for years to come in the legislature, in the
courts and in the public forum.

An equally important source of rechargeable water is
sewage effluent. As existing laws and circumstances force us to
search out "new" sources of water, there is no better example of
the maxim that one man's garbage can be another's gold.

The rather recent development of interest in effluent
means that applicable law is also relatively undeveloped and un-
settled in Arizona. Some legal principles regarding reuse have
been established over the years in the western U.S.

Effluent derived from local surface water is probably
subject to claims by downstream users -- certainly by downstream
prior appropriators. Effluent derived from surface water or
ground water that has been imported into the basin probably
belongs to the importers. And finally, thanks to an Arizona
Supreme Court declaration in Town of Chino Valley v. City of

Prescott, 131 Ariz. 78, 638 P.2d 1324 (1981), that ground water
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legally reduced to possession is in the nature of personal prop-
erty, effluent derived from local ground water probably belongs
to the original pumper. Much of this is currently at issue in
the John F. Long case. In that case, Long has sued the Valley
cities, Salt River Project, Arizona Public Service and all of
the utilities that own any portion of the Palo Verde Nuclear
Power Plants claiming that the cities had no legal right to sell
to the utilities the effluent coming from the 93rd Avenue mu-
nicipal wastewater treatment plant. The basis for this claim is
that under Arizona statutory ground water law, the water had to
be used in the service areas of the cities. To the extent that
said effluent is derived from surface water, Long claims that it
must be consumptively used on the land to which it is appurte-
nant or, put back in the river once used. This claim is based
on principles of surface water law that have been, at least in
part, adopted by express legislation. In addition, A Tumbling T
has sued those same defendants claiming that, to the extent that
the effluent is derived from surface water, it must be placed
back into the river to satisfy A Tumbling T's appropriation
rights.

As this is written, final arguments have been made and
the matter is under consideration by the Arizona Supreme Court.
Its decision promises to have substantial impact on what efflu-
ent may be available for recharge, where it may be recharged and
who may recharge and recover it.

See A.R.S. Section 45-668 regarding legal use of stored

water once it is recovered. See also A.R.S. Section
45-669C.2. (c).

There are other potential sources of water which could
be used for recharge. Each comes complete with a package of
physical, fiscal and legal impediments to success. For example,
cloud seeding. This process can be very expensive. And yet,
even if you are successful in increasing rainfall, how do you
control where it falls and flows? And, more to the point, how
do you prove that it's your water to do with as you wish? This
lack of certainty of water ownership will probably, for some
years to come, limit cloud seeding to public agencies that are
created and paid to benefit the public at large.

Another possible source of water for recharge is vegeta-
tion manipulation. By changing vegetative cover over large
areas, losses to evapotransporation can be reduced thereby
increasing runoff and/or local recharge. Vegetative manipula-
tion shares with cloud seeding several categories of obstacles.
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1. Establishing that the extra water is yours;

21 The probable need for environmental impact state-
ments; and

3% Potential liability from flood damages due to in-
creased runoff.

In order to produce substantial quantities of "new"
water, vegetative manipulating must be done over vast areas.
This means that you will probably have to work with and satisfy
a variety of federal, state and local jurisdictions. And, you
can bet that the prospect of removing native vegetation from
thousands of acres and from miles of streamsides will bring the
environmental watchdog organizations and agencies into the
courts en mass.

Another potentially large source of rechargeable water
is conservation savings. Money spent to level fields, line
ditches, cover ponds and canals, etc. can yield significant
water savings. Who does this water belong to? The answer
depends on where you are and on what class of water and water
use that you are dealing with. While the ground water law in
this state does restrict the amount of water that can be used on
each acre of historically-irrigated farmland and it does give
credit and benefits to those who use less than their assigned
water duty, it makes little sense here to focus on ground water
because it is unlikely that anyone would want to pump ground
water to produce a source for recharge. In general, in surface
water law, conservation savings from non-imported surface water
do not belong to the conservor and must be returned to the
stream. Conversely, imported surface water generally does
belong to the importer as would the savings resulting from
conservation. I say "generally" because there are situations
where the water law is not the only control - take for example
C.A.P., which is not a water right but is instead a contract
right, the use of which is governed in large part by the
underlying Master Contract and Subcontracts.

There are other pervasive trends that promise to impact
on the availability of water for use in recharging or other-

wise. For example, regulations and regulators are pressing for
more efficient uses of water and for the transfer of water to
"higher and better uses". Historically, the law has frozen

water uses into a place and person irrespective of subsequent de-
velopments. If your great grandfather settled your farm and
first irrigated it using public water 100 years ago, you can con-
tinue to use that water for free even if thousands of urban
dwellers next door are going without. Conversely, all too
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often, even if you want to sell that water to the urban dwell-
ers, the law will forbid it.

More and more, both prospective sellers and prospective
buyers are pressing for changes in the law that will allow water
to be freely sold and traded. In fact, a water market is devel-
oping in this country faster than the law can accommodate.

There are even proposals to market excess Great Lakes water now
that some of those lakes are reaching flood stage. A substan-
tial and growing portion of each issue of U.S. Water News (avail-
able from 230 Main Street, Halstead, KS 67056) is dedicated to
water marketing. Another periodical has begun publication
focused exclusively on water marketing -- Water Market Update
can be obtained from Western Network, 1215 Paseo de Peralta,
Santa Fe, N.M. 85701. See also "Water Strategist: Quarterly
Analysis of Water Marketing, Finance, Legislation and Litiga-
tion", P.O. Box 963, Claremont, CA 91711, and "Proceedings of

the Symposium on Water Markets and Transfers: Arizona Issues

and Challenges", Arizona Section of the American Water Resources
Association and the Arizona Hydrological Society, Tucson, AZ, No-
vember 7, 1986.

Unfortunately, a large portion of what such publica-
tions must report are the problems, costs, conflicts and law-
suits that are arising as a developing market runs into the
tangle created by a body of law that was never intended to accom-
modate a free market in water. A body of law which is changing
all too slowly.

The rise in the phenomena of water markets and water
market publications does, on the other hand, also bode ill for
those who seek sources of water for whatever use. That market
and its attendant publications is developing thanks to a fierce
and growing competition for water. For legal and physical rea-
sons, many sources are not dependable or are not available year
round. This is particularly true of one of the more obvious
sources -- that is, flood water.

In the meantime, recharge projects can be quite expen-
sive and economic considerations require that the facilities be
in operation as much of the time as possible -- it would not do
to have such expensive facilities sitting idle much of the
year. One part of the solution is to have large (relative to
the rate of available recharge capacity) surface storage fa-
cilities. You need then only catch a few floods and/or take a
few deliveries to keep your facilities running all year.
However, land is expensive, large empty mudflats are offensive
and storage means losses. Another piece of the solution then is
multiple sources. By seeking many different sources of recharge-
able water you can be sure that your facility operates at a high
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load factor. And, you insure against the possibility that you
may suffer a loss or failure of any one source.

Before we leave this discussion of water sources and
move on to a discussion of the issues involved in transport of
water, a couple thoughts are in order regarding flood waters.

One, floodwaters are not as available as they may
seem. Surface water appropriations typically cover flows well
above those experienced in average years. Do not plan and build
a recharge project on the assumption that no one owns or wants
flood waters.

Two, diversion of stream flow into recharge facilities
presupposes some type of diversion works. (See, streambed owner-
ship in the next section.) The law typically holds that when
you change the direction or volume of a natural flow, you are
libel per se for any resulting damages. In other words, the
plaintiff will only have to prove causation and amount of dam-
ages. No proof of negligence will be required. Be sure then,
when you design your diversion works that they will not cause
high flows (which would have otherwise stayed within the banks
of the river) to jump the banks or to flow onto anyone's prop-
erty.

7 8 i TRANSPORT OF THE WATER TO AND FROM THE PLACE OF
RECHARGE

In the preceding Section I touched on the law's ten-
dency to discourage or even outright prohibit a free market in
water. Of course, a more practical and natural barrier already
exists -- that is, distance and cost of transport. There are
plenty of cheap sources of water that my client would dearly
love to tap except for the prohibitive cost of transporting it
to our place of need. But, this is likewise a two-edged sword.
Distance will protect your sources from hungry and well-heeled
wolves who covet your local sources. The local guy will always
have the financial and physical edge attendant to proximity to
the source as will any user downhill from a source. This bears
mention because some commentators would lead their readers to
believe that all we have to do to create a full and free water
market is to get rid of those nasty laws and lawyers.

In the remainder of this section I touch upon four
aspects of transportation of water. One is the impact of the
law on transport or export itself--when does the law say yes or
no to a proposed movement of water; two, touches upon the legal
consequences that can arise from the actual movement - what 1li-
abilities and losses lie in store for he who would transport
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water; three, what will the law say regarding comingled water
and water lost to infiltration during transport; and four, what
are some of the issues involved in pipeline or ditch transport?

First of all, legal limits on transportation. If you
outright own water and wish to transport it in a pipeline, you
will face few if any legal issues. Otherwise, water transporta-
tion is perhaps the most complicated facet of the many faceted

challenge that is recharge.

In general, surface water users are viewed by the law
as borrowers -- they may use the water but they must return 1t
to its source "undiminished in quality and quantity." This can
place severe limits on a prospective recharger. However, once
you satisfy all legal claims within the source watershed and
export that water, it becomes tangible personal property with
all of the rights, privileges and protections that attach to

property.

Ground water, once reduced to possession (that is once
pumped, as opposed to its legal status while it is in the ground
below your property) is also in the nature of personal prop-
erty. See Town of Chino Valley v. City of Prescott, 131 Ariz.
78, 638 P.2d 1324 (1981).

However, transportation of ground water is governed by
a very complex code found in A.R.S. Sections 45-541 et. sedq.
These sections would not appear at first glance to deserve full
discussion in this presentation because you are unlikely to want
to pump and transport ground water for the purpose of recharging
it later. However, you are likely to want to recharge effluent
derived from ground water, imported or otherwise, after its
first use. As noted in Section I above, the legal status and
ownership of effluent is currently under formal consideration by
the Arizona State Supreme Court. Whether or not effluent
derived from ground water retains its legal character as ground
water or becomes a separate class of property, may control
whether or not ground water transportation law applies to such
effluent. See also A.R.S. Section 45-668 regarding use of
stored water once it is recovered.

Clearly, the direct legal limits on the transport of
water are complex and changeable -- they deserve special and con-
tinuing focus. 1In addition, transport of water to or from your
recharge site can have major liability implications if you
intend to use stream beds for transport.

