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PREFACE
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citizens alike. Included are papers on water pollution, impact of mining on water quality, sewage
threatment and sedimentation. The author affiliation is indicated on each paper.
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information on section activities and membership.
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Proceedings of the 1978 meetings of the Arizona Section of the American Water Resources Association
and the Hydrology Section of the Arizona Academy of Science, held in Flagstaff, Arizona, April 14 -15.

HYDROLOGIC FACTORS AFFECTING GROUNDWATER MANAGEMENT
FOR THE CITY OF TUCSON, ARIZONA

by

R. Bruce Johnson

ABSTRACT

Assessment of the basic hydrologic and geologic parameters controlling the occur-
rence and availability of local groundwater is one of the first steps in formulating
any comprehensive water management plan. Each of several parameters must be carefully
evaluated both individually and in relation to the other factors which together des-
cribe the occurrence and movement of the subsurface water resources. These evaluations
are fundamental to the legal and political decision- making framework within which the
Water Utility must operate for both short and long -range water management planning.

Recent changes in several hydrologic parameters have been observed throughout
much of the groundwater reservoir tapped by numerous users in the Tucson Basin. Accel-
erated water level decline rates, decreasing production capacities of existing wells,
increased hydrologic interference and increased demand for water are all having an im-
pact on our water resource. These conditions must be evaluated before basin -wide
groundwater management alternatives can be implemented.

INTRODUCTION

In regard to the development of a municipal supply of water, the City of Tucson,
Arizona holds a rather unique position in that Tucson is one of the largest cities in
the United States which is completely dependent upon groundwater. The Tucson Water
Utility has no surface water sources upon which to rely in supplying its customers
with water. This total reliance upon the subsurface water resources of the area has
both positive and negative aspects as shall be explored in this presentation.

SOURCES OF SUPPLY

To meet the needs of a metropolitan area such as Tucson, whose daily demand for
water averages 60 mgd (million gallons per day), requires a tremendous investment in
source development, transmission and delivery systems. To provide an adequate year -
round supply, the Tucson Water and Sewer Department operates and maintains approxi-
mately 300 wells which are located throughout the Tucson Basin and Avra Valley.

INTERIOR WELL FIELD

Of the total amount of water pumped by the Utility to meet the needs of the City,
approximately 60 percent is obtained from some 200 wells which are located within the
area which is referred to as the "interior well field." The interior well field is
depicted on Figure 1 and generally corresponds to the principal incorporated portions
of the City. The greater percentage of these wells were not constructed by the Utility,
but rather were acquired through the purchase of private water companies over the past
three decades. In recent years, the Utility has augmented these wells by the construc-
tion of more modern installations in an effort to increase overall efficiencies and
reduce operation and maintenance costs associated with a number of the older, less
efficient wells in the system.

The author is the Acting Chief Hydrologist for the Water and Sewer Department, City of
Tucson, Arizona.
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SOUTHSIDE WELL FIELD

As shown on Figure 1, the Southside Well Field is located generally south of the
downtown area of the City and along the channel of the Santa Cruz River. Presently,
some 13 wells provide about 5 percent of the total amount of water pumped by the Util-
ity. This well field is important to the Utility in ways other than its value as a

supply potential. This well field lies topographically and hydrologically upgradient
from the City and affords the benefit of gravity flow into our distribution system.
Also, many of the wells in this area receive some measure of recharge in response to
runoff events in the Santa Cruz River. The past several seasons have not witnessed
significant surface flow in the Santa Cruz; however, the unprecedented events of this
winter have increased the amount of water in storage in the area of this well field.
This recharge is not permanent, but it is offsetting to a degree.

SANTA CRUZ WELL FIELD

South of the City, beginning near the northwest corner of the municipal airport
and extending in a generally linear fashion to an area northeast of Sahuarita, Arizona
is located the Santa Cruz well field. This field is indicated on Figure 1. There are
presently 26 wells in this field which together provide about 20 percent of the water
pumped by the Utility. This field, as does the Southside well field, lies upgradient
from the City both physiographically and hydrologically, and represents an important
source of water for the Utility. Competition for groundwater in this area has been in-
tense.

There has been a great deal of interest generated recently concerning the Santa
Cruz Well Field area. It has been the subject of an Arizona Supreme Court decision
which favored local agricultural interests and has been included in litigation imposed
on all water users in the basin by the Federal Government on the behalf of the Papago
Indians. The result of these legal issues poses a serious question as to the future
availability of the Santa Cruz well field as a source of municipal supply.

