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ABSTRACT

This study is a preliminary assessment of the physical and

economic feasibility of recharging the Avra Valley, Arizona, aquifer

with water from Santa Cruz River flood flows.

At least two sites within Avra Valley are suitable for aquifer

recharge through injection wells.

The annual mean flow of the Santa Cruz River for 1946-1976 was

15,300 acre-feet with a coefficient of variation of .94. During this

same period, the river was dry an average of 310 days a year. These

hydrologic conditions make water storage necessary for a continuous

supply.

A three-compartmented reservoir system with a total volume of

about 57,000 acre-feet was designed for this purpose. This system allows

for continuous withdrawal of water for recharge amounting to about 15,000

ac-ft/yr, by minimizing evaporation losses to about 30 percent.

Economic analysis includes cost estimates of pipelines, reser-

voirs, and land purchases, resulting in a total annual capital cost per

acre-foot of about $80. This cost is of the same order of magnitude or

less than the projected cost of imported Central Arizona Project water.

ix



CHAPTER 1

INTRODUCTION

Provision of adequate water supplies to meet established needs

is a problem of major concern to communities located in semiarid and

arid regions. The combined effects of steady population growth, com-

peting demands of agricultural and industrial users, and the scarcity of

available water resources have often resulted in imbalance between

sustainable water supply and demand. The future possibility of meeting

increased water needs depends upon the technical and economic feasi-

bility of developing potential supplies. The nature of water use must

be such that there is no waste of water inside the regional system, even

if it is in an originally unusable form. Numerous technological and

managerial programs have been implemented to accomplish this objective.

Some of the most successful of these techniques include waste water

reuse for irrigation, economic management of water use through realloca-

tion and taxation, importation of supplemental supplies, and artificial

recharge of groundwater aquifers. Communities which have not resorted

to such measures are being faced with gradual exhaustion of water

supplies.

The City of Tucson, located within the Tucson Basin in southern

Arizona, serves as an example of such a community, now totally dependent

upon groundwater reserves for its water supply. Annual pumpage has

1
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increased in excess of natural replenishment, resulting in significant

water table declines over the past 35 years. Measures must now be taken

to effect conservation of the groundwater resources while meeting

increased user demands.

Study Purpose and Scope 

The purpose of this study is to examine the feasibility of

instituting an artificial recharge program as a means of supplementing

Tucson's water supply.

Surface water from Santa Cruz River flood flows would serve as

the potential supply source. The proposed plan requires the capture,

treatment, and transportation of the river flows to the neighboring

basin in Avra Valley where it would be injected through wells into the

valley aquifer. Through an established water exchange program, the City

of Tucson could be permitted to increase pumpage through their existing

supply wells in the Avra Valley.

The following research objectives were pursued in order to

ascertain the physical and economic feasibility of such a system:

1. Examination of the mechanics of artificial recharge and its

physical applicability to the study area. This required the

identification of the physical parameters controlling its use,

the various recharge techniques employed, and the technical

problems associated with recharge operations.

2. Physical assessment of the hydrogeologic conditions controlling

the effectiveness of aquifer recharge in the Avra Valley and the
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hydrologic system of the Santa Cruz River in terms of the volume

and water quality of salvageable flood flows.

3. Development of a suitable recharge scheme and design specifica-

tions for storage, treatment, transportation, and recharge of

the flood flows. Estimates of the costs of project construction

and implementation were made for assessment of economic

feasibility.

The study is presented in two chapters. The nature of artifi-

cial recharge and its prospective application to the Avra Valley is dis-

cussed in Chapter 2. Chapter 3 includes the physical assessment of the

study area, design specifications for a suitable system of recharge, and

the study summary and conclusions. Discussion of legal constraints is

excluded.

Background 

The study area, comprised of the Tucson Basin and adjacent Avra

Valley, is located in the Basin and Range lowlands province of southern

Arizona (Figure 1). The climate of the area is semiarid, with annual

potential evaporation of about 64 in., exceeding the average annual

precipitation of about 11 in. (Cruff and Thompson, 1967).

The Tucson Basin is a northwest sloping valley bordered by

narrow rugged mountain ranges comprising an area of about 1,000 square

miles. The City of Tucson is north-centrally located within this area.

The mountains that border the basin are composed of crystalline

granitic rocks and relatively impervious sedimentary and volcanic rocks.

The basin is underlain by unconsolidated and semiconsolidated alluvial



,.	 .1	 .	 l'n 	
,.	 ,l
\	 t'.

4

.. t..	 , ...,.5.:7_120.4.17-3:6- n

-;, --=. 7.,_."—,s_-„,'-'T.1-:,.''''':.	 -'-'--'	 - - Y;•;'," ; 4'74'.....,r, ,... r_..,::,,,,; -_--,,,.,,--- "6A4t..- -f•.---	 N.3- ...-.1.-Z,
f.?_-fei.,.:,;;Icik,

l —7—	 ,
	''---

_. ,._ (- 1	 1:,.	i . — --.2',	 ''-',.,
., -iln ,•-'	 1.."---- --- --_,,,•<<i,'"-f7=.!‘ir.-"' =-•-•:4 , i,	 ,	 ..417- i ç.':ii': .ii4'il-ii.

\ ---"

ri" 5 	•

•

,

I t I 'i
'>	 ' 	 :.:	 ° n •°`

i "zi	
'	 --

'7

3 .

.''',

	

_	
4..''	 •

• • i
:	 •	 ' 1..... ---._--- 3 ,,,,	 : .•rr."- - •

	

' '''.....•	 i :,	 : . v. _7 	.

'; 	-:?•	 .:'''''. , ._•':: A	 .

I

,

,	 •	 -
• '	 2	 -	 "••	 • a,	 -	 u \.•

".	 • 1	 74.	 I 74:

'	 ,f 1.,j •••\ 9.

'
•̀•-•

•-.7 .1.-4 •

-

	...._	 1

	

-----..1 . --.... 	"-e
‘...--.....,,,-i 

	V" 	 •	 -	 1	 3 I

I	
,;	 `i	 A	 ! _.) -...	 i TN

	---- 1	 —a ,-,:-:, 7, \	 n 	 . •

	

----4--,---ir 	 1

A	

,-	 ..,-.....--	 ,-

.	 ,,•
..is--,	 .	 41.___J	 ,	 7---	 (); 1	 --	 ..--'	 '-';	 ;,J.2.5	 ''.,....',	 s'
.,1 

i	 ' / 	 0 -I	 c-Ir; • I	 _ 	 -- ' 7
I	 , 	 I	 .1 ! L.,	 ,.,,, t...._. . 2.,, 	 ,	 . ; r,.	 P .._._.i........	 -4. . --,_-_7.- ‘!"-; — (ek- / a .0	 _.,..,,,=--.F,,_-', .!i	 _.... < .	 4/) 1	

t	 ;
5	 :

	

,..._.,	 •	 r-- 	_''''-!,. i . -....	 .	 '''. 4,,
---1	 ---	 '''-	 '	 ,	 ----

	

,..,...	 '<,2(Z;26, :	 i ,_.--	 .0.--•	 ,	 -1..-1,	 ,	 ......,,, _ c __ _7 4—, 

	

/3"..i l — --T — -.!	 O. • i	 f 	 ,
• n 	 ••••••	 . 	 . 	 , n 	 •	 , •	 R	 . l'.,..., -...	 ""'.

'	
L..	 -

7,1 	- 	 7-3- .-7,7 -. ..,‘ ,:---...!-- : ,,7,,;.!;-' i'.--- '-'7"--- '=
.	 5 . z 	< <7. -..1.,

,,.., :	 -	 -	 '	 •,):••'•--./ ::a',	 i ii ,	 c')-1-,,i,D, ..„..,-	 ,

	

/	 1	 ...	 / 1 Li n 	 -3.-----"•';'?	 '. - .''n 	 '''• .." 7-,,..-7Ç .F. --'' ____,- ".. .11: . .!",f;-.._.. 	 ,	 . ,-	 ,	 '.-.,
."----	 1 •'	 . 1	 1	 ..,,,.. f...=._	 i	 , . .	 :' ',,	 f, " -	 :	 .--. s , +"c}: r r, ,.,""-IZ..r.1. ,.' : -. ". " „''`..1 : ;	 ...: . 2	 ''''s a ‘.;,"

i ...,,,,-- ...f,'	 - , ,,,,,,'	 _::j. -3. ..	 ,..„...;„ ..... ti„,- eir	 1.,..-.••••n --, i _.;
__-_.....—..—.	 2_,..1---	 ..C.,/,' 	 - '''...". ,:"Ti::,..- :,	 .' i'' ' '?„.....:, i _..4 ,,	 ...7-1?.....,''---

	

...."	 . ` . "... , ..S7T-i-t--i . :

• •••:,	 _ °   



5

material to depths of several thousand feet. These sediments comprise

the area's groundwater aquifer.

The main drainage for the basin is the north-to-northwest-

trending Santa Cruz River and its principal tributaries, Rillito Creek

and Canada del Oro. Pantano Wash and Rincon Tanque Verde Creeks drain

the southeastern part of the area as tributaries of Rillito Creek

(Burkham, 1970, p. B5). The main channels of the basin are dry through-

out most of the year. Streamflow occurs in response to precipitation

from thunderstorms and frontal storms (Burkham, 1970, p. B7).

Avra Valley is located about 15 miles west of Tucson within a

north-trending basin. This basin extends from Altar Valley to the south

to a point about 5 miles north of the Pima-Pinal County line where it

joins the Santa Cruz Basin.

The main drainage for the area is Brawley Wash and its minor

tributaries. Flow occurs in these channels only a very few days a year

and there is virtually no natural recharge to the aquifer (White,

Matlock, and Schwalen, 1966, pp. 3 and 14).

History of Groundwater Use 

The gradual depletion of the groundwater resources in the study

area is evidenced by recorded hydrologic changes over the past 75 years.

At the turn of the century, the Santa Cruz River flowed continually and

the water table was sufficiently shallow in many areas to allow extrac-

tion from hand-dug wells. The river flow had become intermittent by

1920 and mechanically drilled wells became necessary in most areas.

Reduction in water reserves increased during the 1940's in response to
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rapid population growth and increased agricultural and mining development

(Tellman, 1977, p. 9).

During the early 1950's, agricultural development reached a peak

in the Avra Valley, with more than 100 wells being pumped to provide

water for about 30,000 acres of farmland. In 1954, the area was

declared a Critical Groundwater Area under the Arizona Revised Statutes

(White et al., 1966, p. 9). Despite this regulation, city officials

began, from the late 1960's, to give serious consideration to developing

additional water supplies in Avra Valley for Tucson's burgeoning popula-

tion. In the last decade, the population of the city and environs has

increased nearly one and one half times to over 415,000 persons, with

commensurate increases in water demand. Rapid extension of the urban

area has shifted former use patterns, so that municipal needs are

becoming equal to those of agriculture. The 1975 water use estimates

for all user sectors are shown in Table 1 (Tellman, 1977, p. 20). It

should be noted that the farm use figure reflects predominant agricul-

tural use in the Cortaro-Marana district and Avra Valley.

Table 1. 1975 Water Use Estimates. -- In acre-feet.

User Water Pumped Consumptive Use

City of Tucson 70,000 35,000

Other urban users 20,000-50,000 18,000-40,000

TG & E 5,060 4,000-5,000

Mines 45,000-65,000 50,000-64,000

Farms 150,000-250,000 100,000-199,000
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These supply figures become more meaningful when compared to

estimates of annual natural recharge to the aquifer. Measurement of the

volume of water infiltrating to the groundwater table is difficult to

obtain, so that there is considerable disagreement between these esti-

mates as shown in Table 2 (Tellman, 1977, p. 11).

Table 2. Estimates of Present Groundwater Supply. --
In acre-feet.

Agency
	

Annual Recharge	 Area

U.S.G.S.	 90,000-150,000
	

Upper Santa Cruz
Basin and Avra
Valley

City of Tucson	 60,000-120,000	 Upper Santa Cruz
and Avra Valley

Arizona Water	 69,000	 Upper Santa Cruz
Commission

Depending upon the estimates chosen, the resulting annual over-

draft on the combined Upper Santa Cruz and Avra Valley aquifer ranges

from 70,000 acre-feet to 380,000 acre-feet.

The existing imbalance between water supply and demand in the

Basin is apparent, despite the variance in estimates. The hydrologic

effect of the annually increasing overdraft is steady decline in the

groundwater level throughout the area. Over the 28-year period from

1947-1975, the water table has declined an average of 75 feet. In areas

of concentrated use, the effects have been much greater. The maximum

decline was 172 feet in the Tucson Basin and 149 feet in northern Avra
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Valley. The annual rates of decline have also been increasing to an

average of 4 to 10 feet per year (Comprehensive Planning Process --

Phase IV, 1976, p. 4). The direct effect of this has been that a number

of wells have become non-productive or now require additional pumping

lift.