Clearly, streambeds may be used to transport artificial

water. See A.R.S. Section 45-173. However, such transport can
give rise to three types of liability.
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First, anyone who has ever been sued successfully
because children climbed over their wall and were hurt or
drowned in their pool knows of the apparent illogic and injus-
tice of the attractive nuisance doctrine. Despite your careful
and expensive construction and maintenance of the surrounding
wall, the law holds you liable because you built something you
knew would be attractive to people of limited judgment -- that
is to children. Imagine now miles of streams that would nor-
mally be dry but for your transportation efforts. Even fencing
and patrolling those washes will not guarantee immunity from ex-
tensive and frequent liability.

Secondly, you should be aware of nuisance and tort doc-
trines in general. Open bodies of water that would not exist
pbut for your transportation activities, can give rise to com-
plaints regarding smell, appearance, insect breeding and even
disease transmission.

Third, but certainly not least, is flood liability.
The laws hold you liable per se if you change the direction or
volume of flow of water. What the "per se" means is that while
causation and amount of damages will be inquired into, the plain-
tiff need not prove that you were negligent -- that you breached
any duty of care. Hydrologists concur that a stream that has
been dry for weeks or months has more flood or high flow atten-
uating capacity than does a stream that is or has been recently
flowing. When you use a normally-dry streambed to transport or
recharge water, you are filling the subsurface and bank inter-
stices that might have reduced a high flow or even prevented a
flood. Worse yet, in at least one active case, it is alleged
that continuous artificial flows in an otherwise intermittent
stream (particularly flows of nutrient-rich effluent) cause
choking growths of plants in the riverbed thereby causing high
flows to jump the river banks. As you know, flood damages can
be astronomical and juries just love to find a deep-pocketed
defendant with any arguable physical and legal responsibility.

Note also that the decision to use a streambed to trans-
port or recharge water will probably subject you to the need to
obtain a surface water discharge permit and to state and federal
(Clean Water Act) surface water quality protection laws,
regulations and standards.

Also, you will face an uphill battle in getting
A.D.W.R. to certify transmission losses as storage for which
credits should be issued to you. Just for starters, where will
the recovery wellfield be located? How can you hope to avoid ex-
isting wells and service areas belonging to others? How do you
prove that it was your water and not natural surface flow that
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recharged? Etc. Etc. Even if A.D.W.R. is in a cooperative
mood, their decisions in your favor can be expected to be legal-
ly challenged by those who claim that you are really "recover-
ing" subflow of the stream or that your recovery wells are in
their service area or are in violation of well-spacing regula-
tions.

Use of streams to transport water can also give rise to
possession and ownership problems. The aforementioned A.R.S.
Section 45-173 does make provision for times "when the parties
interested cannot agree upon the division of water turned into
the natural channel from water naturally flowing therein . . ."
However, rest assured that the authorities will err in the direc-
tion of protecting the surface water right holders. The burden
of proof will be on the recharger and it can be a formidable
burden given the tendency to presume all flow to be natural.
Even if a stream would normally be dry during a particular time
of year; given nature's great variability, who is to say that
this is a normal year?

You can, of course, use a pipeline to transport water.
Though expensive, a pipeline would limit if not eliminate
losses, liabilities and contamination. However, you must first
obtain a right of way for your pipeline. Much of what I am
about to reveal applies also to a proposed recharge site.

Governmental entities have statutory authority of
eminent domain. This means that they can buy land, or ease-
ments, by force. Cities can condemn land outside of their city
limits for utility purposes. See A.R.S. Sections 9-521 et.
seqg. And, they can even condemn land within other cities. See
city of Scottsdale v. City of Tempe, 90 Ariz. 393, 368 P.2d 637
(1962) .

Cases in California have established that one municipal-
ity can even condemn easements through another municipality's
property so long as the easement will not unreasonably interfere
with the land-owning municipality's principal purpose. In other
words, the City of Tucson could condemn a pipeline easement
under the streets of the City of Marana because the pipeline,
being underground, would not interfere with the use of the
street to move traffic.

This is not mere abstract analysis. The City of Tucson
has bought and retired many farms in Avra Valley. We are reach-
ing out to a remote source much as you might to obtain a source
of recharge water. Some, particularly those who sell us their
farms, are quite pleased with our purchases. Others, for
example those who sell chemicals and equipment to farmers, are
less than pleased to see fewer active farms. That, combined
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with the perceived hegemony in water rights purchases (he who
owns the water, owns the future) apparently lead the City of
Marana, a few years ago, to annex enough farms and desert to qua-
druple their size overnight. I say apparently because it was
only the grapevine that revealed to me that by the annexation,

at least some of its authors hoped to stop the City of Tucson
from building a pipeline from our farms in Northern Avra Valley
into the City of Tucson. So the theory went, if we could not
transport the water, we wouldn't buy any more farms. If my re-
search, as reported above, is accurate, they annexed in vain.

It is worth noting that this year legislation was pro-
posed that would, if enacted, strip cities of their power to
condemn extraterritorially. That move was apparently born of
two concerns. One, some hoped that it would stop farm water
rights purchases. This position ignores the fact that, to date,
all municipal purchases of farms have been from w1111ng, even
enthusiastic, sellers. Two, some hoped that cities could be
thereby stopped from providing extraterritorial water service.
The City of Phoenix's habit of charging higher rates outside of
01ty limits no doubt added fuel to this furor. This approach
ignores the fact that most cities' services to those outside of
their city limits represent vital and valuable service. Without
the economics of scale available to the City, many of their
neighbors could not obtain healthy, reasonably-priced water. In
fact, if cities are denied the ability to serve water outside of
their city limits, many nonresidents who would not otherwise
dream of doing so are going to fight to be annexed.

An unintended victim of such an extinguishment of our
cities' extraterritorial condemnation powers would be our abil-
ity to serve within our borders. Sources, pipelines, treatment
facilities, reservoirs, all too often must, by virtue of the
topography and geography involved, be built outside of the city
even though they are dedicated to service within that city.
Just such a necessity is a pipeline from a remote source. Pipe-
lines cross so many different properties and jurisdictions that
condemnation is almost an absolute necessity. Without that
power, one owner can blackmail or even block a multimillion
dollar project. Depending on what our legislature does regard-
ing power of condemnation, stream beds may actually prove to be
more available or practical than pipelines for transporting
water to or from your recharge site.

Another possible means of transport of rechargeable
water is the C.A.P. ditch. There is ongoing discussion about
how much extra capacity there might be in the ditch under var-
ious circumstances. I will leave that to the technicians to
debate. Two things are clear, however. One, in those years in
which there are low Colorado River flows and thus lots of extra
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ditch capacity, other sources of water are likely to be just as
low or lower. Hence, the C.A.P. ditch is likely to be more
readily available for transport from recharge site to use than
for transport from source to recharge site. And, all concerned
should stifle the urge to seek subsidized or special rates for
their transport. The moment that you plead for less-than-cost
rates for yourself, you admit that such rates are legal,
ethical, reasonable, etc., but there is no way to be sure that
someone else does not fall heir to your arguments thereby
leaving you paying the subsidy. Likewise, I counsel against
seeking exclusive access to any excess ditch capacity. Open
market access or pro rata access will serve best the greatest
number. And, it will preclude you being frozen out by someone
else who proves more deserving of the exclusive access that you
first argued was O.K.

IIT. ISSUES INVOLVED IN RECHARGE ITSELF

As noted in the preceding section, activities within
streambeds can give rise to liability. A recharge facility in a
streambed, while enjoying relatively great recharge rates thanks
to subsurface permeability, does give rise to potential flood li-
ability. Filling of subsurface and bank interstices will reduce
flood attenuation capacity. Worse yet, locating physical
recharge or diversion structures in a stream could well cause
high flows to jump the banks. The applicable liability per se
combined with the great damages that can result from floods
should give you great concern about locating your facility in a
stream bed. Note applicability of state and federal surface
water quality laws if you use the stream as a recharge
mechanism.

In addition, there is the whole issue of who owns the
stream bed. In general, in Arizona, for the smaller washes, you
can safely presume that the contiguous landowners each own out
to center of the stream.

Legislation passed during the last state legislative
session attempted to clarify the streambed ownership issue as to
the bigger streams within the state. However, some commentators
have declared H.B. 2017 to be unconstitutional for one or more
reasons. And, it hardly clarifies the issue. See A.R.S. Sec-
tions 37-1101 et. seq . Part of the problem involves applying
to intermittent streams definitions and concepts that were devel-
oped for perennial streams. "'Bed' means the land lying between
the ordinary high water marks of a water course." "i10ordinary
high watermark' means the line to which high water ordinarily
reaches and not the line reached by unusual floods. It is the
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line below which the soil is unfit for vegetation or agricul-
tural purposes."

My file on streambed ownership alone has grown to three
inches thick. This latest law only adds to the questions, confu-
sion and issues already in that file.

The nuisance and attractive nuisance doctrines dis-
cussed in the preceding section also apply here. Imagine the
bug breeding potential of a flood water storage facility.
Imagine the reactions of proposed neighbors when they learn that
next to their home will be a "lake" to attract and drown their
children 6 months of the year which will turn into a large mud-
flat the rest of the year? One approach is to obtain such many
and varied sources as enable you to keep the lake full and
usable for recreation -- a multiple use facility. However, the
fact remains that any facility designed and operated to make ef-
fective use of floodwater must remain empty or near empty during
certain portions of the year.

Of course, since the 1986 state legislative session,
you are now required to obtain a recharge permit for artificial
recharge and a storage and recovery permit if you wish to
recharge and recover water so stored.

Finally, water quality issues are complex and unavoid-
able.

Tucson's aquifer has been declared to be a federal Sole
Source Aquifer. This will only impact and impede "federally as-
sisted projects" -- a very narrowly defined category which does
not include the Central Arizona Project but which may include
one of your projects if the feds help you pay for it. What the
designation does do is place in the minds of the public and the
regulators an extra dollop of concern -- it is officially a
vital resource.

The most recent additions to the federal Safe Drinking
Water Act, also in 1986, have added to the law the concept of
drinking water "wellhead protection areas." The law requires in
those areas extra levels of protection from and prohibition on
"anthropogenic" sources of contamination. By definition, if you
are recharging for purposes of later recovery for drinking water
use, your recharge facility will be at least part of the well-
head protection area for your recovery well field. You would be
well advised to read, understand and follow the developments in
this subject area.

In a very parallel move, the 1986 Arizona Environmental
Quality Act establishes a presumption that all aquifers are or
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will be used for drinking water and, for purposes of calculating
what may be discharged to those aquifers, the applicable
use-based standards are to be applied in situ. Per A.R.S.
Section 36-541, recharge projects must obtain an aquifer protec-
tion permit from the Department of Environmental Quality. See
also A.R.S. Sections 45-652B6 and 45-664B5 which set out a
D.E.Q. discharge permit as a precondition to a recharge or
storage and recovery permit. See also A.R.S. Section 36-3544C
in which applicable ground water standards are mandated upon
recharge projects. While this does raise the specter of manda-
tory treatment of water sources before recharge, that eventual-
ity is remote, at least for relatively pure sources. After all,
in some places recharge is used as a treatment process thanks to
the attenuative capacity of the subsurface strata and some
people in Tucson are even pressing for the City to use recharge
as our only means of C.A.P. water treatment -- they are that con-
vinced of the ability of recharge to cleanse water.