AVRA VALLEY WELL FIELD

Located some 15 miles west of Tucson in the Avra Valley, the Water Utility pres-
ently has 25 well installations of which 16 are now operational and supplying water.
The location of this well field is shown on Figure 1. Current production from this
well field provides about 15 percent of the total amount of water pumped by the City.
The Avra Valley source area is capable of supplying more water; however, the City is
limited by a series of judgments handed down by the Arizona Supreme Court which allows
only about 2.0 acre feet per acre per year to be pumped from the retired agricultural
acreages purchased by the City in Avra Valley. The water pumped under these stipula-
tions is brought into Tucson via a 42 -inch diameter transmission main along Valencia
Road to the Martin Reservoir, and thence into our distribution system. In efforts to
secure additional supplies of water from Avra Valley, the City has continued, until re-
cently, to purchase additional acreages which have a history of agricultural water
usage. Under the present legal constraints, this is the only mechanism by which the
City can obtain additional sources of water from this supply area.

WATER LEVEL DECLINES

Declines in the water tables of the Tucson Basin and Avra Valley have been histor-
ically well documented as a result of ongoing hydrologic monitoring programs conducted
by the City of Tucson and the University of Arizona. The nature and significance of
these declines in water levels up through 1975 have been discussed by staff of the
Water Utility (Wright and Johnson, 1976, p. 22 -29), as well as other investigators.

Figure 2 depicts, for the Tucson Basin, the total water level decline which oc-
curred between 1947 and 1977 (30 years) as a result of groundwater pumpage by all
users. The densely- dotted pattern indicates those areas wherein declines have been in
excess of 100 feet. The medium -lined pattern shows areas where declines over this
period have ranged from 70 to 100 feet while the open -lined pattern denotes the area
where declines have been between 40 and 70 feet. The heavy dark line indicates those
areas within which declines have been greater than 20 feet over the 30 -year period.

For the Avra Valley (Figure 2), the period of record extends from 1952 to 1977
(25 years). The areas of greatest decline correspond to those portions of the valley
where agricultural activities have been the most intense.
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The decline areas encompassed by each of the intervals shown on Figure 2 have ex-
panded slightly during the two years of additional records since our staff study in
1976. Competition for our groundwater has remained intense with the resultant impacts
of lowered water levels and increased pumping costs as one would expect. However, the
impact these declines are having on the production capacity of many of our well instal-
lations is of even greater importance to the Water Utility.

WELL FIELD PRODUCTION CAPACITIES

Basinwide water level declines, continued competition for local groundwater re-
sources in the Tucson Basin and Avra Valley, and decreased plant efficiencies result
in a loss of production capacity amounting to about 6 mgd per year for the City of
Tucson. This loss, added to the increased demand created by an average growth in pop-
ulation of 3 percent per year, must be replaced to maintain a status quo throughout
the system. As shall be seen, the four primary well fields have been affected by water
level declines to differing degrees.

INTERIOR WELL FIELD
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FIGURE 3

The interior well field supplies about 60 percent of the total amount of water
pumped by the Water Utility. Figure 3, above, shows the production capability in
thousands of gpm for the period 1968 through 1977. The majority of the 200 wells in
this field are considered to be local service wells as they pump directly into distri-
bution lines within the populated areas of the City.

Figure 3 indicates the total capacity has been increased since 1968. While this
is true in the absolute, several points should be considered. The pronounced peak in
1973 and the overall increase in capacity is the result of purchases of private water
companies and the production well drilling program conducted by the Water Utility.
There are few remaining water companies whose inclusion into our system would signifi-
cantly increase our supply. Replacement drilling sites in favorable hydrologic areas
within the interior well field area which have the same expectation of success as those
in the past are becoming harder to locate.
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The Southside Well Field (Figure 4) presently contains 13 active wells and pro-
duces approximately 5 percent of the total supply of water pumped by the Utility. This
field has incurred large total declines in the water table as shown in Figure 2 and
has an annual decline ranging from 4 feet to in excess of 8 feet per year. These de-
clines have affected the capacity of the well field as seen in Figure 4. Since 1968,
this well field has shown a steady loss which by 1977 amounted to about 6,000 gallons
per minute. The density of wells located in this area precludes additional new well
construction to increase the supply. Recharge from the Santa Cruz River may certainly
help maintain production from this field; however, the infrequent runoff patterns of
the past several years have added only marginally to the subsurface supply. It is
hoped the runoff this past winter marks the beginning of a wetter cycle for the region.