Resultant increases in water supply costs have not yet become

significant enough to greatly modify user practices. However, dramatic

cost increases are a future surety as supplies further diminish.

Present Water Supply 

The City of Tucson presently obtains its water supply from some

300 wells located throughout the metropolitan area, in the "bombing

range area" south of Tucson, and in southern Avra Valley. The respec-

tive percentages for the 1976 supply were 60%, 30%, and 10% (rellman,

1977, p. 21).

Attempts are being made to shift a large proportion of produc-

tion to Avra Valley as the productivity of Tucson wells decreases. City

officials estimate 35-40% of Tucson's water supply will be taken from

Avra Valley by 1986 (CPP, 1976, p. 6).

Due to the 1976 Arizona Supreme Court ruling on water importa-

tion, obtaining Avra Valley water will be extremely costly. The Court

specified that only 4 acre-feet per acre of retired farmland per year

may be imported. The city has purchased about 10,000 acres of land to

date at an average cost of $750 per acre (Tellman, 1977, p. 52). This

has allowed them to activate the 30 mgd capacity pipeline from the Ryan

Field area of the Avra Valley.
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Water Supply Alternatives 

Competition for existing water supplies will become more intense

as the resource picture worsens. The finite groundwater reserves will

not be able to support these collective demands for an extended period

of time. In order to protect the resource, and the community it sus-

tains, measures must be instituted to bring the annual supply and demand

into balance. Augmentation of existing water supplies will depend upon

successful development of potential supplies. An assessment of the

possible supply options available to the area requires the examination

of potential sources of water that could be incorporated into the

Basin's water supply system.

The primary options for supply augmentation are 1) importation

of water from other basins, 2) wastewater reclamation for agricultural

use, and 3) utilization of surface water supplies presently flowing out

of the basin.

The three places from which Tucson could possibly import water

are the Avra Valley, the San Pedro Valley, and the Colorado River.

Importation of additional water supplies from Avra Valley is

part of the city's future water plan. The desirability of such a pro-

gram is due to the relative accessibility of the water which requires

only 200 feet of pumping lift and the high quality of the water suitable

for municipal purposes. Problems associated with use of this source are

1) increased pumping and the lack of natural recharge in the area will

result in eventual depletion of the Valley's supply, and 2) the adverse
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environmental impacts of farmland retirement due to the time and diffi-

culty involved in returning it to desert vegetation (Tellman, 1977,

pp. 36-37).

The San Pedro Valley has sufficient reserves to provide Tucson

with a high quality continuous water supply. Delivery of this water

would require the acquisition of thirty miles of riverbed. Problems

associated with city land purchases in the area have temporarily shelved

any prospective plans for such a project. The excessive cost of land

purchases, energy needed for the required 1000 feet of lift, and project

operations is the primary drawback to importation from this area

(rellman, 1977, pp. 38-39).

Plans to import Colorado River water are presently underway

through the Central Arizona Project (CAP). According to tentative allo-

cation proposals, a maximum annual supply of 100,000 acre-feet would be

available to customers in Pima County. The City of Tucson would

initially be allocated 54,000 acre-feet annually, increasing to 90,000

acre-feet by 2035. The disadvantages to the CAP are that it is the most

expensive of the import alternatives, the quality of the water is rela-

tively poor, and the future adequacy of the supply is uncertain

(rellman, 1977, pp. 40-41).

Wastewater effluent is a potential source of significant water

supply for restricted use. On an annual basis, approximately 50% of the

water pumped into the city's system appears as return flow; the volume

of this flow was about 35,000 acre-feet in 1975 and is increasing by

about 1000 acre-feet per year (Cluff, DeCook, and Matlock, 1972, p. 3).
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Several plans have been proposed for reuse of this water. One

such scheeme is to transport the water from the sewage treatment plant

to the nearby Cortaro-Marana Irrigation District where it would be used

directly or recharged and pumped back for unrestricted irrigation use.

In exchange, an equal quantity of high quality water would be pumped out

of the area for municipal use in Tucson. Preliminary studies indicate

that such a program could feasibly be implemented.

The treated effluent was utilized for many years prior to 1971,

for irrigation of crops on lands downstream from the city's treatment

plant. However, in recent years, the quantities of available effluent

have far exceeded the local demand, so that virtually all of the

effluent is presently being discharged into the Santa Cruz River

channel (Cluff et al., 1972, pp. 3-4). Infiltration of these flows con-

tributes to aquifer recharge in the Cortaro area. Nitrate concentra-

tions were steadily increasing in the recharge area prior to 1971, but

present levels of nitrates seem to have stabilized at acceptable concen-

trations (Wilson, 1977, pers. comm.).

Use of the effluent as a continuous irrigation supply source

would require either regulated application of water in accordance with

crop nitrate demands or additional water treatment prior to aquifer

recharge.

The final alternative for supplementing the water supply is to

utilize available surface water which is presently leaving the basin

system. Water balance studies of the Tucson Basin indicate that a

sizable volume of water is lost to the system without contributing to
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groundwater recharge. Table 3 provides an approximation of the annual

water balance (Al-Hadithi et al., 1976, pp. 1-2).

Table 3. Water Balance of the Tucson Basin.

Inflow

Precipitation (total mean annual volume in basin
to Mexican border)

Streamflow in (measured at Nogales station)

Underf low in (Al-Hadithi et al., 1976)

Total Inflow

Outflow

Underflow out (Al-Hadithi et al., 1976)

Streamflow out (Santa Cruz River and Rillito
Creek flows)

Pumping (total volume less return flow)

Total Outflow

2,162,000 ac-ft/yr

13,000 ac-ft/yr

10,000 ac-ft/yr

2,185,000 ac-ft/yr

4,000 ac-ft/yr

27,000 ac-ft/yr

162,500 ac-ft/yr

193,500 ac-ft/yr

Subtracting outflow volume from inflow volume yields the actual

evaporation losses from the basin which amount to 1,992,000 acre-feet

per year. Assuming a maximum overall recovery efficiency of 5%, a maxi-

mum of about 99,000 acre-feet per year could potentially be salvaged for

beneficial use.

Major evapotranspiration losses occur from stream channels,

shallow infiltration beds, phreatophytic intake, and open standing

water. Studies would need to be undertaken to determine appropriate



13

water harvesting techniques for recovery of this water. A more readily

accessible source of potential supply is streamflow discharged out of

the drainage basin. Burkham's (1970) study of streamflow depletions in

the Santa Cruz indicates that about 65% of the river's annual discharge

flows out of the basin along the main reach of the channel. The equa-

tion found to best approximate the volume of infiltration in percentage

of inflow for the reach of river between Tucson and Cortaro is:

Infiltration (%) = 140(0
"inflow )

A plot of this relationship is shown in Figure 2. The percentage of

inflow which infiltrates into the stream channel decreases with the

intensity of discharge. More than 70% of the volume of flood flows

exceeding 3,600 acre-feet will be discharged out of the basin (Burkham,

1970, p. B17). This is important in view of the fact that the bulk of

annual streamflow is discharged during several storms in the summer and

winter flood seasons. Although mean annual streamflow is about 15,500

acre-feet, flood flow volumes ranging up to 41,900 acre-feet have been

recorded in a single storm. Recovery of these flood flows could repre-

sent a significant contribution to the Basin's water supply.

The major problems associated with exploitation of this poten-

tial supply are due to the variant nature of the river discharge.

Capture of the flood flows would require a sizable reservoir to accommo-

date the infrequent high magnitude flood events to regulate supply

outflows. Excessive evaporation losses associated with long-term

storage of this water would severely reduce supply benefits derived from
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Figure 2. Relation between Inflow Rates and Infiltration Rates for the
12.25 Mile Reach of the Santa Cruz River from Tucson to
Cortaro, Arizona.
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the project. These factors have, in the past, prevented serious con-

sideration of the Santa Cruz River as an additional supply source.

This study examines the feasibility of utilizing these flood

flows as a source of groundwater recharge. Large volumes of water can

be stored in the aquifer with little evaporation loss to be used as

demand requires.

The use of the Basin aquifer as an underground storage reservoir

may provide the only means of extended storage and use of surface water

supplies.

Productive application of recharge methodology in this area

depends upon a variety of physical and economic factors. An analysis of

these factors, unique to the study area, is undertaken in the following

chapters. The results of this study may have broad application to the

use of all potential water supplies in the Basin, including CAP water

and the city's sewage effluent. These sources of water were ignored in

this study in order to effectively focus upon the conjunctive potential

of Santa Cruz River flood flows and aquifer recharge. The initial step

in formulating a suitable recharge scheme is to understand the nature of

artificial recharge and the benefits and problems associated with its

use.



CHAPTER 2

ARTIFICIAL RECHARGE

Artificial recharge is the introduction of water, in excess of

natural infiltration, into subsurface deposits. The water becomes part

of the groundwater reservoir as it percolates or directly enters into

the zone of saturation. This may be accomplished by various techniques,

including water spreading on land surfaces, infiltration pits or basins,

and injection through wells. Regulation of the extent, movement, and

quality of groundwater reserves by these means implies large-scale,

long-term control over the subsurface resource (Brown and Signor, 1974,

pp. 152-153).

Recharge Applications 

Extensive recharge programs presently operate in the United

States and many other countries. Recharge technology has been success-

fully applied to diverse hydrogeologic conditions in order to solve a

wide variety of water supply problems.

The primary aims of recharge operations have been to allow for

1) dry season pumping at higher rates than natural aquifer flow, 2) pro-

vision of water storage for increased pumping rates, 3) replenishment of

overpumped aquifers, 4) purification of water through natural filtra-

tions, 5) improvement of groundwater quality by dilution, 6) flood con-

trol, 7) storage of cooling water for industrial purposes, 8) storage of

16
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heat required for heat pumps, and 9) provision of a fresh water barrier

against saline encroachment (Tison, 1970, p. 9).

These and other water management purposes may be met through

artificial recharge where suitable aquifers exist and satisfactory water

is available for recharging. The major benefits associated with the use

of aquifers to attain these objectives are 1) minimization of cost and

land requirement required for water storage, 2) greater storage

capacities than most surface reservoirs, 3) little or no water lost to

evapotranspiration, 4) natural transmission and distribution of water

within the aquifer system, 5) relative protection of water from organic

contamination and radical changes in chemical quality and temperature

(Cohen, Foxworthy, and Parker, 1967, p. 195).

Existing Recharge Programs 

Artificial recharge methods have broadened water management

capabilities throughout the world. A brief review of some of these

operations provides an insight into the scope and results of various

recharge practices.

Israel's centrally controlled national water supply system

represents the most extensive and sophisticated use of recharge tech-

niques. The system integrates surface water supplies, reclaimed sewage

effluent, and groundwater reserves into an efficient nation-wide dis-

tribution network. Supply regulation depends primarily on the coordina-

tion of recharge and pumping wells in the country's two major aquifer

systems. The coastal sandstone aquifer is recharged by means of

spreading basins and injection wells with water pumped and transported
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from the inland limestone-dolomite aquifer. Approximately 81,000 acre-

feet per year are recharged through spreading basins and an equal amount

injected through 150 wells (Cohen et al., 1967, pp. 196-197).

The Metropolitan Water District of Southern California operates

one of the largest recharge projects in the United States. This has

enabled them to meet the growing demands of a huge service population

while preventing overdrafts of the basin aquifers. About 100,000 acre-

feet per year of imported Colorado River water is recharged through

channel spreading and infiltration basins. An additional 4,800 acre-

feet per year is injected into 17 wells at the Manhattan Beach Project

to maintain a barrier against salt-water encroachment (Doshi and

Rancillo, 1976, p. 3). Another 30 to 40 thousand acre-feet of local

storm runoff from upland areas is captured and used to recharge the

Santa Clara Valley aquifers. In addition, more than 100 water-spreading

operations, using flash-flood runoff, are being successfully operated

throughout California (Cohen et al., 1967, pp. 197-198).

Artificial recharge is a major feature of the supply regimen of

Long Island, New York. This program allows for the maintenance of pres-

sure head balance between the fresh and salt water interface while about

340 million gallons per day are pumped from the aquifer. The aquifer is

recharged with about 112,000 acre-feet per year through storm-runoff

detention basins and about 34,000 acre-feet per year through 200

industrial and commercial basins. In addition, about 56,000 acre-feet

per year are injected through more than 1,000 recharge wells. About 90%

of this water is used for air conditioning and industrial cooling.
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These cases and many others have proven the usefulness of arti-

ficial recharge in programs of conjunctive use of surface and ground-

water supplies. However, numerous problems, both physical and techni-

cal, may have to be overcome before recharge can be successfully accom-

plished. Assurance of an operative system requires thorough analysis of

the physical character of the hydrogeologic system and the water to be

used for recharging.