This subject is certainly not closed and you should
keep a careful eye on it. In particular, you must be vigilant
that the in situ standards are solidly health-based and do not
impose impractical and unnecessary burdens.

It is also worth noting that point of compliance (the
point at which measurements are to be made to determine compli-
ance with standards) under the law applicable to discharge
permits is a moveable negotiable point at least for non-toxics.
A.D.W.R. has noted that they do not care if you recover the
actual water you stored by recharge. I submit that A.D.E.Q.
may. If you can convince A.D.E.Q. that you have designed your
project so as to assure total recovery of the actual water
recharged, you can probably negotiate a rather far-flung point
of compliance and be allowed to discharge some relatively nasty
contaminants -- after all, they (the contaminants) are not going
anywhere because you are going to recover that water before it

reaches anyone else's well.

Iv. MAINTAINING CONTROL OF AND PROTECTING THE STORED
WATER

Oonce you have your water safely recharged, one of your
major new concerns must be protection of its quality.

One way to protect quality is to choose a remote unde-
veloped area in which to store your water. Lack of activity
(urban, industrial or agricultural) usually also equates to lack
of sources of contamination.
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Another means by which to protect both water quality
and water quality is the purchase of the overlying land. If you
own the land, then you can control absolutely what takes place
on that land.

You can also gain control of surface activities by ob-
taining leases, easements or other rights short of full fee
simple ownership. Many communities have achieved control of
land by management agreements with state land departments, U.S.
Forest Service, U.S. Bureau of Land Management, etc. Below is a
partial list of communities that have created enclaves for the
purpose of protection of surface water quality. Some, by a com-
bination of ownership, lease, management agreement, etc., have
gained control over tens of thousands of acres. In some cases,
no activities are allowed on the lands. In others, limited ac-
tivities, such as hunting, are allowed; but, in no case are the
allowed activities inconsistent with the goal of water quality
protection.

LAND CONTROLLED/OWNED BY CITIES FOR WATER RIGHTS

# of Acres
Owned* or

Location Controlled** Uses Allowed
Seattle, WA 74,860% Timber harvesting,
29,025%* research, education, ar-
chaeology, wildlife
sanctuary
Los Angeles, CA 320,000%* Grazing, wildlife pre-
serve, agriculture
San Diego, CA 25,271% Agriculture, grazing
Tacoma, WA 13,487% Logging, recreational
147,840%*
Everett, WA 6,400% None
New York, NY 90,000%* Utility easements,

school playgrounds/ ath-
letic fields, fire sta-
tions, and other public

facilities

Boston, MA 96,000% Recreational, timber
harvesting

Salt Lake City, UT 119,040%%* Recreational
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Fort Collins, CO 1,040%* Recreational, grazing
Colorado Springs, CO 15,000% Recreational
Source -- "Avra Valley Land Use Study" -- August, 1984 -- pub-

lished by City of Tucson Planning Department.

All of the preceding examples are communities that have
obtained control of land to protect surface water quality. In
its simplest sense, the land control is used in order to avoid
the cost of building and operating drinking water treatment
plants. However, the same principle would apply to protecting
ground water quality and quantity. VYou can protect the quality
now, by whatever means available, or later suffer the costs and
consequences of contamination.

Note also that the State of Rhode Island is currently
proposing to spend over $35 million to buy land adjacent to mu-
nicipal water supply sources in order to protect water quality.
See the March 13th, 1987 issue of the Bureau of National
Affairs' Environmental Reporter.

It is important to emphasize the value attendant to the
protective function described above. All too often there is a
tendency to say "we own the land, it's just sitting there idle,
we should do something to make it earn a return on its cost."
This can be a serious mistake. If you buy the land in order to
protect the quality of the underlying water, you should be very
careful about which activities, if any, that you allow on that
land. Most human activities carry with them the threat of
ground water contamination.

As discussed in Section III, above, ground water
quality protection laws and regulations can limit, prohibit or
increase the costs of recharge activities. Those same mecha-
nisms, however, have another edge. You can use them to your ad-
vantage. Once you have water in storage underground, those same
laws and regulations can be your sword and shield in your battle
to protect that water from contamination. Apprise yourself of
any activities that threaten your water, educate yourself as to
what laws and regulations may be used to control those activ-
ities and then see to it that the proper authorities do their

job.

Also, in reviewing applicable laws and regulations,
note those areas of inadequacy and take such action as is neces-
sary to correct the situation. For example, as often as not,
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agencies charged with environmental monitoring and enforcement
are underfunded. Use whatever influence you have on the appro-
priate process to see that adequate funds are provided. The
1986 Arizona Environmental Quality Act calls for 17 different
rule making processes related to water quality protection to
take place within the first two and one-half to three years
after its adoption. The rules will add detail and practicality
to the law. The regulations will range from agricultural con-
trols to hazardous wastes disposal. Contact the Arizona Depart-
ment of Health Services or, after July 1st, the new Department
of Environmental Quality and obtain a regulatory calendar. De-
termine those bodies of proposed regulations that will impact on
your interests (including the quality of your recharged water)
and then involve yourself in the extensive public hearing and
input process that is by law attendant to each rule's promulga-

tion-

Of course, all of the above discussion of the presence
or development of environmental regulations also applies to the
use of streams for water transport as discussed in Section II
above. You can use and depend on those regulations and laws to
protect the quality of your water as it moves through the
streams of this state. All dischargers to the stream must
obtain and obey National Pollution Discharge Elimination System
Permits. However, the standards that must be obeyed do vary de-
pending on the uses for which that segment of stream is certi-
fied. If you are going to transport drinking water in a strean,
be sure that all involved segments are officially protected to
drinking water standards.

The other major item involved in protection of your
stored water involves quantity protection -- keeping others from
pumping and using your stored water. Our moderator asked if
recharge legislation passed by last year's Arizona State Legisla-
ture has impacted our clients' operations. The short answer, at
least as regards protection from others, is "no." That new leg-
islation, A.R.S. Sections 45-651 et. seqg. and Sections 45-661
et. seq., along with preexisting law, did little to assist a
recharger in protecting stored water from competing pumpers.

The principal protections provided appear in A.R.S. Section
45-672 and involve prohibitions on certifications of assured
water supply and on construction of new wells and replacement
wells "within the area of hydrologic impact of an underground
storage and recovery project" to persons other than the
recharger. Also that section limits issuance of various types
of special ground water withdrawal permits such as dewatering,
mineral extraction, general industrial, poor quality water,
etc. Clearly, such prohibitions can be quite valuable to you if
your stored water is threatened by a new use, particularly new
uses falling within the above-cited special withdrawal permit
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categories. However, the law does little to protect your stored
water from existing uses and users. For that reason, you would
still do well to recharge or store your water in an area which
you control (such as the center of your service area) or some
remote isolated area in which you face no existing or projected
competition.

V. RECOVERY OF THE STORED WATER

There is not too much left to say because much of the
preceding discussion also impacts at least indirectly on recov-
ery issues.

Here is where our moderator's questions elicits a posi-
tive answer. The 1986 recharge legislation does indeed have sig-
nificant impact on recovery. For the first time you can
recharge confident that you will be able to recover the water
even from areas outside of your actual service area. This is
one of the incentives I alluded to in my title.

Note that permit conditions may be later modified and
that in doing so, D.E.Q. may not ". . . consider land uses and
water uses in the area of hydrologic input of the project which
were not in existence when the permit was issued."

Note also that there are two types of permit -- a
"recharge" permit and a "storage and recovery" permit. If you
intend to later recover it, legal precision dictates that you
call it storage, not recharge. In many places in this presenta-
tion I have used "recharge" to mean recharge and/or storage and
recovery where this would not mislead or confuse. It is worth
noting that recharge within an area you control and in which you
may legally pump is much like storage and recovery except that
you cannot obtain the benefits that flow from storage credits.

Note also that well-spacing regulations will apply to
your recovery wells. See A.R.S. Sections 45-664B.4. and
45-667B.1. Here again I submit that A.D.W.R. may well be inter-
ested in your recapture of the actual water you recharged. If
you can convince A.D.W.R. that your project is so designed, you
should, by definition, automatically comply with well-spacing
performance standards.

It is also worth noting that the 1986 additions and
changes to the federal Safe Drinking Water Act would appear to
establish traditional drinking water treatment technology as a
presumptive mandate. In other words, all drinking water will
have to be treated unless you can prove that the quality is such
that treatment is unnecessary or that your proposed alternative
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treatment technology is the equivalent of traditional treatment
methods. This means that you must approach the concept of
recharge as a treatment process with great care -- you may well
be required to traditionally treat your recovered water at least
until a few years operations prove to the authorities that
recharge will adequately treat. Under any reading of the
federal act, there is no way that an all-recharge treatment
process will be allowed in the short term -- you will be re-
quired to build a treatment plant and operate same until
recharge proves itself as a treatment process.

Finally, I note that in A.R.S. Section 45-669 there is
an attempt to force direct use of C.A.P. water in preference to
continued pumping of groundwater while the user recharges C.A.P.
water. Such a principle is, of course, anathema to any concept
of recharge as a treatment process for C.A.P. water -- it cer-
tainly obviates any all-recharge C.A.P. "treatment" strateqy.
The statutory section under discussion came into being because
certain influential parties feel that it is inappropriate for
anyone to be recharging C.A.P. water while anyone else is still
pumping and consuming ground water. This philosophy ignores the
very real need to match quality with use -- they ought to be at
least as upset that some users will have to treat C.A.P. water
to meet drinking water standards while at that same time pure
sweet ground water is being used on surplus crops. More to
point perhaps, so long as Pinal County refuses to accept safe
yield as a statutory mandate, why should we allow them to export
the negative impacts of their profligate ways. That isgin
effect what happens when we are told we may not recharge any or
all of our C.A.P. water so long as others are overdrafting.
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Groundwater Recharge in Arizona
State Health Department Perspective

Norman L. Weiss
Manager, Planning and Program Development
Arizona Department of Health Services

With the enactment of new laws, there can be understandable
confusion regarding the procedures which may need to be followed
to obtain a recharge permit. It's important to understand that
under the Environmental Quality Act, under the Recharge Act,

we have a very complex law that requires very clearly defined
procedures. Just for the record, the Department of Environmental
Quality or Department of Health supports recharge, but recharge
is considered a discharging activity which is required to get

a permit. The permit isn't a right, but a license or privilege
subject to certain conditions. Under the Environmental Quality
Act, the aquifers are protected for drinking water use. Water
conservation augmentation and water quality protection certainly
can be compatible goals. I think these are reinforced in both
the Groundwater Management Act and the Environmental Quality
Act. However, there are some basic environmental concerns
regarding recharge which primarily pertain to the issues of land
use and location. Historically, riverbeds in Arizona have
constituted cheap land from a real estate perspective. We've
dumped our garbage, hazardous wastes or sewage in these areas.
Riverbeds are also considered prime location for recharge
activities. Environmental concerns become pronounced when you
have a situation where recharge activity may increase the water
level perforating the base of older existing land fills or
impoundments contributing to leachate percolation.