SOUTHSIDE

SANTA CRUZ WELL FIELD
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FIGURE 5
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Figure 5 shows graphically the impact competition for groundwater has had in the
vicinity of this well field. Since 1968, capacity has declined some 9,000 gallons per
minute. This is particularly significant when one considers that six new wells were
added to this field in 1975, yet production continues to decline. Clearly, local de-
velopment of the available supplies far exceeds nature's capability to recharge this
well field under present pumping conditions.

AVRA VALLEY WELL FIELD
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FIGURE 6

Production capacity of the Avra Valley well field, as shown on Figure 6, has been
greatly increased by the addition of new well installations within the area in Avra
Valley indicated on Figure 1. It is the increased production capability from this well
field which has, in a large measure, replaced the losses incurred in the Southside and
Santa Cruz well fields. Reliance upon the Avra Valley source area is projected to in-
crease with further investment for land purchases and needed capital improvements in
the north and central portions of the valley.

MANAGEMENT CONSIDERATIONS

The relationship between the ongoing competition for groundwater resources and the
resulting declines has been explored in past work (Wright & Johnson, 1976). In this

present work, the relationship between water level declines and observed decreases in
production capacity in the major well fields operated by the Water Utility has been es-
tablished. These declines, however, have additional effects which must be considered
in formulating management alternatives.

PUMPING COSTS

One immediate impact the decline of the water table is having is in the area of
increased costs for pumping water. As the water levels drop, the direct costs for
pumping increase. These costs must be recovered through revenues contributed by the
customers served by the Utility, yet increased costs meet with understandable resis-
tance by the public served. Under these conditions well fields which enjoy a gravity
flow condition to the service area, such as the Southside and Santa Cruz fields, must
be managed to prolong their usefulness for as long as possible. These fields, however,
have shown the greatest impact from continued production.

7



SUBSIDENCE

A report by the United States Geological Survey (Davidson, 1973, p. 51 -54) indi-
cates that in basins similar to Tucson detectable land surface subsidence may occur
when water level declines reach 100 to 150 feet. Declines of 150 to 200 feet may
create significant surface subsidence. In basins near Tucson, additional investiga-
tions conducted by the United States Geological Survey (Laney, 1976, p. 39) indicate
there is a definite relationship between extensive groundwater pumpage, water level de-
clines and the occurrence of land surface subsidence.

WATER QUALITY

Available hydrologic and geologic information suggest the possibility of encounter-
ing water of poorer quality as pumping levels lower throughout various parts of the
Tucson Basin. Development of groundwater with excessively high ionic concentrations
and high temperature may require extensive treatment facilities. Our well fields
should be managed to forestall these conditions if at all possible.

CONCLUSION

In recognition of the potential problems with groundwater quality at depth, and
the potential for land surface subsidence resultant from water level declines, it be-
comes clear that present production levels of the interior field should be reduced.

The observed loss of capacity in the Southside and Santa Cruz well fields must be
replaced. From a management point of view, considering all of the foregoing factors,
it is felt that increased withdrawals from the Avra Valley represent the best alterna-
tive course of action to pursue.
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TUCSON'S TOOLS FOR DEMAND MANAGEMENT

by

Stephen E. Davis

ABSTRACT

Tucson's "Beat the Peak" program implemented in the summer of 1977 effectuated a
reduction in peak day water usage from 151.5 million gallons per day on July 9, 1976,
to 114.0 million gallons per day on July 8, 1977. This twenty -five percent reduction,
if maintained, will allow a three -year deferral of a new remote wellfield and trans-
mission pipeline estimated to cost between $25 and $50 million. More time will be
available to analyze the cost effectiveness of solutions to the region's water re-
sources supply problems (such as imported groundwater, Central Arizona Project water,
effluent reuse, and their interrelationships).

Although conservation was not promoted, the successful peak management program
resulted in a 13.3 percent reduction in 1977 water use during the summer months (May
through August) compared to usage during the same period in 1976. This resulted in
water sales revenues less than projected, but the combination of less utility expenses
and deferred capital improvements will yield lower customer rates and monthly bills
than would have otherwise been necessary without the program.