Required Study Assessments 

The initial determinations to be made are where the recharge

site should be located and the appropriate method of inducing recharge.

The primary determinants of recharge site and methodology are the

defined purpose of the project, physical properties of surface and sub-

surface deposits, and the quantity and quality of the recharge water

supply.

The hydrogeologic character of the subsurface deposits deter-

mines the volume of water that can be stored and the rate of infiltra-

tion. Therefore, recharge potential is indicated by transmissivity and

storage capacity of the aquifer. The value of these parameters depends

upon 1) properties of the aquifer material, including permeability,

saturated thickness, and storage coefficient; 2) structural and

lithologic barriers; and 3) hydraulic gradients and depth to water.

The characteristics of the surface deposits related to infiltra-

rates are 1) texture, 2) permeability, 3) depth of soil profile,

4) presence of organic matter, and 5) degree of compaction (Ground Water

Basin Management, 1961, p. 75).
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The optimum location for a recharge site devoted to storage of

supplemental supply is an area characterized by relatively high values

of transmissivity and storage coefficient, considerable thickness of

dewatered sediments, and high quality of existing groundwater.

Additional technical considerations, affecting project design

and costs, are distance from the recharge water source, the degree of

urbanization in the area, and the changes in surface elevation between

the water capture and recharge sites (Doody, 1969, P. 395).

Recharge Methodology 

The method of recharge used primarily depends upon the character

of the surface deposits, the depth to groundwater in the area, and the

availability of suitable land. Spreading techniques, infiltration

basins, and pit recharge techniques are used in areas where the water

table is shallow and surface deposits are highly permeable. The primary

operational difficulty associated with these methods is clogging of the

infiltration surface with silt and organic particles. Maintenance of

adequate infiltration rates requires frequent drying, scraping, and

removal of debris from the soil surface (Ground Water Basin Management,

1961, p. 89).

Injection Well Use 

Injection wells are required in areas where surface infiltration

would prove ineffective because of low vertical permeability or con-

siderable depth to water. The presence of both of these conditions in

the Avra Valley indicates that artificial recharge could only be
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accomplished through the use of injection wells. This method of

recharge is generally less desirable than surface techniques because it

is typically more costly, presents greater operational difficulties, and

requires more maintenance.

The major problem associated with injection well use is mainte-

nance of desired recharge rates. The capacity of wells to absorb the

quantities of water injected depends on the following factors: 1) con-

veyance capacity of the surface installations and well equipment;

2) capacity of the aquifer formation to absorb water; 3) resistance to

inflow due to clogging of the screen, filterpack, and aquifer materials.

The latter factor is responsible for the usual decreases in

recharge well efficiency with time. Well clogging is caused by accumu-

lation of silt and clay on the face of the borehole and in the formation

interstices, bacterial and algal growths on the well casing, admission

of air into the aquifer's pores, chemical precipitation, and defloccula-

tion of clays due to the reaction of soil particles and high sodium

water (Osborne, 1969).

Most of these conditions are caused by inadequate treatment of

recharge water. The fact that pretreatment of injected water is not

standard practice on Long Island has resulted in severe deterioration of

recharge well capacities. Desired injection rates have been maintained

in Los Angeles County through a program of recharge water treatment and

thorough well maintenance (Cohen et al., 1967, p. 203).

Despite pretreatment of recharge water, some cumulative clogging

effects do occur. The initial rate of injection can be expected to
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decline along with the cumulative amounts injected and the duration of

recharge. In Israel, decreases in injection rates in high intake wells

were found to be 25% after a recharge volume of about 810 acre-feet and

50% after 1,620 acre-feet. The rates dropped from 25% to 80% in the

medium intake group after injection of several acre-feet. Further

injection without redevelopment sharply deteriorated the wells'

capacities (Harpaz, 1971, pp. 1950-1951).

A regular well maintenance program is required to control

excessive clogging. Depending upon the type of well used, redevelopment

methods of backwashing, intermittent pumping and surging, extended

periods of exclusive pumping (dual-purpose wells), and chemical treat-

ment have been found to be effective (Harpaz, 1971, p. 1955).

Water may be injected into the aquifer through injection wells,

specifically designed for artificial recharge, or ordinary production

wells. The type of well used will be dependent upon 1) the condition of

existing wells, 2) anticipated injection rates, 3) methods of redevelop-

ment used, 4) purpose of operation, and 5) cost of equipment and

installations (Harpaz, 1971, p. 1951).

Recharge wells are a very costly item in the economic analysis

of a project. The number of wells, their recharge capacity, and life

expectancy will greatly affect the economic feasibility of a recharge

scheme. The use of dual-purpose wells has several economic advantages

over the single-purpose injection well. In such recharge-pumping

systems an appreciably smaller number of new boreholes require drilling

and installation costs are much reduced. In addition, past experience
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has shown that much less clogging occurs in these wells so that recharge

wells have remained operational for many years. In Israel, where dual-

purpose wells are primarily used, it has been found that after a 3-month

period of exclusive pumping all of the wells recovered an average of 90%

(67%-100%) of their original capacity. Several years of pumping

restored the wells to their pre-recharge performance (Harpaz, 1971,

p. 1959).

The cost of the Avra Valley recharge scheme could be minimized

with the use of existing production wells. A coordinated schedule of

recharge and irrigation pumping periods would be required to maintain

desired well efficiencies.

Recharge Water Supply 

The hydrologic nature of the recharge water supply is the addi-

tional determinant of project design and cost. In terms of required

handling and treatment of the water, the important parameters are the

quantity, regularity and quality of the supply. The feasibility of the

project will initially depend upon quantification of the potential

supply. The expected volume of recharge water supply must be sufficient

to warrant the anticipated costs of project construction and operation.

Dependency on flood flows as the recharge supply presents a particular

difficulty in this regard due to the supply uncertainty. Design

capacities of the recharge system, including capture and storate, treat-

ment, conveyance, and recharge facilities, will depend upon the expected

volume of salvageable flood flows. Therefore, selection of a design
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volume should represent a balance between expected project benefits and

costs.

The regularity of the recharge supply flow will primarily affect

the project operation. Modification of storage, treatment, and recharge

schedules may be required to accommodate excessive variance of flood

flows. The degree of operational change will depend upon the method of

recharge being used. Spreading basins are particularly suited to the

handling of fluctuating flows. Effects on injection wells are much

greater because of required recharge water quality and limited well

capacities.

The duration of flood flow storage should allow for adequate

settling of the entrained sediment. Recharge water flow into the injec-

tion wells must be relatively uniform, so that storage and treatment

periods must be adjusted accordingly (Ground Water Basin Management,

1961, p. 74).

Successful long-term operation of the recharge project depends

largely upon the quality of the recharged water. Natural purification

processes of the aquifer will improve the quality of recharged water,

but the water must initially be of good quality to prevent excessive

clogging and/or organic contamination of the recharge mechanism and the

aquifer. This is of particular importance when injection wells are used

for recharge. Sustained recharge rates and frequency of maintenance

directly coincide with the standard of water quality. The chemistry of

the recharge water should also be compatible with that of the native



25

groundwater to avoid precipitation of dissolved solids on the well

screen or aquifer material.

The primary quality objective with regard to well operation is

removal of suspended solids. This is of particular concern when flood

flows are the source of water supply.

Treatment of Recharge Water 

In order to maintain groundwater quality and recharge well effi-

ciency, salvaged water supplies should undergo tertiary treatment. The

costs of construction and operation of conventional tertiary treatment

works is prohibitive for most recharge projects. Simpler and less

expensive methods of land treatment have been successfully employed to

achieve tertiary quality results. Effective methods include the use of

infiltration basins, grass filtration plots, and a combined grass-soil

filtration system. These treatment systems utilize the natural purifi-

cation processes provided by the physical, biological, and chemical

character of the soil and/or vegetation. The particular method employed

depends upon the initial quality of the untreated water, the proposed

method of recharge, and the intended use of the treated water.

Infiltration basins provide an efficient means of treatment in

areas where surface sediments are highly permeable. In cases where the

recharge water is of initial high quality, these basins may serve a dual

purpose of treatment and groundwater recharge. The water is further

purified as it infiltrates into the basin surface and travels to the

groundwater table. Infiltration basin systems are presently being used

throughout California with satisfactory results.
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Use of infiltration basins for renovating secondary sewage

effluent has been tested by Bouwer (1977) in the experimental Flushing

Meadows project at the Salt River west of Phoenix, Arizona. The key to

effective operation of this system is adherence to a schedule of inter-

mittent flooding and drying cycles. Wastewater renovated by this method

was of consistently high quality, essentially free of all suspended

solids, nitrates, bacteria, and biodegradable organic compounds.

Refractory organic compounds, which are nonbiodegradable, were found in

the treated water in concentrations up to 5 mg/l. The effects of these

compounds on human health is not yet known so that sewage effluent reuse

for drinking water is not recommended (Bouwer, 1977, p. 20).

Infiltration basins cannot be effectively used to treat water

containing high concentrations of suspended solids. Sediment loads

greater than 10 mg/1 will cause rapid clogging of the basin surface.

Frequent drying and scraping of these surfaces would be required to

maintain effective operation of the system (Bouwer, 1977, p. 3).

Land treatment methods of grass filtration and grass-soil fil-

tration have been successfully used to treat surface waters with large

quantities of entrained sediment. In a grass filtration system, water

is applied to a sloped grass-covered plot. The vegetation diffuses and

slows the flow of water, causing deposition of sediment during runoff.

The conditions affecting sedimentation efficiency appear to be land

slopes, application rate, quantity and quality of turbidity, and vegeta-

tive characteristics (Wilson, 1967, p. 3).
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Varied quality results have been obtained with use of the grass

filtration method. Tests done in Safford, Arizona (Wilson, 1967),

showed that Bermuda grass plots could remove 95% of suspended sediment

at a loading rate of 1.4 acre-feet per day per acre. Popkin (1973)

obtained a 34% removal efficiency with a loading rate of 8.9 acre-feet

per acre per day. Grass filters used in Bayard, Nebraska, for treatment

of sugar beet wastewater provide 99% reduction of suspended solids with

a loading rate of 0.054 acre-foot per day per acre (Wilson, 1967, p. 1).

In addition to removal of sediment, grass filtration provides

treatment of other water quality variables, including BOD, COD,

turbidity, and total and fecal conforms.

The resulting water may be suitable for a range of uses from

contact recreation to drinking water. This will depend upon the initial

quality of the water and the use of additional means of treatment,

including settling and chlorination (Popkin, 1973).

The major limitation of grass filtration treatment with regard

to recharge water is its ineffectiveness in removing colloidal-sized

particles. Essentially complete removal of all suspended solids is

necessary when recharge wells are used to maintain desired recharge

rates.

Removal of colloidal sediment and effective treatment of other

quality variables appears to be possible with a grass-soil filtration

system. Operation of this system consists of applying water to a

permeable soil lysimeter which has a sloped, grass-covered surface. The

water percolates through the soil column and is collected by a network
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of slotted pipeline (Popkin, 1973, pp. 20-21). Water treatment is

accomplished by the processes of mechanical sedimentation and chemical

adsorption. The system parameters affecting operative results are land

slope, loading rates, vegetative and soil characteristics, and infiltra-

tion plot depth (Popkin, 1973, pp. 12-13).

The quality results achieved with this system are comparable to

those obtained with conventional tertiary treatment works. Using a

loading rate of 1.5 acre-feet per day per acre, Popkin (1973) recorded

reductions of 95-99% for COD, suspended solids, turbidity, and total and

fecal coliforms in treated surface runoff.

Consistent production of this quality of water would allow for

unrestricted use of the recharge water. Settling prior to treatment and

chlorination of the water should insure its acceptability for well

recharge and its suitability for municipal use.

Study Assessments 

The formulation of a recharge scheme for the Avra Valley

requires a two-part analysis of physical and technical factors.

The physical assessment includes determination of the geologic

and hydrogeologic character of the valley and the hydrologic conditions

of the Santa Cruz River.

The technical assessment consists of applying these physical

parameters in order to develop system design specifications. Implemen-

tation of the proposed recharge scheme will require facilities for

capture and temporary storage of the flood flows, high-rate infiltration,

conveyance to Avra Valley, and injection well recharge.
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In conjunction with technical considerations, an economic

analysis is required to provide a comparison of estimated costs and

benefits of the project.