Environmental concerns also become pronounced when you have a
recharge project that alters the flow of the goundwater and
affects nearby pumping or remedial action projects. Under the
Environmental Quality Act, facilities like impoundments, pits,
pounds, lagoons and landfills are required to get aquifer
protection permits. We are currently in the process of
developing rules governing this process. In order to be issued
a permit, an applicant must demonstrate that the best available
demonstrated control technology is being used to reduce the
discharge. They're also supposed to ensure that they are in
compliance with the aquifer water quality standards.
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Recharge projects must go through that permit process. There
are some distinctions as Bill Chase indicated. First is that
the BADCT demonstration does not apply to recharge projects or
underground storage projects. BADCT does, however, apply to
waste water treatment plants and we're going to need to consider
the use of effluent and water conservation when we're developing
that BADCT for the waste water treatment plant. The highest
technology for a waste water treatment plant may not be the best
technology for recharge particularly if you're concerned with
some of the issues of chlorination and the generation of
trihalamethanes.

In terms of the aquifer water quality standards, all facilities
that discharge are going to be required to comply with those
standards. Aquifer water quality standards currently constitute
about twenty-one EPA primary drinking water Maximum Contaminate
Levels (MCL's). We will be adopting some new ones in June, but
those that might be of interest for a recharge project, I
believe, would be nitrates, trihalamethanes, selenium and
arsenic. Currently, we are evaluating the literature regarding
development of a health based standard for TDS or igs
constituents. I think it's going to be important to try to come
up with a health based number. By doing so we can avoid debating
what constitutes a health based standard and what does not as
each recharge project situation occurs. That is one issue we
are trying to evaluate. The other, pertaining to aquifer water
quality standards, is that the Department is pursuing the
adoption of a narrative health based aquifer water quality
standard. We have been trying to discuss this through a variety
of mechanisms. In fact, the Water Quality Advisory Council has
been dealing with this issue and, at the last meeting, there

was unanimous support for a narrative health based standard.

In order to get a recharge facility through the process, there
are a number of permit processes one will need to go through.

One is the aquifer protection permit process under the Department
of Environmental Quality. Obviously, the other one is through
the Department of Water Resources for recharge. Dredge and fill
permits under the Corps of Engineers may be required. Also,

the concern of local zoning and land ownership, I believe, is
going to be more pronounced.

There have been a couple of recent events in the legislature

of interest. One is House Bill 2017 which deals with the
ownership of streambeds. As I understand it, if somebody owns
the land or has paid taxes on land on the Salt, Gila or Verde
Rivers, they should pursue a quick-claim deed with the State
Land Department to clarify the land ownership. Under our
proposed aquifer protection permit rules, an applicant will need
to hold free title to the land or provide some documentation

so that the owner is aware that a discharge is occurring on the
property.
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Also, House Bill 2335, commonly called the DEQ omnibus bill,
has some provisions dealing with the zoning issue and the
issuance of aquifer protection permits. Under that law, the
Director cannot issue a permit unless it appears that evidence
submitted from the applicant shows that it's in compliance with
local zoning. These are some of the provisions that people
should be aware of as they're going through the aquifer
protection permit process.

I believe that there are numerous opportunities for both the
Department of Water Resources and DEQ to coordinate in the permit
process. There is no reason to reinvent the wheel. I think
there are some common information bases as one goes through the
aquifer protection permit and recharge permit processes. Some
of these might be in the hydrologic investigations that are
required. Other opportunities, as someone mentioned, are
reporting requirements. Certainly, we can anticipate that some
possibilities of joint public hearings will arise in the future.
Also, in financial and technical competency testing,
opportunities exist for a common base of information.

As Frank indicated, we are further pursuing a joint permitting
scoping process. I think it's also important to note that some
of the requirements under the Environmental Quality Act, in terms
of penalties and who can sue, are somewhat different. Under

the Environmental Quality Act, there are civil penalties up to
$25,000. There are criminal penalties if someone knowingly fails
to monitor a sample or knowingly violates standards. Further,
there are citizen suits authorized which is a rather significant
development. This is the first time that action suits can be
initiated under environmental law in Arizona.

(Postscript)

Based in part as a result of the dialogue established at the
symposium, DEQ is proposing a permit by rule (general Permit)
for Recharge demonstration projects which use C.A.P. aqueduct
water or water which meets a drinking water quality criteria.
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Question

How many applications do you have for permitting at this time
and what is your specific process?

Answer

We're currently in the process of developing the rules. We have
over 900 facilities that have notices of disposal or groundwater
permits. Under the Environmental Quality Act, if you currently

have been issued a Groundwater Protection Permit or if you have

been issued a Notice of Disposal and you are meeting the aquifer
water quality standards, you will be deemed in compliance until

your permit is called in. And we'll be concentrating on the

new facilities first.

Comment

My personal research file on streambed ownership has grown to
over three inches and has not produced clear answers. House
Bill 2017 is argued by some people to be unconstitutional and,
therefore, may not be effective. Even if it is effective, I
don't feel that it necessarily clarifies things. In some cases,
it confuses things. If you're planning on building a recharge
project particularly on spending a significant amount of time

in a streambed, I would suggest that you get a good lawyer on
your planning team early on.

Question

What may be a zoning or local land use law that would conflict?

Answer

Each city often has their own zoning ordinances, their own local
controls. All that is required under this law is that the
applicant demonstrate that they are in compliance with the local
zoning. That might require documentation from the local Planning
and Zoning office or something else.

Question

I'm hearing that you're holding in this permitting process into
something ongoing in the Department now. It is not a new
permitting process that you're instituting, particularly for
recharge. Is that correct?

Answer

We do have the groundwater protection permit program on line
and, if a facility is discharging, they would need to comply
with the standards.
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INSTITUTIONAL ASPECTS OF WATER RECHARGE

William B. Lord
Director, Water Resources Research Center
University of Arizona

Many of you may have read a little essay by Garrett Hardin called "The
Tragedy of the Commons". In his essay Hardin used the example of the
English grazing commons. In every village there was an area not owned
by individual farmers but owned by the village in common. He pointed
to the fact that the incentive was to overgraze the commons; to deplete
et No single grazer could prevent others from overusing it, and
therefore there was a race to get as much as you could before the
utility of the resource disappeared from overuse. This led to a
collective tragedy which he called the tragedy of the commons. The
utility of the paradigm of the commons isn’t confined to talking about
grazing. There are many other examples of a commons, such as the ocean
fishery, where there is a constant tendency to overfishing because
nobody can be excluded, and to the oil field where the same situation
pertains. In this latter case we've developed a set of institutions
called unitizing which controls and prevents overuse of that particular
common property resource. Groundwater is yet another common property
resource, and we can expect to find overutilization of groundwater as
well as fisheries and petroleum fields. This has occurred in Arizona,
which 1is why we have the Groundwater Management Act of 1980. Whether
or not groundwater overdraft can be reversed is problematic, but at
least it should be arrested. This is the goal of safe yield.

There are generally held to be two ways of addressing the problem of
the tragedy of the commons. One of those ways 1is the regulatory
approach. To go back to the metaphor of the common grazing area, this
approach is akin to asking the Bureau of Land Management or the Forest
Service to 1issue grazing permits so that no individual has property
rights but each individual’s use is controlled through this regulatory
issuance of permits.

The other solution is to subdivide the commons and make it a matter of

individual property - to issue title to a portion of the commons to
each particular grazer. Then, if the individual grazer can fence his
own particular portion of the commons and exclude all others, he'’'s able
to confine his own use and manage the resource. Either way, overuse
can be controlled, either through administrative fiat or through
creating the preconditions for socially responsible individual
behavior.

It’s hard to build a fence around groundwater, and we have not
succeeded with groundwater in general. But as Gray Wilson told us this
morning, the mnew recharge law of last year does succeed in building a
fence at least around recovery water, if not the rest of the water in

that aquifer. And, of course, with that law we have
taken a private market approach, 1in a sense. We've created property
rights to a portion of the water in the aquifer. I'1ll come back to

that a little bit later but now I want to draw your attention to the
fact that that fence is not 100 percent effective.
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Returning once again to the grazing metaphor, if it'’'s cattle that I'm
grazing and I use a barbed wire fence, the fence is very effective.
However, if somebody is grazing animals which can jump over such
fences, then those animals will not be deterred by barbed wire fences
and you'd be back in the problem of the commons again, because you
couldn’t have effective exclusion of others.

To what extent does the recharge law provide effective exclusion and
protect the rights of the recharger in this case? It does pretty well
in protecting the quantity of water to which the recharger is entitled,
but there are two gaps in the fence. First the value of recharged water
may decline after recharge because other users of the aquifer may have
drawn it down. It costs more to pump back out than it would have had
when you first recharged and when water levels where higher. So there
is a possible loss to the recharger through the actions of others.
Theoretically, that won't occur when we attain safe yield, at least in
the wurban AMA’s, but it will occur everywhere until then and it will
occur outside those AMA’s even after 2035. The other gap in the fence,
as it were, is the one we heard quite a bit about already this
afternoon, and that has to do with quality changes. If you recharge
high quality water into an aquifer the quality of that water may indeed
be degraded before you can recover it, if through the actions of others
or through the mixing of lower quality water in the aquifer itself.