INTRODUCTION

In the summer of 1974 the City of Tucson experienced one of the hottest, driest
periods in its recorded history. From June 10 through July 2 temperatures exceeded
100 degrees Fahrenheit until normal monsoon thunderstorms brought needed relief from
heat and drought on July 2. During this period the City's well capacity was unable
to meet peak water demands created by irrigation and evaporative cooling uses. Water
levels in major reservoirs continued to drop until reservoir valves had to be closed
while the system sought its own level. Some areas of the City, particularly areas of
high elevation, ran out of water. Fire flow requirements could not have been met had
there been a major fire during the period.

To cope with the Utility's hydrological problems of declining water tables and
well capacity the Water Resources Unit was expanded. An intensive program of data
collection was established from which to make better decisions concerning future well
location. A progressive City Council, through education by the Water Department staff,
became aware of the importance of water issues such as the Central Arizona Project and
basinwide water management. In July, 1974, the consulting firm of John Carollo Engi-
neers of Phoenix was retained by the City to evaluate the capital needs of the Water
Utility, develop revenue requirements to fund such improvements, and upgrade the rate
structure considering cost of service and encouraging conservation. The consultant
completed work in early 1976 with a recommendation for a substantial rate increase and
change in the City's historical rate philosophy (John Carollo Engineers, 1976). Rec-

ommendations included equalizing the differential inside- outside rate, adopting an
inverted (increasing block rate) rate structure varying with customer class, instiga-
ting a water connection charge, and applying a high lift pumping surcharge to cus-
tomers living in high elevations.

With substantial analysis and delay the Mayor and Council adopted a modified
version of the proposed rate structure on June 7. Water customers, not prepared for
the philosophical change nor the substantial rate increase during the period of high-

The author is the Planning Manager for the Water and Sewer Department, City of Tucson,
Arizona. 9



est water use, vocalized their discontent at a level never before experienced. Both
the lift charge and connection charge elements of the adopted structure were chal-
lenged via class action lawsuits. The lift charge was rescinded and refunded, con-
nection fee revenues were placed in a special fund to be held pending further study,
and an advisory committee of prominent citizens was appointed by the City Manager to
develop a more politically -acceptable rate methodology. All water -related questions
became the dominant political and media issues such that public awareness was greatly
increased.

One of the four Council members approving the rate structure resigned. The other
three were soundly defeated in a recall election in January, 1977. The firm of Black
and Veatch was hired to assist the Water Advisory Committee in their review of the
capital improvement needs and associated rate structure (Black and Veatch, 1977).
A new rate structure became effective April 1, 1977, employing the same cost- of -ser-
vice approach while deferring decisions relative to lift and connection charges. The
uniform winter block rate and inverted summer block rate were designed to reduce peak
water use facilitating deferral of costly capital improvements otherwise required.
The concept of "demand management" replaced the misunderstood notion of water conser-
vation.

WHY DEMAND MANAGEMENT?

The City of Tucson Water Utility is in a competitive position for the groundwater
sources in the Upper Santa Cruz and Avra -Altar basins with agriculture, mining, other
private water companies, and private individuals. There is no regional entity with
management authority over all existing groundwater sources due to lack of state en-
abling legislation. Such is under consideration by the Groundwater Study Commission
established under Senate Bill 1391. To place municipal water use in perspective with
other water users in eastern Pima County, the following table for 1975 is provided
(Thuss, 1978):

Use Category

TABLE 1

1975 WATER USE IN PIMA COUNTY

Pum page
Total Percent

Consumptive Use
Total Percent

Irrigation 288,100 A -F 65 246,800 A -F 74
Industrial 76,000 17 47,200 15
Municipal 66,600 15 24,700 7

Recreational 13,200 3 13,200 4

Total 443,900 100 331,900 100

Of the total 443,900 acre -feet pumped in 1975, an estimated sixty -five percent
was for agricultural irrigation. Only fifteen percent was pumped for municipal pur-
poses. It is estimated that seventy -five percent of total pumpage in eastern Pima
County was consumptive use. Seventy -four percent of the total consumptive use was
attributable to irrigation usage while only seven percent of the consumptive use was
by municipal users.