These varied assessments will serve as a measure of the physical

and economic feasibility of the proposed recharge project.



CHAPTER 3

AQUIFER RECHARGE IN AVRA VALLEY

Determination of the physical feasibility of aquifer recharge in

Avra Valley necessitates examination of areal geologic and hydrologic

conditions, and hydrologic and water quality characteristics of the

recharge water source. These physical parameters will serve as the

guidelines for specification of a suitable recharge system.

Description of Area 

The Avra Valley (Figure 3) comprises the lower 350 square miles

of a larger northwest-trending basins of which Altar Valley is the upper

part. The valley is bounded by a series of mountain ranges; to the west

lie the Silver Bell, Watermann, and Roskruge Mountains; and to the east

lie the Tucson Mountains which separate the valley from the Tucson

Basin.

The mountains that border Avra Valley are drained by Robles and

Blanco Washes which flow into the main drainage of Brawley Wash in the

central part of the valley. Avra Valley is divided into the following

sub-areas: the Three Points area, the Ryan Field area, the Central

Valley area, and the Marana area (White et al., 1966, pp. 3 and 9).

30
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Figure 3. Map of the Avra Valley Area.
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Geologic Setting 

The general geologic character of the Avra Valley is similar to

that of other valley basins in the Basin and Range lowlands province.

Dense, impermeable bedrock forms the mountains that bound the flat-lying

valley floor. Pediment areas, with shallow depth to bedrock, extend

valleyward for varying distances from the base of the mountains. In the

central portion of the valley, the bedrock is overlain by considerable

thicknesses of alluvial sediments (White et al., 1966, p. 16).

Along the west side of Avra Valley, the rocks in the Silver Bell

Mountains are chiefly Cretaceous in age, except for an area of Pre-

cambrian granite and crystalline rock, and diabase outcrops that range in

age from Late Precambrian to Tertiary. The Roskruge Mountains are

mostly composed of rhyolite and andesite, with the exception of the

northeast slope where volcanic and sedimentary rocks of Cretaceous age

predominate. On the east side of the valley, along the western slope of

the Tucson Mountains, granite rocks of Tertiary age predominate. On the

higher slopes and at the north end of the mountains, rhyolite, ande-

site, and granite are present. Virtually all of these rocks are of

an impermeable nature which serve to retain the existing groundwater in

the valley trough (White et al., 1966, pp. 17-18). Fractures occurring

in these mountains' base rock allow for infiltration of significant

volumes of surface runoff (Simpson, 1977, pers. comm.).

In hydrologic terms, the most important part of the valley

geology is the distribution of the highly permeable alluvial sediments.

The alluvium, which consists of permeable lenses of sand and gravel
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interbedded with clay and silt, comprises the water-bearing strata of

the basin aquifer.

Seismic studies (West, 1970), undertaken to determine the thick-

ness of the alluvial fill, indicate the presence of four rather distinct

layers of sediment which were correlated with borehole samples.

The upper layer of unconsolidated dry material ranges from 145

to 300 feet in thickness. The second layer was found to be between 30

to 325 feet thick. A third layer represented the greatest thickness

from 1800 feet to 2100 feet. The latter two layers are correlated with

the semi-consolidated to consolidated saturated material of the valley

fill. The fourth layer is either well-indurated sediment or baseline

rock (West, 1970, p. 49). The greatest thicknesses of sediment occur

along the central portion of the valley, tapering to shallow depths along

the mountain fronts. Most all of the water-bearing alluvium appears to

be interconnected, at least to a depth of 700 feet, forming a single

water table aquifer. There is evidence from several well logs that

water below a depth of about 1,100 feet is confined below less permeable

materials and may rise above the regional water table in parts of the

area. The presence or extent of a confined aquifer cannot yet be veri-

fied with existing data (White et al., 1966, pp. 19-20).

Hydrologic Setting 

Occurrence and Movement of Groundwater

Historical changes in the direction and rate of groundwater

movement and the depth to water in the Avra Valley can be seen by
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comparison of water level contour maps. The 1940 contour map (Figure 4)

indicates existing conditions prior to any significant groundwater

development in the area. The slope of the water surface was generally

northeastward and then northward, conforming to the general slope of the

land surface and the trend of its main drainage. Groundwater moved from

the mountain areas toward the central valley, while some water moved

from the Altar Valley into the Three Points area. A similar volume of

basin outflow moved out of the north end of the valley into the Santa

Cruz Basin.

Slight alteration in this flow pattern has occured in response

to the extensive agricultural development in the valley since 1950. At

the present time, about 30,000 acres of land are under cultivation,

requiring an annual withdrawal of about 115,000 acre-feet.

The 1974 water-level contours in the valley show the cumulative

results of groundwater pumping (Figure 5). Most of the changes in flow

direction have been minor except in the central valley area where the

greatest development has taken place. The contours show a slight

steepening of the water surface gradient into the Three Points area and

a slightly greater steepening at the north end of the valley where

groundwater moves into the highly developed Eloy area of the lower Santa

Cruz Basin. These changes in the natural inflow and outflow rates into

the valley are probably minor in relation to the large amount of water

withdrawn from storage. However, this condition will inevitably worsen

with continued pumping (White et al., 1966, pp. 20 and 27).

Significant declines have occurred in the groundwater levels

throughout the valley since 1940. The range of declines is from 25 feet
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to 175 feet. The greatest declines have occurred in the agriculturally

developed areas of the central valley and Marana. Water levels have

been declining here at annual rates of 6 to 12 feet in recent years.

The areas of least decline are Three Points and Ryan Field, where the

city is presently pumping.

Hydrologic Characteristics of the Aquifer

The effects of the present pumping practices on the Avra Valley

aquifer depend upon the hydrologic characteristics of the aquifer that

determine the storage capacity, the total amount of water available for

use, and the rate of groundwater transmission. Determination of these

characteristics is required in order to ascertain the physics of the

groundwater system and assess the development potential of the water

resource.

Aquifer Transmissivity

The areal distribution of transmissivity was estimated from

specific capacity data taken from about 100 wells throughout the valley

(Soils, Water and Engineering Department, 1942). The relationship

between specific capacity and transmissivity, as expressed by the

equation

T = 1700 Cs

where T = aquifer transmissivity (in gpd/ft) and Cs = specific capacity

of wells (in gpm per foot of drawdown), was applied to the set of data

points. The empirical coefficient of 1700 was determined from the
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limited aquifer test data available. Estimates of transmissivity cal-

culated by this method will tend to be lower than the actual values

since specific capacity is a function of well efficiency in addition to

aquifer properties. The error introduced by this factor may be rela-

tively small because the specific capacity data were taken at the time

of completion of the wells when well efficiency is apt to be high. How-

ever, the estimated transmissivity values serve only as indicators of

the magnitude of the actual values and their areal distribution.

Transmissivity of the Avra Valley aquifer ranges from about

16,000 gallons per day per foot (gpd/ft) to 194,000	 d/ft. The overall

average transmissivity for the valley is about 90,000 d/ft.

In the Three Points area, the average value is about 65,000

gpd/ft, in the Ryan Field area it is about 75,000 d/ft, in the central

valley area it is about 70,000 d/ft, and in the Marana area it is

about 107,000 d/ft. The highest single values of transmissivity,

ranging from 118,000 d/ft to 194,000 d/ft, are found in both the

central valley and Marana areas.

These estimates of transmissivity represent values for the

upper 500 to 700 feet of aquifer material since this is the depth of

aquifer penetrated by the tested wells.

Aquifer Storage Coefficient

The coefficient of storage for the Avra Valley aquifer was com-

puted according to the balance between the amount of water withdrawn

from storage and the resultant dewatering of the aquifer. It was

assumed that the area's natural inflow and outflow were of the same
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order of magnitude, so that the volume of groundwater pumped divided by

the volume of dewatered sediment yields the storage coefficient. During

the period from spring 1955 to spring 1965, about 1.2 million acre-feet

of water were pumped, dewatering about 7.3 million acre-feet of sedi-

ments in the valley. The resulting coefficient of storage is about

0.16 which should be adjusted to 0.15 to account for inflow in slight

excess of outflow (White et al., 1966, pp. 31 and 36).

Storage Capacity

The storage capacity of an aquifer is an expression of the

volume of space available to contain water. The total volume of water

in storage is a function of the volume of the saturated sediments and

the aquifer's coefficient of storage. The United States Geological

Survey made a measurement of storage capacity based on 1965 water level

data. It was determined that the total volume of saturated material

below the 1965 water table to depths of 1000 feet was about 110 million

acre-feet. From 1965 to 1976, about 9.12 million acre-feet of sediments

were dewatered. Therefore, with an aquifer storage coefficient of .15,

a maximum of about 15 million acre-feet of groundwater presently is

storage in Avra Valley. The actual volume of water that can be pumped

from the aquifer may be considerably less, depending upon the distribu-

tion of transmissivity, the efficiency and distribution of pumping wells,

the areal depth-to-groundwater, and groundwater quality (White et al.,

1966, pp. 36 and 39).
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Chemical Quality of Groundwater

The quality of groundwater is of major importance to the assess-

ment of available water supply and the potential for aquifer recharge.

The nature of water use is determined by the standard quality of this

water supply. Therefore, it is important to determine whether, if in

the process of aquifer recharge, either the native or recharge water

quality would be subject to contamination. These waters must also be

chemically compatible in order to avoid clogging or contamination of the

recharge system. The quality of the resulting water "mixture" will

depend upon the chemical quality of each water supply.

The high quality of groundwater in the Avra Valley makes it

suitable for all water supply purposes. The chief use of the water,

however, is for irrigation of crops. The water quality parameter of

major importance to agricultural use is the concentration of dissolved

solids. The water must be sufficiently low in dissolved solids content

to avoid excessive accumulation in the soil.

No standard limits have been set for permissible concentrations

of dissolved solids, but water has been classified for such use on the

basis of percent sodium and specific conductance (Wilcox, 1948, p. 26).

Chemical analyses of groundwater from selected wells are shown in

Table 4 (White et al., 1966, p. 63). The total dissolved solids con-

tent, in parts per million, is about 0.6 of the specific conductance.

The specific conductance of the water from wells along the central

drainage of the valley generally ranges from 350 (micromhos at 25 °C) to
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nearly 600, which is within the "excellent to good" range for irrigation

water as classified by Wilcox (1948).

The majority of the sampling data was taken from wells less than

600 feet deep. However, several wells drilled by the city at depths

from 1,000 to 1,800 feet had values of specific conductance similar to

those of the shallower wells.

The water from all the wells sampled in the valley was within

the 500 milligrams per liter limit for total dissolved solids as estab-

lished by the U. S. Public Health Service for drinking purposes. The

recommended limit for fluoride concentration is about 0.8 milligrams per

liter, with an optimum value of 0.7 milligrams per liter (U.S. Public

Health Service, 1962, p. 8). A few water samples, taken from deep

wells, had a fluoride content in excess of these amounts. There may be

an increase of fluoride concentrations with depth in the valley aquifer.

Present data are insufficient to establish the reasons for this

(White et al., 1966, p. 28).

The concentrations of other chemical constituents as shown on

Table 5, most notably sulfates, are sufficiently low to avoid contamina-

tion or chemical reaction with relatively high quality recharge water.

Hydrologic Assessment of the Santa Cruz River 

Precipitation and Streamflow

The Santa Cruz River is the principal channel for drainage of

surface storm runoff in southern Arizona. Overland flow is contributed

to the river from a drainage area of about 3851 square miles. For most
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of its length, the river is classified as ephemeral with flow occurring

only in response to runoff from precipitation (Wilson, Percious, and

Osborne, 1968, p. 6).

The average annual precipitation, which is extremely variable

from year to year, ranges from about 30 inches in some of the mountains

around the Tucson Basin to about 10 inches on the valley floor near

Tucson. The precipitation that falls on the basin is either lost to

evapotranspiration, infiltrates into the soil, or reaches the stream

channel in ratios dependent upon the type of storm, temperature, type

and density of vegatation, and topography (Condes de la Torre, 1970,

p. A6). The percentage of rainfall that reaches the stream channels is

extremely low. The average ratio of streamflow to rainfall volume,

calculated for the Santa Cruz River at Tucson, is about 0.6 percent

(Schwalen, 1942, pp. 468-469).

The majority of the river flow occurs during the basin's two

distinct rainy seasons. A summer rainy season, which normally provides

over 50 percent of the annual rainfall, begins in the latter part of June

and extends through September. The winter rainy season generally runs

from November through March.

Most summer rains occur as thunderstorms which are usually of

short duration, high intensity, and small areal extent. These storms

produce short-lived river flows, often resulting in local flooding and

erosion (Schwalen and Shaw, 1957, p. 78). Limited recharge to the

groundwater is provided by these flows since more than 65 percent of the
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water may be discharged out of the basin through the Rillito Narrows

(Burkham, 1970).