We could go further into these considerations but the point is that we
haven’'t solved the problem. I thought this was going to be a
revolutionary statement before hearing all the rest of the panelists.
Now I realize that it's something of an anticlimax. We haven'’t solved
all of the problems and these are at least two that we have not solved.
There are fundamental reasons for this failure. I think that our
struggles to eliminate the institutional barriers to recharge and our
general stream adjudication of the Gila River system both are leading
us in the same direction. We are finally going to have to achieve what
many people have been calling for for thirty years, which is integrated
water quality--water quantity management, together with conjuctive
management of ground and surface water resources. None of you will be
surprised to hear that this isn’t going to be easy. It will be wvery
difficult because we regulate our surface waters, our groundwater, and
the quality of both, in fundamentally different ways. Surface water
use is controlled by the prior appropriation system, which is basically
a free market approach. Groundwater use 1is controlled by the
Groundwater Management Act, which is basically a regulatory approach
with a few free market features thrown in. Additionally, any shortages
in surface water availability are borne entirely by  junior
appropriators, while groundwater shortages are shared by all wusers,
following the principle of proportional sacrifice. We regulate water
quality with our Environmental Quality Act, which is almost entirely a
regulatory approach. How we can succeed in melding those sets of
insitutions that rely on totally different principles I think is the
real challenge ahead of us in the years to come.
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PROBLEMS AND FUTURE PROSPECTS
OF
GROUND WATER RECHARGE IN CALIFORNIA

Donald J. Finlayson
Principal Engineer
California Department of Water Resources
Sacramento, California

Abstract

The California Department of Water Resources (Department) has recently completed an engineering report
on ground water recharge in Kern County, California. The report concludes that conjunctive operation of the
State Water Project (SWP) surface water facilities with ground water storage is feasible. The Department
proposes to use one-million acre-feet of storage space underlying Kern County as a “water bank.” Water from
the SWP California Aqueduct would be conveyed through new canals to spreading basins and later withdrawn
through wells for return to the State system. Capital costs are about $78 million; financial costs to the State
water contractors are about $70 per acre-foot. Full feasibility studies will begin soon, as will studies to expand
the areal extent and storage capacity of the Kern Water Bank.

Evaluation of the Kern Water Bank Program

We have recently completed a report on a prefeasibility study of adding ground water storage to the
California State Water Project (SWP) and operating the ground water basin as off-stream storage. The objec-
tive of the study was to evaluate the desirability of purchasing all, or a portion of, lands offered for sale by TWI
(Figure 1) for the purpose of a direct recharge, storage, and extraction program. This program is designated
the first element of the Kern Water Bank. We call this operation water banking, rather than conjunctive use,
because our use of a locally controlled ground water basin is limited to a determined amount of storage. The
property offered was of interest to us because it was on an alluvial fan adjacent to the principal aqueduct of the
SWP.

A program Environmental Impact Report (EIR) was finalized and filed in December 1986. The concept of the
Kern Water Bank (KWB) was discussed with both local and statewide interests during 1986. The concept has
evolved to a coordinated program between the SWP and local agencies, which would consider a mix of both
direct and in-lieu recharge of local and imported water. In-lieu recharge is being considered in several areas
overlying the Kern County Basin. The program, as envisioned by the Department of Water Resources (DWR) and
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the Kern County Water Agency (KCWA) requires the cooperation of present diverters and will provide a sound
basis for a workable conjunctive use program.

Study Area Description

The Kern River alluvial fan area comprises about 800 square miles near the southern end of the San Joaquin
Valley. Mountains on the northeast, south and west form a U-shaped ring around the Valley, with the open end
to the northwest. The City of Bakersfield, the largest urban center in the area—population 403,089 (1980 cen-
sus)—lies at the head of the modern alluvial fan. Although the present location of the Kern River extends to the
west from Bakersfield, in geologic time it has been in various locations, ranging from extending to he north and
extending to the south from Bakersfield.

The economy of the area is based mainly on the production and processing of agricultural products and
petroleum. Because of the semiarid climate, agriculture must be supported by irrigation. Sources of water are
surface streams (principally the Kern River), ground water pumping, and water imported through the SWP and
the Federal Central Valley Project (CVP).

The mountains surrounding the southern end of the San Joaquin Valley have major effects on the climate
of the area. The coast range to the west shields the valley from moist Pacific Ocean air, thus contributing to a
mild semiarid climate. Runoff from the east side of the coast range, which lies in a rain shadow, is intermittent
and flashy, whereas runoff from the western side of the Sierra Nevada provides a perennial source of water.
The snowpack on the Sierra Nevada begins melting in March or April, contributing to Kern River flows, which
reach a maximum in May but decrease rapidly in June or July. Isabella Dam, about 40 miles upstream of
Bakersfield, with a 570,000 AF storage capacity, regulates the flow of the river. The period of low precipitation
from April to October coincides with the period of maximum high temperatures and accelerated rate of plant
growth.

Ground Water Geology

In the southern San Joaquin Valley, the rocks of the Sierra Nevada and Coast Range underlie the valley.
These rocks play no significant role in the ground water basin. Overlying those two broad units and filling the
valley trough is a thick mass of consolidated and semiconsolidated continental deposits composed of alluvial
and lake sediments derived from the surrounding highlands and deposited by tributary streams, mainly the Kern
River. The continental sediments, which overlie faulted marine rocks of the Coast Range and crystalline base-
ment rocks of the Sierra Nevada, constitute the primary ground water basin and are several thousand feet thick
in the project area. However, the usable portion of this sediment accumulation is limited to the portion above
the base of fresh water, which varies from an elevation of about -2,800 in the east to about -800 feet near Elk
Hills on the west. Ground water development is limited to the upper portion of the fresh water system.

The present course of the Kern River from its emergence from the foothills at Bakersfield is southwesterly
across the valley to a point of intersection with the Elk Hills. This channel has been in this location only since
1867-68, and the river is artificially maintained in this channel. Before that time, the historic main course at the
Kern River was southward from the point of emergence into the valley, through the present site of the City of
Bakersfield and terminating in Kern Lake. A series of lesser distributary channels carried flows and at times
were the main river courses. These channels radiate down the fan from near Bakersfield, and their locations are
often followed by modern canals.

Specific capacity data (the amount of drawdown per unit rate of pumping) provides an indication of the
relative permeability of the materials from which the well is extracting water. The wells in the study area tend to
be concentrated north of Panama Lane with only a few wells located in southwest. The wells in the area tend to
be composite in that they (1) are perforated above and below the Corcoran Clay (a major confining layer) and
(2) are generally not perforated in the upper 150 to 250 feet or so of the aquifer system.
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Specific capacity data are based on pumping tests of wells perforated mainly between 200 and 700 feet.
The data suggests that during much of the time that the more recent alluvial fan deposits were being deposited,
the ancestral Kern River flowed along the northern portion of the Tenneco property approximately along the
alignment of the Pioneer Canal and Goose Lake Slough systems. At other times, the main course of the river
was southwestward, approximately along the present alignment of the Buena Vista and Stine Canals. Between
these areas, materials are finer grained (silty sand to clay) with interbedded sands and probably represent
mainly flood basin deposits.

The upper fan deposits are underlain by the Corcoran Clay at depths of 300 to 400 feet. The Corcoran Clay
is thought to exist under the western two-thirds of the property. The Corcoran Clay is a thick deposit of lakebed
clay and silt with very low permeability. It forms a regional confining layer separating the overlying semi- and
unconfined aquifers from a deep confined system. In the northeastern portion of the study area, the Corcoran
Clay is thought to be absent, with the area serving as a forebay for recharge of the confined aquifer system.

The geologic analysis suggests that both recharge and extraction facilities should be located primarily in the
area north of the Kern River and east of Interstate 5. A smaller concentration of facilities could be located west
of Interstate 5. Limited facilities can be located between the Kern River and Taft Highway. Substantial subsur-
face exploration will be necessary during the feasibility investigations to adequately characterize the
hydrogeologic properties of the aquifer system.

Recharge Capability

A detailed soil map for this project was developed by tracing field maps of the U. S. Department of Agricul-
ture's Soil Conservation Service’s (SCS) recent (years) soil survey for a portion of Kern County. From the
detailed soils map used to help locate percolation ponds, a more generalized map was produced to differentiate
areas of relatively similar recharge potential. The estimated recharge rates for the upper 5 feet of soil are 10 to
20 feet/day for high, 1 to 10 feet/day for moderate, and less than 1 foot/day for slow permeability classifica-
tions. The soils with higher rates are in the eastern and northern areas. Percolation ponds were not located on
soils with the slow rates.

Water Quality

Ground water quality in the Kern County Basin is extremely variable. In general, ground water from the west
side of the valley has high mineral concentrations and is categorized as sodium sulfate or sodium chloride
types. These chemical characteristics reflect the movement of ground water into the basin from marine sedi-
ments and limited fresh water recharge. In large parts of the west side of Kern County, the total dissolved solids
(TDS) concentration of native ground water is above 1,000 milligrams per liter (mg/l), limiting its use for irriga-
tion or domestic purposes. In the project area, this poor quality water type is largely restricted to a narrow band
adjacent to the EIk Hills.

The eastside water quality is generally good and generally of the bicarbonate type, either sodium bicarbon-
ate or calcium bicarbonate. Its quality reflects the quality of its primary historical recharge source, the Kern
River. The eastside ground water is generally of somewhat lower quality than the Kern River water, but in
chemical characteristics it is similar. In coarse gravel deposits close to the river, the quality of the eastside
ground water is very good, frequently less then 200 ppm total dissolved solids. Its quality drops off in areas
farther from the river due to limited recharge in the less permeable deposits. Overall, the eastside ground water
is very usable; this is the predominant water type in the project area. The area between the east side and west
side has a more variable water quality.

The Kern County Basin as a whole is a closed basin with no natural outlet for surface or ground waters.
Salts are brought into the basin by the surface water supply sources—Kern River, Friant-Kern Canal, SWP, and

99




minor streams—but are not removed. This condition of adverse salt balance is compounded by the impacts of
leaching soluble salts from the soil into the ground water. These two processes inevitably increase overall salt
content in the ground water basin. Historically, water quality degradation has been noticed in many wells in Kern

County.

Concentrations of boron in the project are generally less than 0.5 mg/l with some areas to the west of
Interstate 5 having concentrations exceeding 0.75 mg/l. However, it is expected that the water extracted and
delivered from the project area will be of suitable quality for agricultural use.

The area in which arsenic concentrations in the unconfined aquifer have exceeded the water quality stan-
dard of 0.05 mg/I designed to protect public health is generally south of Taft Highway, straddles Interstate 5;
and coincides somewhat to the area to be used as a sewage farm by the City of Bakersfield. No project facilities
would be located in the problem area.

A portion of the Tenneco Property will be used as a sewer farm. Treated effluent at the City of Bakersfield's
Waste Water Treatment Plant will be used for irrigation on a 4,700-acre site southwest of Interstate 5 and Taft
Highway. This reclamation site will be operated by Tenneco West, Inc. The treated effluent will be used to
irrigate orchards, vineyards, and fodder, fiber, and seed crops at the site. The reclaimed waste water used for
the spray irrigation of orchards and vineyards will be adequately disinfected, oxidized, coagulated, clarified, and
filtered. The project should not have a significant effect on local ground water quality.

All or parts of five oil fields are found in the project area. In the vicinity of the oil fields, over 130,000 tons of
salt has been disposed in unlined sumps. The water produced with the oil is a sodium-chloride type almost as
concentrated as sea water. The sumps were the only means of disposal between the 1950s and 1960s.

Due to the extensive oil field operations the potential for contamination by toxic organic chemicals exists.
Although no contamination has been identified, the Department has hired a consultant to identify and evaluate
potential problems.