From the aforementioned it can be readily deduced that the City's efforts to-
wards effectuating conservation would have minimal impact on the region's total
groundwater reserves and declining water tables. If the City were successful enough
to achieve a twenty percent reduction in its total water pumpage through primarily
a reduction in outdoor irrigation use, an annual savings of 13,320 acre -feet of con-
sumptive use would result. This amounts to a regional savings of only four percent
in the total annual consumptive use. If the City's program focused on indoor water
conservation devices such as flow restrictors and low -flush toilets, sewage volumes
would be reduced but the effect on consumptive use would be minimal. While poten-
tially beneficial to individual water users via lower monthly bills, water conserva-
tion as such is in vain under today's conditions and will have little impact on the
City's future revenue requirements and water rates. Without a mechanism for manage-
ment of the entire resource, the City cannot be assured that what it conserves won't
only prolong the life of short -term competitive uses.

10



Historically, water usage in the Tucson metropolitan area has been very seasonal
with peak uses occurring in the hot, dry summer months. With the exception of few
years with large total pumpage, the ratio of peak day pumpage to average day pumpage
is about two as can be seen in Table 2.

TABLE 2

HISTORICAL AVERAGE AND PEAK DAY PUMPAGE

Fiscal Year
Average Day

Pumpage
Peak Day
Pumpage Peak /Average

1969 -70 51.2 mg 99.1 mg 1.94
1970 -71 54.1 110.2 2.04
1971 -72 57.8 112.3 1.94
1972 -73 60.1 118.8 1.98

1973 -74 75.4 130.4 1.73
1974 -75 67.6 115.2 1.70
1975 -76 70.0 117.6 1.68
1976 -77 60.5 131.1 2.17

1977 -78 57.21 112.12 1.96

(1) Extrapolated based on first nine months

(2) Summer 1977

The historical ratio of peak day pumpage to average winter pumpage has been three
and in some years was greater than five.

Water systems must be designed to handle peak conditions or risk low delivery
pressures and possible water outages. Supply and transmission systems are often de-
signed to meet peak day demands while storage and distribution elements meet fire
flow and peak hour requirements. Characteristics of water demand are directly trans-
latable into sizing requirements. Inasmuch as peak demands can be reduced, facility
sizes can be reduced, and construction of certain facilities can be postponed. This

results in lower immediate revenue requirements and lower water rates.

Realizing this relationship, Black and Veatch (1977), in conjunction with Water
Utility Staff, developed alternative capital improvement programs using two demand
projections. Well capacity requirements to meet peak day demand with an allowance of
five percent for reserve were projected to be 200 million gallons per day by 1983 with
no reduction in peak period demand. With a twenty -five percent reduction in water
used for lawn and garden irrigation, 1983 well capacity requirements could be reduced
to 166 million gallons per day. These two alternatives are plotted in Figure 1 with

an additional well capacity projection curve assuming twenty -five percent reduction in

total peak day water usage and the Utility's estimate of well capacity change with
time based on recent experience with existing wellfields. With no reduction in peak
day usage, it was projected that the City would need additional well capacity by 1979.

Since this additional supply must be imported from the Avra Valley at great cost, the
six -year construction program cost through 1983 was estimated by Black and Veatch at

$140 million. With curtailment of twenty -five percent peak irrigation use the six -
year program cost was estimated to be $100 million. With a $40 million incentive, the
Mayor and Council undertook a public information program in the summer of 1977 under

the slogan of "Beat the Peak."

SUCCESSFUL DEMAND MANAGEMENT

On June 1, 1977, the "Beat the Peak" program was launched with a Press Confer-
ence and television appearances by the Mayor and members of the Council. The initial

goal of the program was to reduce the peak day water use from the 151.5 million gal-

lons used on July 9, 1976, to 125 million gallons. Elements of the program were a
voluntary alternate day outdoor watering program utilizing customer address and date

and a voluntary limitation of outdoor watering between four and eight in the afternoon,

the Utility's hours of highest demand. Program monitoring was accomplished through
media announcement and newspaper publication of daily reservoir volumes. Full reser-

voirs indicated that demand was within the capability of wellfields to supply peak

needs. Monthly reports were prepared for June, July, and August comparing 1976 sucrier
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pumpage, total usage, and per capita usage with the same parameters for 1977. Local
newspapers and radio and television stations contributed free space and time for
public water education and "Beat the Peak" status announcements.