The winter rainfall is generally associated with cyclonic storms

from the west on a southeasterly course. Individual storms may be of

several days duration and of wide areal extent. The low and steady

intensity of this precipitation is conducive to storage of large amounts

of water as surface soil moisture which does not usually reach the

groundwater table. In the higher elevations, in the form of snow, it

provides an important source of groundwater recharge during the spring

thaw (Condes de la Torre, 1970, p. A10).

A significant proportion of the peak river flows leave the

basin, but an estimated 75% of the annual streamflow infiltrates into

the highly permeable stream channels. Burkham (1970) calculated that

the average annual infiltration rate in the northern reach of the Santa

Cruz River ranges from 320 to 480 acre-feet per mile. Some unknown

portion of this water reaches the water table as indicated by recorded

fluctuations in water levels in wells along the river (Condes de la

Torre, 1970, p. A9).

Water Supply Potential 

The relative suitability of the river flow for the development

of a continuous water supply is dependent upon the volume and varia-

bility of streamflow. The extreme variability of the annual Santa Cruz

River streamflow is indicated by the statistical indices in Table 6.
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Table 6. Streamflow Statistics for Santa Cruz River, Tucson Station.

ExtremesAnnual	 Standard	 Coefficient
Period of	 Mean	 (ac-ft) 

Deviation	 of
Record	 (ac-ft)	 High	 Low	 (ac-ft)	 Variation	 Skewness

1946-1976	 15,300	 50,180	 935	 14,300	 .94	 1.19

The high values of the coefficients of variation and skewness

indicate that the mean annual flow is not representative of the amount

of flow that occurs with regularity from year to year (Condes de la

Torre, 1970, pp. A10-A11). The character and volume of streamflow can

best be examined by application of various statistical analyses to the

data record. These methods give some indication of the variability of

streamflow, occurrence of drought, and expected volumes of streamflow.

The following analyses provide an indication of the consistency

of streamflow with regard to delivery of a constant water supply. The

time distribution of streamflow can be expressed by a flow duration

curve. This is a cumulative frequency curve that shows the percentage

of time specified discharges are equalled or exceeded in a given period.

The percentage of flood flows within a 28-year period that will

equal or exceed selected discharges is given in Table 7 (Condes de la

Torre, 1970, p. Al2).
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Table 7.	 Percent of Santa Cruz River Flood Flows Equal to
or Greater than Selected Discharges during a
28-Year Period (1936-1954).

Station

Discharge (cfs)

1 5	 18 50 100

Santa Cruz River at Tucson

Santa Cruz at Cortaro

11

13

	

8	 7

	

11	 9

4

6

3

4

An indication of the chronological sequences of the occurrence

of low flows is given by the recurrence interval for a specified dis-

charge. The recurrence intervals calculated for 183-day mean flows of

1 cubic foot per second (cfs) and 5 cfs are shown in Table 8 (Condes de

la Torre, 1970, p. A15).

Table 8. Recurrence Interval of 183-Day Mean Flows
of 1 cfs and 5 cfs, Santa Cruz River.

Recurrence Interval (years) Gauging
Station	 Flow of 1 cfs	 Flow of 5 cfs

Tucson	 <2	 <2

Cortaro	 <2	 3.2

The relatively long intervals associated with periods of sus-

tained minimal discharges indicate the lack of sustained flow in the

river which is dry an average of 310 days a year.
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The preceding statistical information is of particular impor-

tance to the evaluation of the surface water resource as a source of con-

tinuous supply. It is apparent that the nature of streamflow is such

that even a minimal amount of flow could not be supplied with consis-

tency on a short-term delivery schedule. Surface storage would be

required to regulate and accumulate volumes of streamflow over a long

period. Water storage in a standard surface reservoir would result in a

dry reservoir during most of the year and excessive evaporation loss of

flood flows exceeding the desired draft rate.

Use of the streamflow as recharge water would avoid the majority

of storage constraints and losses. In this particular region, the

feasibility of artificial recharge of the flood flows will define the

potential of the Santa Cruz River as a supply source.

The statistical information required for the development of a

recharge scheme is the expected volume of river flow on both a short-

and long-term basis. Long-term estimates of flow volumes are generally

better indicators of supply potential than short-term estimates which

are more subject to streamflow variability.

General standard methods of analysis were applied to a 31-year

record (1946-1976) of streamflow data, taken from the U.S.G.S. Santa

Cruz River gauging station at Tucson, to obtain a historical assessment

of volumes of river flow. The distribution of varying magnitudes of

flood events is shown in the histograms in Figure 6. This graphical

representation makes apparent the inconsistency of volumes of streamflow
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from year to year. This is also reflected in the data statistics shown

in the preceding Table 7.

The standard deviation is nearly equal to the annual mean and

the skewness coefficient indicates that the distribution of annual

streamflow tends to be skewed toward the low side of the mean figure.

The cumulative frequency curve shon in Figure 7 provides an

indication of the distribution of annual volumes of streamflow. The

wide range of data point distribution further reflects the variability

of flood flow magnitudes. In addition, it indicates that annual flows

in excess of 17,500 acre-feet occur infrequently.

Relative frequencies were assigned to monthly and annual

streamflow data for the period of record to derive the probabilities

associated with the occurrence of flood flows of varying magnitudes.

Streamflow data were analyzed only for those months which had some

measurable flow for 50% of the record period. The remaining months

contributed only a small proportion of the total annual mean flow of the

river. The volumes of flood flow associated with selected probabilities

are given in Tables 9 and 10.

Surface Water Quality Assessment

Streamflow in the main drainage channels throughout the Tucson

Basin is generally of excellent chemical quality. The specific chemical

constituents of the surface water varies with geohydrologic environment

in the Basin. According to its source and location, surface water may

be divided into six main types. Water classification is based upon the

relative amounts of four major ions: calcium, sodium, bicarbonate, and
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Table 9. Percent Probability of Occurrence of Specified
Mean Monthly Streamflows. -- In acre-feet.

Month of Percent Probability of Occurrence
Record 50% 20% 10% 5% 3.3%

October 29 370 1,010 2,320 5,320

November 1.0 50 246 672 1,050

December 1.8 36 306 18,340 35,200

January .8 20 308 2,100 8,580

February .2 18 57 1,790 7,920

July 2,170 5,530 8,040 16,950 26,420

August 3,560 10,180 12,440 14,630 41,920

September 780 2,620 3,050 3,800 17,880

Table 10. Percent Probability of Occurrence and Return
Periods of Specified Annual Mean Streamflow
Volumes.

Streamflow
(ac-ft)

Percent Probability
of Occurrence

Return Period
(years)

10,340 50 2

20,730 20 5

38,140 10 10

43,140 5 20

50,180 3.3 31
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sulfate. Streamflow in the basin's main channels is normally a calcium

bicarbonate or calcium sodium bicarbonate type. The chemical composi-

tion of the water in the Santa Cruz River varies somewhat throughout the

year, being either of a calcium bicarbonate type, a calcium sodium

bicarbonate type, or occasionally a calcium sodium sulfate type (Laney,

1972, p. D34).

The range and mean of chemical constituents, calcium to sodium

ratios, and bicarbonate to sulfate ratios in the Santa Cruz River water

are given in Table 11 (Laney, 1972, p. D12).

Table 11.	 Range and Mean of Chemical Constituents
in Santa Cruz River Water. -- In mg/l.

Constituent Range Mean

Silica 11-46 24

Calcium 25-90 47

Magnesium 2-14 7

Sodium 13-44 28

Bicarbonate 98-194 137

Sulfate 18-160 65

Chloride 8-38 16

Fluoride .4-.7 .5

Dissolved solids 102-585 198

Ca/Na 1.32-2.59 1.99

HCO
3
/SO

4 .95-8.03 3.20
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These concentrations of chemical constituents are similar to

those of the groundwater throughout the basin. Therefore, no potential

problems of chemical contamination would result from the recharging of

this water. The streamflow, however, generally contains large amounts

of suspended sediment which would be of primary concern to recharge

operations.

Sediment concentrations, measured during a 10-year period

(1959-1969), ranged from 7,180 mg/1 to 46,600 mg/l. The sediment dis-

charge for the Santa Cruz River, during this testing period, is given in

Table 12 (Laney, 1972, p. D13).

Table 12. Water and Suspended Sediment Discharges,
Santa Cruz River.

Suspended Sediment Water
Discharge	 Concentration	 Discharge

(cfs)	 (mg/1)	 (tons per day)

543 13,200 19,400

135 7,180 2,620

20 4,300 232

4,000 44,500 481,000

1,100 30,100 89,400

350 20,300 19,200

430 20,200 23,500

1,200 39,000 126,000

1,900 44,300 227,000

1,700 46,600 214,000

160 28,600 12,400

120 18,800 6,090

41 15,100 1,670
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These measurements show that sediment concentrations tend to

increase slightly in relation to an increase in river discharge and

large amounts of sediment are transported during periods of high flow.

Removal of the sediment would be required prior to water treat-

ment. There are several methods of sediment removal that have been used

in other recharge programs with varying degrees of success, including

mechanical filters, chemical flocculants, and land treatment. However,

removal of this excessive volume of sediment might require a combination

of treatment methods.

A significant amount of sediment would be removed by natural

settling processes in a temporary storage reservoir. Settled sediments

in the reservoir would reduce seepage losses in the reservoir but will

also shorten its useful life. Studies would be required to determine

the degree of sediment settling with storage times and the degree of

additional treatment needed.

The final water quality parameter of importance to aquifer

recharge is organic content. Although no data pertaining to streamflow

were available, it is certain that organic removal would be required.

Urban runoff from Tucson would undoubtedly contribute high concentra-

tion of bacteria and organic compounds to the Santa Cruz River flow.

The presence of these contaminants reinforces the need for tertiary

degree treatment prior to aquifer recharge.

Project Specifications for Recharge in Avra Valley 

Development of an optimal plan for artificial recharge in the

Avra Valley depends upon two basic design considerations.
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The recharge project system should be designed in order to

derive maximum benefit from the supplementary water supply in terms of

existing and projected water use practices. This will affect both

project location and size. In addition, it should represent a balance

between the maximum utilization of the potential supply and project

costs.

These two requirements, along with the existing physical and

hydrologic conditions, will define the capabilities and limitations of

the recharge system. The project specifications to be made in accordance

with economic, physical, and technical factors are 1) location of the

recharge site, 2) location and design of flood flow storage facilities,

3) design of treatment works, 4) location and design of recharge water

transmission lines, and 5) location and operation of the recharge well

field.

Location of Avra Valley Recharge Site

The selection of a site for aquifer recharge within Avra Valley

is primarily dependent upon the hydrologic parameters discussed in the

preceding physical assessment. There is little areal variance in

aquifer storage coefficient or groundwater quality, so that the major

physical determinants of site desirability are values of transmissivity

and depth to groundwater.

An additional consideration is the location of city pumping

facilities. Initiation of the proposed water exchange program would be

expedited by the placement of city wells within relatively close

proximity to the recharge site.
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Two valley areas, in the central valley and Marana, present

suitable locations for recharge with regard to all of these factors.

The specific location of these two sites is shown on the map in

Figure 8.

The highest estimated values of aquifer transmissivity lie

within these two areas. The estimated values of transmissivity, cal-

culated from specific capacity data, range from about 50,000 d/ft to

194,000 d/ft. in the central valley region with an average of about

113,000 gpd/ft.

Transmissivities in Marana range from about 25,000 to 180,000

gpd/ft with an average of 110,000 d/ft. These relatively high trans-

missivities indicate that comparably high recharge water acceptance

rates of the aquifer would occur in both vicinities.

The increased well productivity, associated with high values of

transmissivity, would help to insure maintenance of desired recharge

rates and well capacities.

One of the basic conditions of aquifer recharge is that suffi-

cient volumes of dewatered sediments exist within an area to contain the

recharged water. The two proposed sites have been the areas of greatest

water level declines in the valley, making them most amenable to

recharge. Groundwater levels in both areas have declined from 125 to

175 feet since 1940 (Matlock and Morin, 1974, p. 46). Therefore, the

approximate volume of dewatered sediments available for storage within

the central valley and Marana sites are 1.30x10 6 acre-feet and 1.10x10
6

acre-feet, respectively. This represents a storage capacity of about
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200,000 acre-feet of water and 170,000 acre-feet of water. These

volumes of dewatered sediments are sufficient to avoid exceeding

storage capacities over a long period of recharge if local pumping is

continued.