The quality of water historically available for recharge in facilities on the project property has been of
acceptable quality for both agricultural and municipal and industrial uses. SWP water is compatible with existing
ground water, however, its total dissolved solids content is slightly higher than that of ground water present in
most of the project area.

Water Supply

Three sources of surface water have historically been used in Kern County: Kern River, Friant-Kern Canal,
and SWP. There are numerous lined and unlined canals which deliver these supplies for use or recharge.

Kern River

To date, the Kern River has been the only source of surface water to the project site, and historically it has
been the primary source of surface water to Kern County as a whole. The river drains a 2,420-square mile area
of the southern Sierra Nevada. From the head of its drainage area, the river's main stem flows south to its
confluence with the South Fork at Isabella Reservoir. Downstream of Isabella Reservoir, the river flows generally
southwest, entering the valley northeast of Bakersfield. Flows near Bakersfield (First Point of Measurement)
averaged 746,000 acre-feet annually between 1894 and 1986. In most years, all Kern River flow is diverted just
downstream from its entrance to the valley floor, and the river channel through the project site is dry. In
extremely wet years, surplus Kern River flows have been diverted into the California Aqueduct to prevent down-

stream flooding.
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Friant-Kern Canal

Historically, no Friant-Kern imports have been used in the project site, but they have supplied adjacent
agencies and contributed flow to the Kern River. The Friant-Kern Canal diverts San Joaquin River flows at Friant
Dam northeast of Fresno. From there, the canal flows south, supplying surface water to several agencies in
Fresno, Kings, Tulare, and Kern Counties. The Friant-Kern Canal terminates at the Kern River near Bakersfield.
In extremely wet years, flows from the Kaweah and Tule Rivers also are diverted into the Friant-Kern Canal and
eventually into the Kern River to alleviate flooding in the Tulare lakebed.

State Water Project

Historically, the project site has not used surface water from the SWP. However, the SWP does constitute a
large source of supply for Kern County lands adjacent to the site. The California Aqueduct would be the primary
source of recharge water for the proposed ground water storage program. The source of SWP water consists of
releases from Oroville Dam on the Feather River and surplus flows in the Sacramento-San Joaquin Delta. South
of the Delta Pumping Plant, the California Aqueduct flows along the west side of the San Joaquin Valley to Kern
County and ultimately to Southern California.

Ground Water Conditions

The project area overlies a portion of the Kern County Ground Water Basin (Cal. DWR, 1980) which is
defined by DWR as the portion of San Joaquin Valley alluvial material lying in Kern County. The eastern, south-
ern, and western boundaries of this basin lie at the edge of the consolidated rocks of the Sierra Nevada, the San
Emigdio Mountains, and Coast Range. Flow into or from the basin across these boundaries is negligible due to
the extremely low permeabilities of the consolidated boundary material. Flows of small quantities of ground
water across the northern boundary are possible but not probable.

Beginning about 1900 to 1910, ground water pumps came into widespread use and by the 1920s, pumpage
exceeded the natural recharge of the basin (Cal. DWR, 1931). This condition of overdraft caused ground water
levels in the Kern County Basin to decline, with locally severe declines in areas of heavy ground water pumpage
and no surface water supplies. The land surface subsided in some parts of the basin.

The Friant-Kern Canal was built in the 1950’s, and the canal delivers surface water to former ground water
users in portions of Kern County. In the early 1970s, the SWP also began deliveries of surface water to former
ground water pumpers in the Kern County Basin. These supplemental surface water supplies reduced existing
overdraft but increased basinwide development of irrigated agriculture and prevented the complete elimination
of overdraft conditions. At present, the demand for water exceeds supplies in Kern County as a whole by about
250,000 acre-feet per year.

Computer Simulation Model Studies

The potential delivery capabilities of the SWP were evaluated by interaction of three computer simulation
models—two of the ground water basin and the other of the SWP basin. The sequence of studies follows:

1. Expected conditions in base years 1930 and 2000 were assumed and operation studies conducted
under the operation mode of maintaining the classical firm yields for the two development conditions.

2. The studies in 1 (above) are rerun with the addition of the ground-water-reservoir project, with a set

maximum storage space and maximum monthly recharge and extraction rates. The results of these studies
provide annual recharge and extraction amounts.
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3. The annual recharge and extraction amounts from 2 (above) and quantities of local water available for
recharge are used for inputs to the ground-water-reservoir model and predicted ground-water-level responses
are reviewed.

4. If the responses in 3 (above) are unacceptable, new maximum recharge and extraction amounts are
assumed for 2 (above), followed by a rerun of 3 (above) until the balance of recharge, extraction, and land-sur-
face area and water-level responses are adequate to permit preliminary design.

State Water Project System Operation Analysis

The added delivery capability of the Kern Water Bank (KWB) to the SWP is determined by modeling the
operation of the system with and without the KWB. The difference between the two capabilities is assigned to the

KWB.

SWP vyields have historically been developed on a “firm-yield” basis, i.e., the sustained delivery of an
amount of water over the 7-year drought period with allowances for agricultural deficiencies totaling 100 per-
cent (of one year) but not exceeding 50 percent in any one year. For planning studies, these deficiencies have
usually been set at 33-1/3 percent per year. When a new facility is added and the project is operated in this
manner, the objective is to develop the maximum increase in firm yield. In recent years, the project has been
operated by taking some risk of shortage to develop higher average deliveries. This procedure uses the rela-
tionship between the forecasted Four (Northern California River) Basin Index for the remainder of the year and
the SWP water delivery capability for the entire year. Annual target storages for conservation reservoirs are set
for each of the years in a 7-year drought period along with a minimum storage for the system.

SWP Operation Studies — Year 1990 and Year 2000

The purpose of the SWP operation studies is to obtain the delivery capabilities, under the prescribed opera-
tional criteria, during the historical hydrologic (1922-1978) period. The operation studies described in the
following sections were conducted similarly to those prepared for other SWP conservation facilities so that
results may be compared. Under actual operating conditions, Initial ground water levels and weather conditions
could differ from those assumed but would have minor effects on yields. Additional studies may be required to
reflect (1) agreements with KCWA and other local agencies and (2) physical restrictions developed in the
technical studies.

As a first step in identifying the potential accomplishments of a Kern Water Bank (KWB) storage program,
several preliminary studies of the SWP system were performed at both the 1990 and 2000 levels of demand and
development. These studies were the Base Study and the Base Plus Ground Water Study with different opera-
tional modes. Both were conducted to determine (a) the amount of increased SWP delivery that would be
available through conjunctive operation, (b) the times and amounts of water that could be made available for
storage, and (c) the times when extraction from storage would be required and the amount of the extraction.

Proposed Plan

The facilities required for implementation of the first element of the Kern Water Bank are shown on Figure 2.
For the purpose of evaluating the cost of the Kern River Fan Element, an independent canal (State Canal)
serving only this element has been developed. In addition, connections between the State Canal and recharge
basins were assumed to be new facilities, although agreements with local districts may permit use of existing
facilities.

A 10-mile-long State Canal would connect the California Aqueduct to the City of Bakersfield’s existing Kern
River recharge area. Its location roughly bisects the new recharge area. The canal would be concrete-lined.
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The gradient of the canal invert would be essentially flat with three pumping plants providing head to move the
water eastward. The canal would be lined to increase flow efficiency and to permit its use in an extraction
operation. Five siphons are used to bypass obstructions at existing canals, highways, and railroads. The canal
capacity for recharge operation varies from 500 cfs at the California Aqueduct to 200 cfs at the Kern River. This
would permit a maximum monthly recharge rate of 30,000 acre-feet per month for SWP water. Maximum
capacity for withdrawal operation is about 400 cfs.

Conveyance of water from the State Canal to recharge basins would be by gravity and earth channels.
Recharge basins south of the Kern River would be fed by discharge to the city's 2,800-acre site at McClung
Weir. Recharge water would be directed by gravity from behind the McClung Weir into the existing James-Pio-
neer |. D. laterals that feed the basins south of the river. Service to potential additional basins between Panama
Lane and Taft Highway could also be made through existing James-Pioneer laterals. Recharge basins in the City
of Bakersfield recharge area would also be fed by discharge from the end of the State Canal.

During periods when local water is being recharged, the State Canal would be operated to move local water
diverted from the river to the west to State percolation ponds.

Recharge Basin Design

Evaluation of ground water model results lead to the use of values of 30,000 AF for the first nine months,
followed by 25,000 AF per month, have been used as the allowable sustained recharge rate for the area,
including both the property to be acquired as well as the existing City of Bakersfield recharge facilities. During
some periods the large flows in the Kern River would make it difficult to also recharge imported water. Recharge
of SWP water was adjusted for this effect.

The ponds in the City area are downstream of the end of the State Canal and would be available for
recharge of State water subject to the terms of a MOU with the City of Bakersfield. These City ponds would have’
a monthly recharge capacity of 12,500 acre—feet per month. To allow for a peak 30,000 acre-feet per month
total recharge, the area required for recharge basins to be located on State property would be that necessary to
recharge the remaining 12,500 AF per month.

The basins were sized on the basis of a recharge rate of 4 inches per day and an operational water depth of
1 foot. Basins and interbasin conveyance facilities were sized to accommodate the 6-inch-per-day recharge
rate that is believed possible under optimum management procedures. An additional 25 percent was added for
effective movement of water into one basin or successive basins. For maintenance requirements, a basin was
expected to be out of service one-third of the time.

The total recharge basin area required is 1600 acres; the typical basin design consists of 160 acres divided
into four equal segments of 40 acres. The exterior and interior levees are substantial and capable of supporting
vehicle traffic under all weather conditions. Short, low sections of low berms are provided within each 40-acre
segment for wave control.

The majority of the feeder canals connecting the State and Kern River canals to recharge basins would flow
by gravity as would flows within and between recharge basins. Feeder canals would be unlined. Where connec-
tion distances are short, corrugated metal pipe would be used. Control structures would be simple and port-
able. Each recharge basin would have a concrete weir to provide for escape of excess inflows or extreme
rainfall.

Extraction Facility Design

Sixty wells, ranging from 600- to 700-feet deep, exist on the property to be acquired. Although the wells
are not designed to operate through a wide range of lifts, they could be used to supplement extractions from
new wells. Thirty-three of the wells are planned to be used by modifying the pump discharge pipe. In a more
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detailed analysis it may be possible to use more of the existing wells by installation of new pumping plants. An
additional 107 wells 350 to 700 feet deep would be needed to extract the 30,000 acre-feet per month required
for operation of the Kern River Fan Element. Most of the wells would be connected by pipe to the State Canal
and then to the California Aqueduct. Wells south of the Kern River Canal would be connected to the Kern River
Canal and then to the Alejandro Canal. Later studies will determine how much additional extracted water would
be delivered through local canal systems. As noted in an earlier section, the State Canal is designed for both
recharge and extraction operation.