The success of the program is illustrated in Figure 2 comparing 1974, 1976, and
1977 metered water usage for the single family customer class alone and all customers
combined. In 1974 single family metered water usage amounted to sixty -six percent of
the total use. In 1976 and 1977 single family use was sixty percent of the total.
Since the'majority of water used is by single family customers, their attitudes and
water use habits greatly affect the total utility water requirements. Since 1974 the
average daily water use during the peak month has declined from 100 million gallons
to 78 million gallons, primarily due to a reduction in peak day use by the single
family customer class. Whereas usage characteristics during the months of October
through March have not changed significantly, there has been a substantial reduction
in total usage comparing the summer of 1976 with the summer of 1977. Summer usage by
the single family class has declined by twenty -five percent since 1974 and thirteen
percent since 1976. The peak day demand of only 114 million gallons occurred on
July 8, 1977, indicating a thirty -seven percent reduction in peak outdoor irrigation
use and a twenty -five percent reduction in total peak day use. This success was con-
siderably greater than originally anticipated by both consultant and staff.

Although water conservation per se was not promoted, the peak management program
resulted in a total summer savings of 13.3 percent and annual savings of 11 percent
over 1976 usage. This is more significant when utility growth of three percent per
year is considered. Per capita usage has steadily declined from 205 gallons per per-
son per day in 1974 to 150 gallons per person per day in 1977. Present figures are
less than the published national average per capita use. Recent information shows
even further reductions as indicated in Table 2.

Whereas the Utility can benefit through reductions in peak use by reducing the
need for some capital expenditures, water conservation results in revenue reductions.
Water sales revenues were ten percent less than anticipated in 1976 -77. In Tucson's
case, decreased revenues were substantially offset with decreased power costs. The

combination of less utility expenses and deferred capital improvements will yield
lower customer rates and monthly bills than would have otherwise been necessary with-
out the program.

The peak management program success cannot be fully attributed to the one -time
publicity campaign of the summer of 1977. Public awareness and response grew since
1976 with increased governmental and news media awareness and response. Changes in
water rate philosophies and structures coupled with higher unit rates have also in-
creased public consciousness. Perhaps fear of even higher future rates is a contrib-
uting motivator. All of the above factors give the City hope for managing its lim-
ited resources of money and water in the future.

LOOKING AHEAD

Water Utility Staff are confident that customer response can be perpetuated in
the near future and peak use will grow proportional to growth in number of water
customers between the two lower curves in Figure 1. If the success of 1977 is extrap-
olated, additional well capacity will be required by 1982. If some use backsliding
occurs such that the original peak management goal of twenty -five percent reduction
in peak irrigation use is achieved, additional well capacity will be required between
1980 and 1981. The government and Utility want to defer large costs of new source
development as long as possible. Major policy and technical questions remain un-
answered, including the following:

1. What legislative changes are forthcoming to change the City's role in
regional groundwater management?

2. What is the future of the Central Arizona Project and the Tucson Aqueduct?

3. When will the CAP deliver water to Tucson, and at what cost?

4. What will be the effects of the Farmers Investment Company court decision
and the Papago Indian lawsuit on the City's authority to pump groundwater?

5. Should the City be expanding its groundwater sources now at large cost with
long -term rate implications and pay again if Central Arizona Project water
comes in 1987?
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These and other questions relative to demand management, hydrological parameters,
wastewater effluent reuse, and political climate make water utility planning diffi-
cult, complicated, and often impossible. It is hoped that both political and public
awareness can be maintained long enough to generate solutions to some of these im-
mediate problems. Peak management must continue to play an important role in the
provision of municipal water service, particularly in a desert climate with seasonal
use characteristics and limited resources.
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ARIZONA GROUNDWATER LAW REFORM - AN URBAN PERSPECTIVE

by

Hugh Holub

ABSTRACT

The recently- created Arizona Groundwater Management Study Commission is mandated
to propose a reform of Arizona's groundwater laws. A number of issues must be
addressed by this Commission in order to deal with urban problems with present ground-
water law. These include: a comprehensive set of regulations on groundwater use to
enhance the public interest and benefit in scarce groundwater resources; a permanent
mechanism to permit transfer of water rights away from specific parcels of land; an
effective system of management which considers differing types of water problems in
various parts of the state; a method of quantifying existing rights and measuring use
of groundwater; an extraction tax to recognize public costs associated with ground-
water mining and the need for replenishment; a reevaluation of existing preferences
and subsidies which encourage the mining of groundwater.

Failure by Arizona to reform its groundwater laws threatens future funding for
the Central Arizona Project and increases the possibility of federal intervention in
state water management.

EXISTING GROUNDWATER LAW

The main body of groundwater law in Arizona has developed piecemeal in the courts
--like any case law, it developed as the result of conflicts between individual water
users over their immediate specific needs and problems.