Recharge Effects

The areal effects of recharge on groundwater levels over time

may be approximated with the use of the Theis non-equilibrium formula

for drawdown in a water table aquifer. The hydrologic effects produced

by recharge are approximately the reverse of those produced by pumping

at similar rates of discharge (Walton, 1970, p. 129).

Discharge-drawdown relationships were derived for recharge

effects after periods of one, ten, and fifty years. The rate of

recharge of 41.7 acre-feet/day used in the calculation of water level

changes represents the amount of daily water supply available from

salvaged flood flows. This figure was derived through optimization of

reservoir storage capacity as discussed in the following section.

All recharge wells were assumed to be a part of a single pumping

center recharging the total daily supply from the center of each

recharge site. The value of transmissivity of 113,000 d/ft was chosen

to represent the average value at both sites. Distance-drawdown curves

approximating localized recharge effects were constructed with the

following Theis equations:

t = number of days of pumping,

T = 113,000 gallons per day per foot,

S = storage coefficient = .15, and
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Q = 41.7 acre-feet per day,

= 9.44 x 10 3 gallons per minute.

As = change in water table elevation in feet per lag cycle of distance

(Briggs and Fielder, 1972):

As = 528 Q/T

r
o = intercept point of curve at which recharge becomes zero (feet):

r
o = (.3Tt/S)

1/2

r = virtual radius of the cone of depression in feet (Walton, 1970,

p. 131):

r = (uTt/1.87S) 112

where u is derived from W(u):

W(u) = sT/114.6 Q

r
c 
= intercept point at which recharge curve tends toward a straight

line (feet):

r
c = (uTt/1.87X)

1/2
where u = .01 foot.

Table 13 represents areal recharge effects with time as obtained from

the preceding formulas.
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Table 13. Recharge Effect with Distance from Avra Valley
Recharge Sites.

Distance from
Pumping Center 	 Water Table Recharge (feet) 

(feet)	 1 Year	 10 Years	 50 Years

10 129 152 184

100 86 108 124

1,000 43 65 80

10,000 0 20 36

The distance from the recharge center at which the recharge

effect diminishes to zero feet is 1.72 miles after one year, 5.44 miles

after 10 years, and 13.05 miles after 50 years. The actual amount of

recharge will be less than the given values due to an annual drawdown

of 4 to 10 feet from irrigation pumping within these areas.

Effects of recharge at either of the proposed sites will be

development of a groundwater mound which will gradually extend outward

over a long period of time. The shape and movement of the mound will be

affected by the number, placement, and recharge rate of the injection

wells.

The City of Tucson would increase pumpage in the Ryan Field area

if the central recharge site was utilized. The Ryan Field area is

located about 12 miles from this site, so that recharge influence would

not extend into this area for almost 50 years. This period of recharge

water detention would likely insure adequate bacterial purification of

the water, although organic constituents might restrict its use.
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Recharge at the Marana site would require withdrawal of city

water supplies from the Cortaro area which is located about 9.5 miles

away. Recharge water would reach this area in a slightly shorter time

but should be suitable for municipal use. Depending upon the initial

quality of the recharge water, further studies would be required to

ascertain the possibility of groundwater quality degradation.

Capture and Storage of Santa Cruz 
River Flood Flows 

The feasibility of utilizing flood flows as a recharge water

supply is dependent upon the physical and economic efficiency of the

temporary storage facility. The high evaporation losses, flat terrain,

and variable streamflow typical of arid regions commonly prevent produc-

tive water storage even on a short-term basis.

Reservoir storage efficiency is primarily reduced by evaporation

losses. Effective decrease of these storage losses requires a reduction

in water surface area. This may be accomplished through the use of

various methods of surface evaporation control or by a decrease in the

surface area to depth ratio. Evaporation control measures have proved

to be of limited effectiveness and excessive cost for relatively large

water bodies. Deepening of reservoirs is restricted by a number of

factors, including increased seepage and erosion, danger to downstream

occupants, and cost of excavation (Cluff, 1977a, p. 2).

A compartmented reservoir system as described by Cluff (1977a)

would provide an efficient means of temporary storage of flood flows

with minimized evaporation loss. The effective operation of the system
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is based upon reduction of the surface area to depth ratio by water con-

centration. An increase in average depth of water is effected by

repeated water transfers between several reservoir compartments. A

minimum number of three compartments was found to be necessary to insure

effective operation of the storage system. Application of the CROP-76

model to a two-compartmented system resulted in a storage efficiency of

less than 30%, due to excessive evaporation losses.

The three-compartment reservoir system operates in the following

manner. The first shallow reservoir (A) is the receiving compartment

for surface runoff. Throughout the year, as runoff occurs, water is

pumped from compartment A to fill compartments B and C. The specified

water supply is withdrawn first from compartment A until the evaporation

and seepage losses from compartments B and C equal the volume of water

remaining in A. At this time, water is transferred from A into the

unused capacity of B and C. The water supply is then withdrawn from B

until the remaining volume of water is equal to unused capacity in C.

Water is then moved into compartment C. The operation proceeds on a

continual basis in this way with evaporation and seepage losses con-

trolled by systematic emptying of the compartments (Cluff, 1977a, p. 3).

This reservoir system permits continuous withdrawal to supply a

given demand while efficiently storing the remainder for maintenance of

the supply during periods of drought.

Limitations of the system are imposed by the feasible size of the

reservoir compartments according to land availability and construction

costs. The volume of the receiving compartment determines the magnitude
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of the flood which can be captured. Storage capacity is restricted by

the relative shallowness of the compartment, due to its placement below

the stream grade, and construction factors. Therefore, a significant

portion of the high volume flood flows may be lost to overflow.

The optimal reservoir design for storage of Santa Cruz River

flood flows was derived by use of the compartmented reservoir program,

CROP-76, developed by Cluff (1977a). This model is designed to simulate

the operation of the reservoir system given compartment parameters of

volume, depth, and slope, interfaced with the variables of runoff,

evaporation, and consumptive use. Final optimizations of the reservoir

design are indicated by a high value of storage efficiency and mainte-

nance of some minimal amount of storage in the last compartment. The

resulting efficiency of storage indicates the percentage of water going

into storage that is available to satisfy a fixed consumptive demand.

Losses which are subtracted from the amount of available water

are those of evaporation and overflow from the receiving compartment or

of excess water in the event of filled storage capacity. Seepage losses

are not included in the model calculations as they are assumed to be

controlled (Cluff, 1977a, p. 33).

Application of Reservoir Model 

The weekly streamflow data used in this program were taken from

a 24-year record at the U.S.G.S. gauging station at Cortaro Road.

Therefore, streamflow from Rillito and Canada del Oro Creeks was

included in this measurement. Records indicate that these tributary

flows contributed about 120,000 acre-feet during the 24-year data
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period. The volume of city sewage plant effluent contributing to

streamflow was eliminated from the flow measurements.

The additional amount of streamflow from Rillito and Canada del

Oro Creeks should not significantly alter the optimal design specifica-

tions of the reservoir for exclusive capture of Santa Cruz River flows

(Cluff, 1977b, pers. comm.). The frequency of streamflow, which would

have a significant effect upon system operation, is only slightly

greater for Rillito Creek. The percentage of zero flow value days for

the 24-year period was 88.8 percent for Rillito Creek as compared to 86.9

percent for the Santa Cruz River (U. S. Geological Survey, 1970, 1976).

Some slight difference in the efficiency of storage value would be

expected, although it is not clear whether it would be more or less than

the calculated value.

The data for evaporation loss were taken from a fifteen-year

record of pond evaporation taken at the University of Arizona Water

Resources Research Center Field Laboratory. Cluff (1977a) extended the

data back an additional 9 years by randomly selecting 9 years out of the

15-year record. Since there is little variation in total evaporation

loss from year to year, these figures were assumed to within accuracy

range of the rest of the data.

Three reservoir systems plans given in Table 14 represent optimal

reservoir designs given the parameters of compartment volumes and the

weekly consumptive use supply.

These figures indicate that efficiency of storage decreased

slightly with decreasing volume of the receiving compartment. This is
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Table 14. Design Specifications and Storage Efficiencies for Three
Alternative Compartmented Reservoir Systems for Capture and
Storage of Santa Cruz River Flood Flows.

Number of Compartments

3 3 3

Slope 1:2 1:2 1:2

Depth (feet):
A 32.8 32.8 32.8
B 49.2 49.2 49.2
C 49.2 49.2 49.2 

Storage volume (ac-ft):
A 40,650 20,325 16,260
B 24,390 24,390 20,325 
C 24,390 24,390 20,325

Surface area (acres):
A 1,257 633 508
B 515 515 431
C 515 515 431

Consumptive use:
Annual (ac-ft) 16,488 16,065 15,220
Weekly (ac-ft) 317 309 293

Evaporation loss (ac-ft) 24-year
period 152,454 113,343 97,591

Overflow loss (ac-ft) 24-year
period 6,055 57,735 89,504

Overdraft (ac-ft) 0 0 0

Number of weeks 0 0 0

Minimum storage (ac-ft) weekly 2,359 3,113 1,773

Storage efficiency (%) 70.7 68.6 65.4

Amount pumped (ac-ft):
Total for period 487,978 437,883 406,378
Concentration for period 15,598 15,935 13,637

Number of transfers 10 15 14
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primarily due to the associated increase in overflow losses. The

smaller volumes of overflow loss offset the effect of greater evapora-

tion losses in the larger systems.

At no time during the 24-year period did any one of the systems

go completely dry. Thus, delivery of a continuous supply would be

insured. Consumptive demand could be regulated in this system if a

fluctuating supply commensurate with seasonal use was desired. This

could also be done for various schedules of recharge and pumping of

wells with some decrease in storage efficiency.

The most desirable reservoir system in terms of storage capacity

and efficiency is the largest of the systems. The immediate constraint

to construction of such a system within the basin is the lack of open

space along the river for reservoir sites. Land availability is

restricted to the degree that adequate space exists, in two separate

areas, for only the smallest of the reservoir systems. These two pro-

spective sites are pictured in Figure 9 (in pocket) with the respective

compartment configurations. Placement and space of the compartments was

guided by open space available, compartment surface area, and surface

topography.

Other projects planned for future construction were not con-

sidered in selecting the reservoir sites. Additional factors which

would require further study are foundation conditions, potential seepage

effects, suitability of earth material for embankment construction, land

accessibility, and the availability of required construction methods.
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Land elevation changes are such in both areas that water could

be transferred between compartments primarily by gravity drainage with a

minimal amount of pumping required. The use of a portable pump would be

an economical means of transport when required.

Numerous studies of the associated effects of reservoir construc-

tion and flood flow capture would be required prior to initiation of

such a project. Most important among these are seepage studies to

investigate required means of seepage control and the effects of reser-

voir seepage on the wells, land area, and streambed bordering upon the

reservoir compartments. In addition, information would be required as

to the effect of flood flow capture on the downstream hydrologic system

and water users.

Probable Life of Reservoir System 

The useful life of the reservoir system is an important deter-

minant of project feasibility. This is of particular concern because of

the sizable loads of sediment carried by the Santa Cruz River. Estima-

tion of the system's life is dependent upon the probable life of the

receiving compartment rather than the entire system. Water transferred

into the other compartments should be relatively free of sediment after

initial settling in the receiving compartment.

The estimated life of the receiving reservoir is shown in

Table 15. The volume of inflow into the reservoir was calculated by

subtracting the total volume of overflow from the runoff and taking the

yearly average of 18,908 acre-feet. The volume of sediment flowing into

the reservoir annually was estimated to be about 416 acre-feet. This
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figure was determined by multiplying the volume of inflow by the average

percent of particulate solids in the streamflow. The average percent of

particulate solids, calculated from sediment sampling data taken over a

period of 5 years and assuming a bulk density for sediment of about

2.0 gm/cm3 , is about 4.4 percent.

Percentages of sediment trapped in the reservoir were taken from

the graphical relationship between reservoir sediment trap efficiency

and capacity-to-inflow ratio developed by Brune (1953).

Calculation of reservoir life was based on the assumption that

useful life was exceeded when 74 percent of the original storage

capacity was lost (Clark, Hammer, and Viessman, 1971).

The probable life of the two remaining reservoirs would be sig-

nificantly longer than the 30 years. Studies would be required to

determine the feasibility of periodically dredging the receiving com-

partment so as to extend the system life. For purposes of the economic

analysis, however, the life of the system was taken to be 30 years.