In general, wells are spaced at about half-mile intervals. New wells were located to reduce or avoid adverse
impacts of the project on pumping in adjacent areas.

Project Yield and Costs

An analysis of yields shows that this project is capable of increasing the annual firm yield of the SWP by
145,000 acre-feet. Average annual deliveries would increase about 76,000 acre-feet. If the SWP were oper-
ated less conservatively, average annual deliveries would increase and drought-period (firm) yield would
decrease, although not in direct proportion. The costs of the project are still being finalized but will be less than
$100 per acre-foot.

The Future

A decision on purchase of property will be made soon. If the land is purchased, subsurface exploration, a
full feasibility study, and design and construction will follow. Parallel to these activities, a prefeasibility study of
the ground water basin will be conducted to ensure a coordinated program. The SWP will also pursue an interim
recharge program, using the City of Bakerfield’s facilities.
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GROUND WATER IN SOUTHERN CALIFORNIA

By Neil M. Cline, Vice President

Camp Dresser & McKee Inc.
2302 Martin Street, Suite 275
Irvine, California 92715

Introduction

Early settlers of southern California found ample surface water sup-
plies, however, as the demand for water increased, the local streams were
soon fully utilized and a dependence upon ground water emerged which pre-
vails to this day. To protect and perpetuate ground water resources,
southern California has developed a variety of water management programs,
including basin management, surface water storage programs, and water
quality protection projects. Currently, over 80 percent of all local
supplies are produced from ground water basins, which amounts to about
1,200,000 acre-feet of ground water production in southern California.

Ground Water Management

As early as 1925 it became apparent that unless some form of restraint
on ground water production was established, sea water intrusion would
destroy this natural resource. Typically in the early days, rather than
organize and develop management practices, the various parties would engage
lawyers and pursue their interests in court. Wwhat has emerged after years
of litigation is a series of management processes that are designed to
maintain ground water utilization, minimize or prevent overdraft, and opti-
mize their conjunctive use with available imported surface supplies.

The major basins in southern California are listed in Table 1.

TABLE 1
Average Annual Production
Basin Acre Feet
Ventura County 25,000
Upper Los Angeles Basin (San Fernando) 100,000
Central/West (L.A. County) 255,000
San Gabriel 200,000
Orange County 260,000
Chino 150,000
Bunker Hill (San Bernardino Co.) 120,000
Riverside County 60,000
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In the highly urbanized areas of the coastal plain, generally the
basins have either been adjudicated and operate under a court order with
continuing jurisdiction, or the overlying agency is authorized to manage
the basin under formally authorized provisions.

Management Techniques

To maintain supply, provide carry-over storage for drought conditions,
provide low cost distribution, minimize treatment costs, and in the case of
coastal basins, prevent sea water intrusion, there have emerged a variety
of management techniques.

In most basins, long-term safe yields are established as a function of
local ground water recharge. These safe yields are computed, based upon
natural recharge from precipitation and return flow, less losses. The
management agencies subsequently provide (1) formal withdrawal limitation
based upon safe yield, (2) impose replenishment assessments which are used
to purchase imported supply for artificial recharge, (3) maintain an
orderly market for pumping rights between parties, and (4) maintain
spreading operation to facilitate recharge with both local and imported
supplies.

The San Gabriel Basin is an example of an adjudicated basin management,
representative of much of southern California ground water operations.

The Basin is situated in the eastern portion of Los Angeles County,
serving a number of communities including Alhambra, Covina, Baldwin Park,
and San Gabriel. 1In 1986, 200,000 acre-feet were pumped, supplying about
70 percent of water demand in the area. The stipulated judgment directs
that a watermaster be established, composed of nine members appointed by
the court. The watermaster is responsible for determining the operating
safe yield of the basin each year. The safe yield is defined as the
quantity of water which may be pumped from the basin in a particular year
without imposing a replacement water assessment fee. Should pumpers exceed
the operating safe yield, assessments are imposed, collected, and used to
purchase water from the Metropolitan Water District for replenishment.

Additional watermaster authority includes the power to levy assessments
and to purchase supplemental water for basin recharge. The watermaster has
the authority to regulate the use of basin storage through "cyclic storage
agreements" which provide capacity for ground water storage for cyclic or
regulatory storage of imported supplies. The stipulated judgment provides
that the watermaster has "sole custody and control of all ground water
storage rights in the basin pursuant to the physical solution, and subject
to the review of the court." The stipulated adjudication in summary,
directs the local and competing producers to work together to establish the
most economic, long-term conjunctive utilization of surface and ground
water, imported water supplies, and ground water storage capacity to meet
the needs and requirements of the basin’s overlying water users.

These kinds of court structured management procedures are utilized with
minor modifications in most of the southern California basins.
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The Orange County ground water basin is not adjudicated. In that area,
the Orange County Water District, formed by a special act of the State
Legislature in 1933, is managed by a combination of seven elected directors
and three appointed directors. The directors annually determine ground
water conditions and then establish a replenishment assessment sufficient
to purchase supplemental water from Metropolitan Water District and to
operate the agency. The average annual production is about 260,000 acre-
feet. In 1987 the replenishment assessment was $32 per acre-foot for
municipal and industrial use and $16 per acre-foot for agricultural uses.

To assure equal access to lower cost ground water, the District
annually establishes a basin pumping percentage which limits the amount of
water an agency may produce without penalty. In 1987 the Basin Pumping
Percentage was 70 percent. OCWD requests is pumpers to refrain from pro-
ducing more than the established percentage. If an agency exceeds the
limitations, it is assessed a penalty equal to the theoretical difference
between the cost of ground water and the cost of imported supply.

Some pumpers habitually opt to pay the penalty and over-produce. To
offset this activity, the District requests other pumpers to produce less
than the basin production percentage. Since ground water is considerably
less expensive than imported supplies, using more water from MWD places an
increase in costs on the agency being restricted. 1In 1987 the cost for
imported water was $225 per acre-foot. Ground water production costs were
about $90 per acre-foot, therefore the Basin Equity assessment was $145 per
acre-foot and limited agencies were accordingly reimbursed $145 per acre-
foot for the costs they incurred to accommodate the basin’s safe
operations.

Conjunctive Use Management

The conjunctive management of ground water with imported supply is the
cornerstone of water resources operations in southern California. Conjunc-
tive use includes both the storage of local runoff in the basins, supple-
mented by artificial recharge, and increased extractions in order to create
storage capacity. The ground water basins are artificially replenished to
store water in wet years to provide assured supplies in dry years. The
flexibility thus provided by conjunctive management, not only extends water
supply utility, but reduces the capital investment that would otherwise be
required to meet the demand.

In Los Angeles and Orange Counties it is estimated that 90 percent of
local runoff is captured in water consumption and flood control facilities
for ground water replenishment.

Los Angeles County agencies maintain over 3,000 acres of spreading
grounds that can accommodate an estimated combined 2,000 cfs capacity. In
recent years Los Angeles County agencies have recharged an average of
240,000 acre-feet per year of local supply, 50,000 acre-feet of imported
water from the Colorado river or Northern California, and 24,000 acre-feet
of reclaimed water.
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Orange County owns about 1,000 acres of replenishment facilities with
an estimated percolation rate capacity of 450 cfs. During the period from
1949 through 1987, over 2,000,000 acre-feet of Santa Ana River flow has
been recharged and more than 2,000,000 acre-feet of imported supply have
been placed in the basins.

Similar recharge operations are maintained on a lesser scale in
Ventura, San Bernardino and Riverside Counties.

Cyclic Storage Arrangement

To further utilize the advantages of actively managed ground water
basins, Metropolitan Water District has developed local cyclic storage

agreements.

Thus far MWD has the right to store up to 142,000 acre-feet in the San
Gabriel Basin and up to 100,000 acre-feet in the Chino Basin. The Chino
storage program is planned to be expanded to over 1,000,000 acre-feet.
Under these arrangements, northern California water is delivered for
storage when available and in excess of Metropolitan’s demands. The water
accumulated in storage is sold to the overlying member agency when replen-
ishment water is not available for direct surface deliveries or when direct
deliveries from MWD are not possible. When the cyclic storage deliveries
are made, MWD recovers its costs amassed in storing the water.

Additional cyclic storage arrangements have been made for desert water
agencies to impound Colorado River water. Under this management, during
times of shortage, the desert agencies would use MWD stored water in
exchange for MWD’s access to the desert agencies’ northern California
supply. To date, MWD will place over 550,000 acre-feet in its desert
storage operations.

Water Quality Considerations

Traditionally ground water quality, with the exception of sea water
intrusion, was considered to be scarce. Recent events and current analysis
of changing conditions have revealed that ground water is vulnerable to the
activities of man, and must be protected if they are to be perpetuated.

Extensive monitoring of ground water quality has been conducted in
southern California. To date, significant losses due to quality conditions
has not occurred, despite media coverage that would suggest otherwise. Un-
fortunately, there have been some wells that have had to be taken out of
production, due to either excessive mineralization or the presence of
organic chemicals in trace amounts. Table 2 compares total production with
the amount of losses due to quality factors.

The chief culprits in mineralization have been excessive TDS and
nitrates which account for 43,000 acre-feet of the 78,000 acre-feet lost to
poor quality. The organics detected have been mainly TCE, PCE and DBCP in
trace amounts.
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TABLE 2
Total Production Losses Due to Losses Due to
Basin AF/Year Minerals AF/YR Organics AF/YR
Ventura 25,000 3,000 -
San Fernando 100,000 3,000 3,000
Central /MWest 255,000 6,000 1,000
San Gabriel 200,000 1,000 500
Orange County 260,000 12,000 2,000
Chino 150,000 - =
Bunker Hill 120,000 5,000 2,000
Riverside 60,000 12,000 -

Depending upon the stringency of future drinking water standards and
the additional constituents that may be added to the Safe Drinking Water
Act, the impact of water quality regulations in local water supplies could
increase significantly. Currently, local water managers employ blending
acceptable water with imported supply to maintain constituent considera-
tions in water below federal MCL and California action levels.

Because of the essential nature of ground water operations, extensive
protection plans are being formulated to minimize quality losses. These
programs range from well head treatment, planned by local agencies, to
comprehensive basin-wide, formally adopted, water quality control plans.
These basin plans are formulated, adopted, and enforced by the State of
California in each major drainage area of the state. The cooperative
effort of local, state and federal agencies are, in general, containing
quality degradation in southern California, but at significant expense and
effort to assure no further diminution of ground water resources occur.

A Recommendation

Based upon the California experience, it has been demonstrated that
ground water basins, conjunctively used with imported water supplies, will
provide optional use of limited resources. It has worked successfully in
California. It will work in Arizona.