The only historic limitation on groundwater has been that it must be put to
"reasonable use " --never fully defined._ // So far as can be discerned, any use of
groundwater on the overlying land is "reasonable ". Transfer of groundwater from the
land on which it was pumped is "unreasonable" with certain exceptions, as where a
municipal user could buy and retire the farm land overlying the groundwater and trans-
fer the previous average annual consumptive use. The right to use groundwater has
been considered to be the private property of the overlying landowners --a sort of

1. Maricopa Count MunicipalMunicipal Water Conservation District v. Southwest Cotton
Co., 39 Ariz. 65, 4 P. 369 (1931). Rehearing, 39 Ariz. 367, 7 P.2d 254 (1932),
confirmed that percolating groundwater is not subject to appropriation but is the
property of the overlying landowner.

Bristor v. Cheatham, 75 Ariz. 227, 255 P.2d 173 (1953).

Hugh Holub is an Assistant City Attorney for the City of Tucson. The views expressed
herein are not the official views and positions of the City of Tucson.

A similar article, by Mr. Holub, was published in the April -May issue of the Arizona
Bar Journal.
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vertical riparian right. This is a "use" right, not an absolute private property
right, as many have argued.

The codified portion of Arizona groundwater law relates to those areas of the
State where overdraft was found to be "critical " ,2a concept based on the lack of
sufficient groundwater for agricultural purposes._/ Pursuant to Arizona's Ground-
water Code, areas of the State have been designated as "Critical Groundwater Areas ",
which prohibit any increase of agricultural acreage in the areas so designated.

The purpose of the original groundwater law was to protect those farmers already
irrigating land as of the date an area was designated "critical" from any competition
for the remaining groundwater from new farmers.

The critical groundwater area laws have a number of defects which have resulted
in the rate of the overdraft continuing unabated, e.g., farmers can replace existing
wells with ones of vastly greater capacity and there is no limit on the amount of
water which may be used on the land. The law has not been vigorously enforced, and
new farm land has been allegedly brought into production in some critical groundwater
areas despite the prohibition.3/

The recent amendments to the Groundwater Code (SB 1391) place into the Code
previous court rulings relating to the transfer of groundwater uses from agriculture
to cities. In addition, the new law provides for means by which mining and industrial
users may obtain and transfer groundwater rights in the same manner as cities- -
through the purchase and retirement of irrigated farmland. The new law does not pur-
port to manage the groundwater resources of the State, but does create the Ground-
water Management Study Commission. .J

THE PROBLEM

In his dissenting opinion, in the 1976 Farmers Investment Company decision, Mr.
Chief Justice Duke Cameron stated the problem of Arizona's group water law:

Under existing law, two adjacent landowners may pump each
other dry to the detriment of themselves and others nearby.
The result is all too frequently that the access to water
is not based on 'first in time, first in right' as stated
in the majority opinion, rather access to water is deter-
mined by a race for consumption controlled not by reasonable
use but the physical ability to extract water from the
common supply. This encourages wasteful over -consumption
and proclaims a right that cannot be protected. In other
words, the larger and deeper the well, the more powerful
the pump, the more likely it will be that a generous amount
of water will be available for use upon the land serviced
by that pump while the water underlying the neighbor's land
is sucked down below the depth of his well. To the small or
family farmer the right to water then becomes a gruel illusion,
proclaimed by law, but unobtainable in practice._

2. A.R.S. §45 -301, et.seq.

3. A.R.S. §45 -314 does not specify type of well, size or any other limitation.
A.R.S. §45- 301(8) provides that an irrigation well has to have a minimum capacity of
100 gallons per minute --but no maximum. Domestic, small agricultural and school dis-
trict wells are exempted. A.R.S. §45- 301(3). The City of Tucson has requested the
State Land Department investigate situations in the Avra Valley where it is believed
new land has been brought into cultivation in violation of the Critical Groundwater
Act. At least in one past instance, the Land Department has found illegal land under
cultivation in Avra Valley.

4. Senate Bill 1391, passed by the 1977 Legislature. A.R.S. §45- 317.01,et.seq.

5. Farmers Investment Co. v. Bettwv, 113 Ariz. 520, 558 P.2d 14, 25 (1976).
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PRIVATE vs PUBLIC OWNERSHIP OF GROUNDWATER

Under existing Arizona law, surface waters are the public property of the people
of the State, subject to the doctrine of prior appropriation (first use in time is
first in right to use).