Water Treatment System 

It is apparent from the preceding reservoir sedimentation

analysis that further removal of suspended sediment will be required

prior to recharge. In order to determine the appropriate method of

treatment, estimates of sediment concentrations in the water after

settling are needed. Amounts of sediment will be greatest during flood

events when the receiving compartment capacity is filled. Therefore,

approximations of sediment content may be obtained by the methods

utilized for predicting probable life of the reservoir. According to
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the relationship between reservoir sediment trap efficiency and capacity

to inflow ratio developed by Brune (1953), about 98 percent of the

inf lowing sediment will be trapped during a single flood event when the

compartment is from one-third to completely filled. Applying this per-

centage to the suspended-sediment discharge data collected by Laney

(1972), the concentration of remaining sediment would range from about

240 to 932 milligrams per liter. Decreased sediment loads might result

from longer reservoir detention times. However, considering the need

for essentially complete sediment removal and regular withdrawals of

water supply, an additional means of treatment must be employed.

The various methods of sediment removal that have been used with

varying degrees of success are chemical coagulation, sediment screen

filtration, and land treatment.

Sediment screen filtration and chemical coagulation have been

proven effective only for relatively low concentrations of suspended

sediment (Cohen et al., 1967, pp. 198-199). Filtration through screens

does not remove colloidal sized particles suspended in the water.

Experimentation with chemical flocculants have shown them to be capable

of at least a 25 percent reduction in sediment concentrations (Maddox

et al., 1960, p. 23). The high degree of sediment removal required

would necessitate the use of a flocculant with another means of

treatment.

Two land application techniques which have proven effective in

removal of suspended solids are grass and grass-soil infiltration.
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These methods are also capable of treatment of other water quality vari-

ables such as BOD and dissolved solids concentrations.

Popkin (1973) found that treatment of water through a system of

grass filtration resulted in the following maximum percent reductions:

for COD, 19%; suspended solids, 34%; volatile suspended solids, 26%;

turbidity, 97%; and fecal coliforms, 50%. The results of treatment with

grass-soil infiltration for the same respective quality variables were:

88%, 99.6%, 97%, 98%, and 98%.

It appears that a soil infiltration system could achieve the

quality results necessary for recharge water. No additional means of

treatment should be required with the exception of chlorination of

3 mg/1 to reduce the coliform concentration to zero.

A plot of land of 27.8 acres would be needed to treat the daily

supply of 41.7 acre-feet at the tested loading rate of 1.5 acre-feet per

day per acre. The plot should be excavated to a shallow depth so that a

lysimeter of adequate thickness could be constructed. Popkin (1973)

found that satisfactory results were obtianed with a soil column of

5 feet. Studies would be required to determine the suitable depth for

this large-scale operation. Water from the receiving reservoir would be

measured and applied onto the grass and soil plot by means of a head

ditch. The treated seepage water would be collected by a network of

slotted pipeline, transported to a pump or tail ditch, and pressure

pumped into the conveyance line to Avra Valley.

This system would provide the most economical and efficient

means of treatment possible if results similar to those in previous tests
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were obtained. Popkin (1973) established that water treated in this

manner would be of suitable quality for drinking. This would eliminate

the possibility of native groundwater contamination. However, further

studies would be required to test for traces of pesticides, phenols,

refractory organic compounds, and other limiting water quality variables.

Water Transport System 

Extensive conveyance systems are required from both prospective

reservoir sites to transport the water to proposed Avra Valley recharge

sites. The three alternative transport systems suggested for delivery

of recharge water are shown in Figure 9 (in pocket).

The required sizes of pipe for each conveyance system were cal-

culated using the Hazen-Williams formula for pressure conduits, allowing

for friction losses in the steel pipe and head changes over distance.

Pipleine sizes and routes were designed so that gravity drainage could

be utilized whenever possible.

Approximately 4 miles of 30 inch pipeline would initially be

required to transfer water from the reservoir compartments located at

the upper sites.

In system A, about 13.6 million gallons per day would be carried

through a 30" pipeline extending 9.5 miles into the Marana area. Water

would be withdrawn from the third compartment, which would necessitate

modification of reservoir operation.

The city's municipal supply would be pumped from the Cortaro

district in this case, and transported about 8.0 miles through a 30-inch

pipeline to the city's waterline. A pump capable of 278 feet of lift
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would be needed at Cortaro to pump the water supply upgradient into

Tucson.

System B is a totally gravity drainage run pipeline. Water

would be withdrawn from the first reservoir compartment and carried into

central Avra Valley, through Rattlesnake Pass, by a 30 inch pipeline

extending about 19 miles.

System C is primarily gravity operated with an initial pump

station required to provide 185 feet of head lift. In this case, water

would be withdrawn from the first compartment of the lower reservoir

system and transported for the first 4 miles through a 30" pipe. A 24-

inch pipeline could carry the water the remaining 17 miles to the

central valley recharge site.

Operation of Systems A or B would allow the city to increase

pumpage from the Ryan Field area and transport the supply by way of the

existing pipeline to Tucson.

Recharge Wells 

Recharge might be accomplished through existing production wells

or with the use of specially designed production wells. Costs could be

substantially reduced by utilization of existing production wells located

at or near the proposed recharge sites. The city presently owns and

leases several wells within the central site area. The yield of the

wells in this area averages about 1600 gpm (White et al., 1966, p. 53).

Therefore, about 6 wells would be required to recharge the daily supply

at a rate of 9440 gpm. In order to recharge this amount of water, the

wells would have to be operated strictly on a recharge basis. The
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inclusion of several more wells into the recharge system would allow for

alternating schedules of pumping and recharge.

Numerous production wells exist within the Marana area that

could possibly be used for recharge. Yield of these wells ranges from

about 2,700 gpm to 620 gpm (White et al., 1966, p. 52) so that wells

would have to be selected on the basis of their capacity to recharge the

13.6 mgd supply.

Several different methods of injection may be used for recharge

through production wells. The two methods which do not require modifi-

cation of the pumping mechanism are 1) reversing the flow in the well

and letting the recharge water in through the pressure column and the

existing vertical pump and 2) letting recharge water through a conductor

pipe extended down the borehole, after removal of the pump. The third

method, sometimes providing the best results, requires a well-cased

borehole and a special connection to the annulus from the supply line.

Water is then injected both inside the pump column and in the annular

space between the column and the casing (Harpaz, 1971, pp. 1952-1953).

In the event that special injection wells are used, the number

of wells required for delivery of 13.6 million gallons per day can be

determined from the following equation (Walton, 1970, p. 315):

T 
s	 Tt 

264 log (	 )
2
	- 65.5

2693 r
w 

S
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where Q/s = specific capacity, in gpm/ft;

Q = discharge, in gpm;

s = drawdown, in feet;

T = coefficient of transmissivity, in gpd/ft;

= 1.13x105 gpd/ft;

S = storage coefficient = .15;

r
w 

= radius of well assumed to be 1 foot for a highly productive

well; and

t = time after pumping started taken as 50 years = 2.63x10 7

minutes.

Substituting values, Q/s = 44.5 gpm/ft.

The value of allowable uplift of the water table is 165 feet,

which is the calculated recharge effect at the well after 30 years. In

order to compensate for an assumed well efficiency of .80, the maximum

allowable uplift is 206 feet.

Therefore, the maximum possible pumping rate would be

x s	 = 44.5 x 206 = 9,178 gpm
s	 max

Theoretically, then the total daily water supply could be

recharged through two injection wells. However, recharge rates have

been shown to be significantly reduced when wells operate at rates in

excess of about 3,500 gpm. Thus, for efficient and dependable recharge

of the 13.6 mgd supply, at least three wells recharging at a rate of 3150

gpm should be used. The wells should be spaced about 1300 feet apart,
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gravel-packed, and designed according to high-capacity production well

specifications.

Project Cost Analysis 

The economics of implementation of the Avra Valley recharge

scheme is the final determinant of project feasibility. Major costs

associated with the project are for capture, storage, and transport of

the recharge water. The following figures serve as estimates of con-

struction and operation costs for each phase of the project. Annual

costs and cost per acre-foot of water for the duration of the project

life are outlined at the end of this section.

Reservoir System Costs 

The cost of the reservoir system entails expenditures for land

and construction. Reservoir costs of construction are based on an esti-

mated figure of $.70 per cubic meter of earth excavated plus an addi-

tional 15 percent for engineering costs (M. M. Sundt Contractors,

1977). The depth of excavation for each of the compartments was deter-

mined on the basis of the volume of earth material required for the

surface embankments. In addition, the specified height of embankments

would allow for operation of a gravity drainage system between

compartments (Table 16).

In addition to construction costs, the cost of land for the

reservoir sites was assumed to be an average of $1000 per acre. The

cost of land purchase for each reservoir system would be about 1.37

million dollars (Table 17).
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Table 16. Estimated Construction Costs of Proposed Reservoir
Systems.

ExcavationSurface Reservoir Height of	 ConstructionVolumeReservoir	 Area	 Depth	 Embankment	 Cost*
Compartment	 (ac)	 (m)	 (m)	 (m

3
)	 ($)

Upper Reservoir System (#1) 

A
	

508	 10	 8	 3.06x10
6	 2.46x10

6

431	 15	 11	 7.56x10
6	 6.08x10

6

431	 15	 11	 6.12x10
6	 4.92x10

6

Total Construction Cost
	

13.46x10
6

Lower Reservoir System (#2) 

A
	

508	 10	 8	 4.22x106	 3.40x10
6

431	 15	 11	 5.63x10 6	 4.53x10
6

431	 15	 11	 6.80x106	 5.47x106

Total Construction Cost
	

13.40x10 6

*These costs would be considered a maximum for their sizes since they
are based on an assumption that the systems will be built on a per-
fectly level terrain. The Santa Cruz River slopes about 20 feet per
mile. If the reservoirs were built on this slope, the embankment
costs would be nearly cut in half.

Table 17. Estimated Total Capital Costs for Proposed
Reservoir Systems.

Construction	 Land	 Total
Cost	 Cost	 Cost

System	 ($)	 ($)	 ($)

#1	 13.46x10 6 1.37x10 6 14.83x10
6

#2	 13.40x10 6
1.37x10

6 14.77x10
6
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No estimate of operation and maintenance costs were made as it

was assumed that minimal costs would be associated with a system of

gravity drainage.

Treatment Costs 

Costs associated with operation of the grass-infiltration system

would be relatively insignificant in relation to total project costs.

The major expenditures for such a system would be for the land purchase,

required equipment such as a small capacity pump, flow measuring and

water quality monitoring devices, the seepage pipeline, and chlorine.

Transportation System Costs 

Estimates of pipeline costs for each of the three proposed con-

veyance systems were made on the basis of local costs per foot of pipe-

line and trench, and the cost of required pumps (Table 18).

Recharge Well System Costs 

The cost of the recharge well system was omitted from this

analysis due to the difficulty of estimation. In the event that produc-

tion wells are used for recharge, initial capital costs would be mini-

mal. Operation and regular maintenance of the wells would probably

comprise the most significant costs.

Construction costs of injection wells would depend upon well

location and pumping rate. The cost of the wells would likely vary from

$50,000 to $100,000. Due to the small number of wells required, this

exepnditure would assume a small proportion of total projects costs.



80

Table 18. Estimated Total Capital Costs of Proposed Transmission
Systems to Avra Valley Recharge Sites.

System A -- Delivery to Marana recharge site and
municipal supply from Cortaro

Pipeline connecting reservoirs @ $21 per foot
Pipeline extending to Marana @ $21 per foot
Pumps required at Cortaro for 278 ft lift
Pipeline from Cortaro @ $21 per foot
Trenching throughout system @ $.60 per foot

$ 443,520
$1,053,360
$ 81,000
$ 887,040
$ 68,112  

Estimated Total Cost	 $2,533,032

System B -- Delivery to central valley recharge site
from reservoir system #1

Pipeline connecting reservoirs @ $21 per foot	 $ 443,520
Pipeline to recharge site @ $21 per foot 	 $2,106,720
Trenching	 $	 72,864

Estimated Total Cost	 $2,623,104

System C -- Delivery to central valley recharge site
from reservoir system #2

Pipeline connecting reservoirs @ $21 per foot	 $ 110,880
Pipeline to peak elevation point @ $21 per foot	 $ 388,080
Pumps required to deliver 180 ft of lift	 $	 54,000
Pipeline to recharge site @ $17 per foot 	 $1,525,920
Trenching	 $	 66,528

Estimated Total Cost	 $2,145,408
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The costs of operation and maintenance would be similar to those of the

production-recharge well system.

Operation and maintenance costs for the entire system were

excluded from the analysis due to the difficulty of assessment. Reli-

ance upon gravity drainage in both the reservoir and transport systems

should minimize these costs.