THE RILLITO RECHARGE PROJECT:
AN EXPERIENCE IN COOPERATIVE WATER MANAGEMENT

by
Craig O'Hare
Arizona Department of Water Resources
Tucson Active Management Area

THE PROJECT IN PERSPECTIVE

The growth of industrialized society has generated a need for
greater sophistication in water management. Early civilized
communites were comparatively small and spread out from one
another. The demands on the water resource were also small
allowing the mere magnitude of the hydrologic cycle to mitigate
any society-induced stresses placed on it. A town's wastewater,
for example, discharged to a stream, was sufficiently aerated and
diluted to render potable water to a downstream community miles
away. The little water management that was needed could ignore
the interrelated nature of the hydrologic cycle and treat water
problems as discrete issues.

The expansion and coalescing of metropolitan areas that has
accompanied the population boom has placed an enormous stress on
the hydrologic cycle. We no longer have the liberty of dealing
with each water issue independently from others. Water
management has responded by recognizing the interrelationship of
water problems and developing more comprehensive responses to
them. Addressing the surface/groundwater interface and
responding to quality/quantity interactions are examples of this
relatively new concept of "conjunctive" water management.

The Rillito Recharge Project is one of southern Arizona's
contributions to this progressive trend in water management. The
project integrates flood control and water supply objectives in a
single facility.

Historic flood control practices focused on channelizing,
widening, and straightening drainages to rout flows out of the
metropolitan area as quickly as possible. More recent flood
control techniques emphasize retention/detention strategies that
encourage runoff to infiltrate into the subsurface and contribute
to the regional groundwater supply.
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In arid and semi-arid areas, past water supply efforts
concentrated on groundwater withdrawal by drilling more and
deeper wells. Recently, great emphasis has been placed on
groundwater replenishment as a means to help stabilize the
resource and bring long-term certainty to the water supply.

PROJECT DESCRIPTION AND AGENCY INVOLVEMENT

The proposed Rillito project is a stormwater runoff/alternative
source artificial groundwater recharge facility that combines the
concepts of retention/detention and groundwater replenishment.
The project is a cooperative effort between Tucson Water, Pima
County Flood Control District, and the Arizona Department of
Water Resources. The project, located along Rillito Creek
between Craycroft and Swan Roads (see Figure 1), is Arizona's
first large-scale demonstration recharge facility proposal. The
primary purpose of the project is to evaluate the opportunities
for integrating increased flood storage and enhanced recharge of
runoff waters along the Rillito Creek channel. The potential for
recharging other source waters such as treated effluent and
Central Arizona Project (CAP) water will also be evaluated. The
project will be a water spreading operation using
detention/infiltration basins.

This paper, focuses on the unique aspect of the project:
primarily the bringing together of city, county and state water
management agencies to work ccoperatively towards a common
project. Lacking a regionally oriented "water district" with
widespread authorities, conjunctive management projects can be
implemented by creatively linking water management agencies
having specific authorities and expertise: hence the term
"cooperative water management."

Before outlining the methods used to effect interagency
coordination, a discussion of each agency, their role in water
management, and their particular interest in the Rillito Project
follows.

Arizona Department of Water Resources/Tucson AMA

The goal of the Tucson AMA is to ensure that safe-yield of the
region's groundwater supplies is reached by the year 2025. As
part of this program, the 1980 Groundwater* Code requires the AMA
to develop a water supply enhancement or "augmentation"

program. Augmentation may include such techniques as importing
additional surface waters (CAP), increasing surface water yields
(watershed management)and making better use of existing resources

* (The Groundwater Code presents "groundwater" as one word.

While the NWWA insists that "ground water" should always be typed
as two words, the author has chosen to follow the Code's
precedent in the interest of consistency.)
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(effluent). Artificial groundwater recharge, not itself an
augmentation method, allows these augmented supplies to be stored
when direct use is either impractical or too costly.

The AMA adopted an augmentation program in August 1985 which
identified a storm runoff groundwater recharge facility for Alamo
Wash at Rillito Creek (just east of Swan Rd.). The site area was
later expanded to include the main channel of the Rillito Creek
because of the County's interest in a large-scale facility. One
of the AMA's primary objectives for the Rillito project is to
generate information that can be used to evaluate and develop
future recharge proposals.

Tucson Water

Tucson Water, a department of the City of Tucson, is the greater
Tucson area's municipal water utility. The utility is charged
with providing the public with a safe, dependable, and economical
water supply. Tucson Water has two source waters available for
groundwater recharge: treated effluent and CAP water beginning
in 1991. The utility's primary recharge objective is short and
long-term water storage. Secondary objectives include minimizing
pumping depths and improving the quality of the source of

water. Tucson Water is currently operating a small-scale
effluent recharge facility and conducting a comprehensive
recharge feasibility assessment for the greater Tucson area.

The Rillito project complements Tucson Water's on-going studies
in artificial recharge. Data and conclusions from current
studies will help assess the feasibility of the Rillito

project. The Rillito project, in turn, will help direct future
Tucson Water recharge efforts. Background monitoring for the
project will provide Tucson Water with useful data on the quality
of runoff waters and its potential impact on groundwater quality.

Pima County Flood Control District

The Pima County Flood Control District's primary mission is the
protection of life and property from flood hazards. The Rillito
project is an extension of the District's emphasis on retention /
detention measures to reduce flood damage. The District adopted
a retention/detention ordinance in 1984 requiring most new
developments or subdivisions to incorporate retention/detention
structures into their development plans.

The Rillito project is a large-scale version of the
retention/detention concept. The District hopes that a
successful Rillito demonstration project will lead to a more
extensive flood control/recharge plan for the Tucson area.
Similar projects may eventually be implemented both up and
downstream from the project area creating effective flood and
erosion control for a large range of Rillito Creek flow events.
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The District is also interested in the nonwater-related benefits
of the project. By acquiring land in this rapidly urbanizing
area, the County hopes to: 1) preserve natural open space, 29)
provide recreational areas for hiking, picnicking, and equestrian
activities, and 3) protect flora and fauna by maintaining natural
flood plain habitats.

INTERAGENCY PROJECT MANAGEMENT

Key to the success of the project is the ability of the three
agencies to cooperate effectively. Each agency's particular
water management responsibilities results in each having a
slightly different set of objectives in collectively pursuing the
Rillito project. Creating a formal interagency project
management structure is critical to ensure that each agency's
objectives are met. The structure must include a smooth

decision-making process to resolve the many problems and issues
typical of a complex project.

A number of vehicles are being used to create an effective
project management process. These vehicles include a
comprehensive intergovernmental agreement, an interagency
technical advisory committee, and delegating certain
responsibilities to outside services.

The Intergovernmental Agreement

The intergovernmental agreement (IGA) signed insJuly 1987 is the
foundation of the cooperative effort. The IGA sets up a central
project fund, clarifies each agency's role and responsibilities,
and provides the legal structure necessary for each agency's
participation.

Project objectives are an integral part of the agreement. Table
1, which is part of the IGA, describes the overall project
objectives and details the objectives for the two ma jor
preproject activities: background monitoring and the project
feasibility study. Establishing an early consensus on objectives
helps minimize the potential for misunderstandings between
agencies as the project proceeds.

The IGA also delegates specific tasks to each agency based on
their expertise. For instance, constructing monitoring wells is
delegated to the agency most familiar with constructing and
operating wells: Tucson Water. The Department of Water
Resources' groundwater data collection field crew is assigned to
record groundwater levels and collect groundwater quality
samples. Pima County Flood Control District has the most
experience in surface water hydraulics and engineering, and will
be the eventual owner/operator of the facility. The District
will administrate the consultant contract for the project

feasibility study.
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TABLE 1:

RILLITO RECHARGE PROGRAM OBJECTIVES

OVERALL PROJECT OBJECTIVES

BACKGROUND MONITORING
OBJECTIVES

PROJECT FEASIBILITY

STUDY OBJECTIVES

1. Demonstrate interagency
cooperation

2. Develop a methodology for
facility development that can be
applied to future projects.

3. Pursue feasibility of recharging
multiple sources of water.

4. Demonstrate low cost recharge
technology and document recharge
costs and benefits.

l.Establish intergovern-
agreement to conduct back-
ground monitoring.

3. Assess existing surface

3.

water and groundwater qualities

to determine possible impacts
of alternative source
water recharge.

4. Assess and quantify
natural runoff/recharge
relationships as a pre-
condition to quantifying
the impacts of project once
operational.

Establish intergovernmental
agreement to conduct project
feasibility study.

Generate nonproject

specific discussion of

procedures used to develop,

screen, and rank facility

options including:

- data needs

- generating alternatives

- choosing selection
criteria

- incorporating
environmental and land
use considerations, etc.

a. Incorporate alternative
source water considerations

in most design/operation
scenarios.

b. Assess impact of recharging
alternative source waters on
groundwater quality and recharge
efficiency.

a. Limit development of design
options to spreading operations
(basins or pits, in-channel and
off-channel) or infiltration
galleries,

b. Develop preliminary level
capital and operational costs
for each design option.
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OVERALL PROJECT OBJECTIVES

BACKGROUND MONITORING
OBJECTIVES

PROJECT FEASIBILITY

STUDY OBJECTIVES

5. Determine urban runoff water
quality parameters

6. Integrate facility design and
operation into County's real time
flood warning system

7. Assess water quality impacts
of recharge

8. Promote compatibility with
surrounding land uses including:
- provision of recreational
amenities
- habitat enhancement
= Vector .control
- visual amenities

5. Include comprehensive
sampling and analyses of

run-off from Alamo Wash,

an urban watershed.

7. a. Generate comprehen-
sive assessment of pre-
project water quality
conditions.

b. Document historic
landfill locations.

7.

c. Estimate quantity of water
recharged and additional
benefits and costs (including
environmental impacts) for each
design concept.

Incorporate design and opera-
tional measures to mitigate
impacts of urban runoff, if
warranted. g

a. Select impoundment gates or
diversion structures which are
compatible with County's
automated network.

b. Determine best location for
additional automated
precipitation and stream gages
based on evaluation of
contributing watershed.

a. Develop conceptual or num-
erical prediction model for each
design concept to assess ground-
water quality impacts.

b. Propose mitigative
strategies where necessary -
including those related to
historic landfills.

a. Incorporate public access
component to each design concept
(landscaping, pedestrian and
equestrian trails, signing,
fencing "natural looking"
detention basins, etc.)

b. Develop operational plans
(e.g. detention holding times)
that inhibit vector propagation.



Rillito Proiject Management Committee

The Rillito Project Management Committee (RPMC) is the formal
decision-making body for project activities. The Committee
includes a representative from each of the three cooperating
agencies and additional members with expertise in areas such as
groundwater recharge, surface water hydrology and structural
engineering. The<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>