Annual Costs and Cost per Acre-Foot of Project 

Estimates of annual capital costs may be obtained by use of the

standard annual cost formula. This formula allows for the conversion of

the initial capital project costs to an equivalent uniform annual series

of payments over the life of the project. It represents the annual

payment necessary to recover an investment of P dollars in n years with

interest rate i (Thuesen and Fabrycky, 1964, p. 79):

Annual capital cost = Ac = P(CRF)

where P = original investment;

CRF = capital recovery factor,

l+	i(i) n [	 ;
(1+i) n-1

i = established interest rate on floating bonds,

= .06 for water projects (1975),

= .07 for sewer projects (1975); and

n = estimated project life = 30 years.
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Substituting appropriate values, the capital recovery factor for

the annual reservoir and pipeline costs is .0726.

The estimated annual capital costs and cost per acre-foot of

salvaged recharge water for each of the three proposed system designs

are listed in Table 19. These cost figures represent low estimates of

project costs per acre-foot of recharge water.	 At least several addi-

tional dollars per acre-foot will result from treatment and recharge

well costs.

No estimates of operation costs were made; however, operation of

the pumping stations required for systems A and C would significantly

increase the annual costs of water delivery. Rising energy costs would

eventually make these two systems less economical than system B.

Review of Avra Valley Recharge Plan 

This assessment of the feasibility of artificially recharging

the Avra Valley aquifer with Santa Cruz River flood flows entailed a

dual examination of the physical and economic aspects of project

development.

The physical suitability of the valley aquifer for recharge is

evidenced by the geologic and hydrologic character of the area. The

general geologic appearance of the area is that of a wide flat-lying

valley bordered by several discontinuous mountain ranges. These moun-

tains serve as impermeable retainers of the extensive groundwater

reserves stored in the deep thicknesses of valley alluvium. Alluvial

sediments comprise the water table aquifer which is hydrologically char-

acterized by relatively high values of transmissivity, storage
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Table 19. Estimated Total Annual Capital Costs and Cost per Acre-Foot
of Recharge Water for Combined Reservoir and Transmission
Systems.

Source of Water: Reservoir System #1 

System A: Reservoir, land and construction
(CRF = .0726)

Transmission and pumping system
(CRF = .0726)

$1,076,658

$ 183,898  

Total Annual Capital Cost	 $1,260,556

Cost per acre-foot of water

System B: Reservoir land and construction
(CRF = .0726)

Transmission system (CRF = .0726)

Total Annual Capital Cost

Cost per acre-foot of water

Source of Water: Reservoir System #2 

System C: Reservoir land and construction
(CRF = .0726)

Transmission and pumping system

Total Annual Capital Cost

Cost per acre-foot of water

82.80

$1,076,658
$ 190,437

$1,267,095

83.30

$1,072,302
$ 155,757

$1,228,059

80.70
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coefficient, and storage capacity. The presence of clay lenses inter-

mittent throughout the aquifer material and the considerable depths to

groundwater in the area restrict the effective means of aquifer recharge

to injection through wells.

Two particular valley areas, the central valley and Marana, are

distinguished for their particular suitability as recharge sites.

Highest average values of transmissivity and the greatest extent of

dewatered sediments found in these areas would insure adequate recharge

acceptance rates and long-term storage capacity.

Analysis of the potential of the Santa Cruz River as a recharge

water supply source required examination of the quantitative and qualita-

tive nature of the streamflow. The riverbed is dry during most of the

year with highly variable flows occurring during winter and summer flood

seasons. Volumes of streamflow from seasonal rainstorms vary widely in

magnitude, with an annual mean in excess of 15,000 acre-feet. About 75

percent of the annual streamflow infiltrates into the streambed. How-

ever, a significant portion of the high discharge flood flows leave the

basin through the Rillito Narrows.

In order to make use of this inconsistent supply, surface

storage is required. A compartmented reservoir system was chosen as the

only efficient means of storage with minimized evaporation loss. The

optimal reservoir system, designed with the use of the simulation model,

CROP 76, developed by Cluff (1977a), would provide a daily water supply

of 41.7 acre-feet. A total of 1370 acres is required for the construc-

tion of the reservoir system. Two prospective sites of sufficient land
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area were located north and south of the City of Tucson along the Santa

Cruz River channel (Figure 9, in pocket).

The major quality problem associated with recharge of the

salvaged flood waters is the large amount of suspended sediment con-

tained in the streamflow. Essentially complete removal of this sediment

is required prior to recharge through wells to avoid reduction of well

capacities. Sedimentation analyses indicate that a significant amount

of the sediment will be removed by reservoir settling.

The proposed means of additional treatment is a grass-soil infil-

tration system which has been shown to be highly effective in removing

bacteria and suspended sediment. Water treated through this system

should be sufficiently purified to allow for well recharge without

excessive clogging. The recharged water would be suitable for most

present uses.

Transport of the recharge water from the reservoir sites to Avra

Valley may be accomplished by way of three alternative transmission

systems (Figure 9, in pocket).

System A consists of a pipeline about 17 miles long which would

carry the recharge water to the Marana recharge site for distribution.

In accordance with a proposed program of water exchange, the city would

then be allowed to pump and transport from the Cortaro district a daily

supply of about 13.6 million gallons.

The second alternative conveyance system extends about 21 miles

from the upper reservoir system to the central valley recharge site.

This is the single system which relies solely upon gravity drainage for
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its operation. The third system transports water from the lower reser-

voir system to the central valley by means of two pumping stations and

gravity drainage. In the event that either of these systems was imple-

mented, the city's supplemental municipal supply would be withdrawn from

the Ryan Field area of Avra Valley.

The most significant costs of implementation of the proposed

recharge scheme are costs associated with reservoir and pipeline systems

construction. Annual operating, treatment, and well costs were

excluded from the economic analysis due to difficulty of estimation.

These costs were assumed to be small in comparison to initial capital

costs.

The estimated cost per acre-foot of salvaged water is about $83

for systems A and B, and $80 for system C. These figures represent a

base cost; actual costs would be slightly higher.

Future Studies Required 

Productive operation of the proposed recharge scheme depends

upon the effectiveness and efficiency of each of the designated

mechanisms for storage, treatment, transmission, and recharge of the

salvaged water supply. Further investigation into the associated

effects of operation of these systems is needed prior to initiation of

such a project.

Associated reservoir studies include 1) a thorough geologic

investigation to determine appropriate means of excavation, potential

land stress imposed by construction, and the extent of areal seepage;

2) an analysis of possible seepage effects on the water table, water
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quality, and nearby well operation; 3) a hydrologic balance study to

determine the effects of reducing streamflow volume on groundwater

levels downstream; and 4) an economic analysis of land use comparing the

benefits and costs of constructing reservoirs at the proposed sites as

opposed to other prospective projects.

A test plot of the grass-soil infiltration method of treatment

should be built to determine appropriate lysimeter depth, critical sur-

face slope, and grass planting schedules needed to obtain the required

quality.

In regard to the proposed pipeline systems, more detailed

studies of surface topography and geology should be undertaken to insure

proper construction and minimization of costs.

Required studies for recharge well operation include 1) selec-

tion of production wells suitable for recharge at the specified daily

rate, 2) determination of well development or renovation needed prior to

recharge, and 3) determination of the most efficient method of dis-

tributing recharge water to wells after delivery to the recharge site.

Construction of injection wells would require that standard test

hole and sieve analyses studies be done to determine the well design

specifications.

Additional studies might be undertaken to ascertain the feasi-

bility of obtaining additional water supplies for recharge from other

surface water sources. These would include Rillito and Canada del Oro

Creeks, the Central Arizona Project water, and treated sewage effluent.

Examination of the physical and economic aspects of utilization of these
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waters could proceed in a manner similar to that outlined in this report

for use of the Santa Cruz River flood flows.

Successful implementation of the Avra Valley recharge scheme

depends upon the integration of existing physical, technical, economic,

and legal conditions. Consideration of the implications of water rights

doctrines to project operation were excluded from this report. However,

the legal aspects of local water use are of major importance to the

initiation and management of such a water supply project.

Conjunctive use of surface and groundwaters in this region

requires recognition of two distinct water rights doctrines governing

their use. Groundwater rights are established by the riparian doctrine

of land ownership, while surface water rights are appropriative.

The riparian nature of groundwater use elicited the 1976 Arizona

State Supreme Court ruling which forbade Tucson's importation of water

from Avra Valley in excess of the amount of previously established water

use on the land now owned by the city. Importation of recharge water

into an area as part of a water supply exchange program would establish

a water use precedent for which new legal rulings or legislation would

be required.

Initiation of a water exchange program would also require the

establishment of a management organization to administer to the contrac-

tual agreement between the city and Avra Valley irrigators. In the

event that one of the proposed central valley recharge systems was

chosen, a consolidated metropolitan-irrigation district could be formed

to oversee operation of the water exchange program. This district would
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include the area within the recharge water influence and Ryan Field from

which the municipal supply would be withdrawn.

Operation of the recharge project through the proposed Marana-

Cortaro system would require negotiations between the city and the

existing Cortaro-Marana Irrigation District to establish terms of the

water exchange agreement. Investigation into the managerial aspects of

the recharge project would be required to develop an organizational

framework capable of administering to the desires and needs of the con-

tracting parties.

In regard to surface water rights, legal restrictions may be

imposed on the capture of Santa Cruz River flood flows. Surface water

rights are established in accordance with the appropriation doctrine of

use, so that claims to water shared are honored according to the date

when they were filed. Therefore, investigation into the existence of

historic claims to the river water would be needed prior to the diver-

sion of streamf low.

The primary benefit presently derived from the flood flows is

through infiltration to the water table rather than by direct use. A

significant portion of the high volume streamflow resulting from basin

flood events leaves the basin as previously mentioned in this report.

Therefore, studies of the expected effect of flood flow capture on the

volume of infiltrating water would be useful in determining the proj-

ect's potential detriment to surface water claims.
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Study Conclusions 

Pertinent information and data collected and anlyzed in this

report have served to assess the feasibility of artificially recharging

the Avra Valley aquifer with Santa Cruz River flood flows. A major por-

tion of the study was devoted to consideration of the physical suita-

bility of the valley aquifer as a recharge medium and of the river as a

recharge water source. The evidence indicates that the aquifer could

sustain the proposed recharge supply. The three essential parameters of

adequate transmissivity and storage capacity, and high groundwater

quality would allow for long-term storage of a continuous daily supply

of about 42 acre-feet per day. Two specific valley sites were chosen

as being most physically amenable to aquifer recharge through injection

wells.

The suitability of the Santa Cruz River as a source of recharge

supply is subject to the successful operation of the proposed storage

and treatment systems. In the absence of storage, the variability of the

streamflow and the extended periods of drought make for an undependable

water supply. Utilization of a compartmented reservoir system seems to

be the only means by which productive use of the supply may be accom-

plished. The proposed grass-soil infiltration treatment system should

be capable of removing essentially all remaining suspended sediment in

order to maintain required recharge rates in the well system.

The physical feasibility of the recharge project depends not

only upon hydrologic parameters of the ground and surface water systems,

but also upon the technical capabilities of the operation mechanisms.
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Given the favorable hydrologic character of the valley aquifer, and

assuming the proposed technology is locally operable, the physical

feasibility of the recharge scheme is assured.

The economics of the recharge project reflect the association

between the capabilities of the physical system and the costs of techni-

cal implementation. Given the local water resources, land, and climatic

conditions, an annual supply of 15,220 acre-feet represents the optimal

volume of salvageable surface runoff. This supply volume figure repre-

sents a balance between the amount of available supply, the potential

efficiency of reservoir storage, and the availability of land. The

design capacities of the project's storage, treatment, transmission, and

recharge subsystems are fixed for delivery of this water. Therefore,

the benefits and costs of the recharge scheme are determined by the

potential volumes of supplemental water supply to be provided through

the project.

The cost to provide this water was estimated to be greater than

$80 per acre-foot. The City of Tucson's present water supply costs

about $25 per acre-foot of groundwater pumped (CPP, 1975, p. 64). This

figure represents municipal pumping and distribution expenses not

included in the project cost analysis. Inclusion of this expense would

bring total recharge water production and delivery costs to over $100

per acre-foot.

The sizable estimated cost of recharge water would appear to

make the proposed scheme economically unfeasible at present. However,

as costs of groundwater production continue to increase, this situation
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will likely change. The economics of water supply provision in this

region is relative to resources scarcity and supply demands at a future

point in time. Recognition of this fact has allowed for approval of the

Central Arizona Project at a cost to Tucsonans of more than $126 per

acre-foot (The Comprehensive Plan for the City of Tucson, 1975, p. 64).

The cost of recharge water, allowing for additional capital, operation,

and maintenance costs, would be considerably less than this amount.

Therefore, in anticipation of the future cost of regional water supplies,

an Avra Valley recharge plan should be considered as a potentially

economic means of supplementing Tucson's water supply.
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