The right to use groundwater is viewed as a property right of the overlying land-
owner and is subject to the doctrine of reasonable use._

In its 1976 FICO decision,Z/ the Arizona Supreme Court stated:

...on March 14, 1953, the Court published its decision
on rehearing in Bristor v. Cheatham, 75 Ariz. 227, 255
P.2d 173 (1953), inwhich it committed Arizona to the
American doctrine of reasonable use. The decision
emphasized that this State had adopted the principle of
reasonable use 49 years before, and that whether the
Court should after nearly 50 years under an announced
rule depart from it depended upon many questions, the
most important of which was the protection of property
rights acquired upon the faith of the Court's pronounce-
ment of the law. Our exact language was:

'Many and large investments have been made in the develop-
ment of ground waters. Under these circumstances the
court's announcement of the rule becomes a rule of property
* * * and when a decision does become a rule of property,
the rights acquired thereunder are entitled to protection
under the law as declared.' 75 Ariz. at 231, 255 P.2d at
175.

Professor Robert Emmett Clark, in his recently -published Arizona Water
Resources Management Act of 1977, details an excellent legal foundation for the
declaration of groundwater as public property.

It is widely assumed that the declaration of groundwater as public property,
though it may be an ideal approach to the problem, is not politically possible in
Arizona given the long history of reliance on the existing legal rights in ground-
water use, and the political power of farmers, unless a mandatory method is establish-
ed to compensate existing groundwater users for the loss of their rights.

Notwithstanding the political problems associated with a declaration of ground-
water as public property, the fact that surface water is subject to one legal
standard and groundwater another creates serious management problems. Many experts
argue that surface and groundwaters cannot be separated into two separate classes for
management.

REGULATION OF GROUNDWATER USES

Under the present system which makes groundwater the private property of the
overlying landowner, case law has established the right of the State to exercise its
police power in regulation of groundwater uses to protect the public interest. Many
opponents of the enactment of regulations on agricultural uses of groundwater contend
that any regulation of their rights to use groundwater is a taking and thus must be
compensated for. It is with this position that urban interests diverge the greatest
from agricultural interests.

In its decision in Southwest Engineering v. Ernst,8' the Arizona Supreme Court

6. Bristor v. Cheatham, 75 Ariz. 227. Also, Jarvis v. State Land Department,
City of Tucson, 104 Ariz. 527, 456 P.2d 385 (1969) modified on other grounds, 106
Ariz. 506.

7. 113 Ariz. 520, 558 P.2d 14, 19.

8. Southwest Engineering Co. v. Ernst, 79 Ariz. 403, 291 P.2d 764, 766, 767
(1955).
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in upholding the Critical Groundwater Act, stated:

The legislative finding that the exhaustion of ground-
water by excessive withdrawals threatens to destroy
one of the principal economic resources of the state
to the consequential serious injury of all is not
disputed. Such a conclusion is obviously justified
because unrestrained use must inevitably result
either in complete exhaustion of the state's ground
water so that in the end the lands dependent thereon
will revert to their desert state or in the lowering
of water tables so that the increased cost of pumping
will reduce these lands to a marginal or submarginal
condition.

The Court went on to state:9/

It can thus be seen that a conflict occurs between
appellant and the state by reason of the interest
of the public in the preservation from destruction
of a resource essential to the sustenance of life.

Where the public interest is thus significantly
involved, the preferment of that interest over the
property interest of the individual even to the
extent of its destruction is a distinguishing
characteristic of the exercise of the police power.
The principle which we recognize here as controll-
ing rests upon historic precedent extending back
into the common law (citations omitted), and has had
continuous recognition almost to the present moment.
(citations omitted).

Southwest Engineering stands for the concept that groundwater uses can be regu-
lated for the public benefit. The issue is then what is the public interest to be
protected, and what forms of regulation should be enacted? Clearly regulation of
groundwater uses would not require compensation.

PREFERENCES

The issue which faces us today was stated in the 1955 Southwest Engineering
opinion:10/

We are of the opinion that there is a preponderant public
concern in the preservation of the lands presently in
cultivation as against lands potentially reclaimable, and
that where as here the choice is unavoidable because a
supply of water is not available for both, we cannot say
that the exercise of such choice, controlled by considera-
tions of social policy which are not unreasonable,
involves a denial of due process.

and restated again in the 1976 FICO decision when the court recognized the preference
for agricultural uses as against mining uses of groundwater:11/

We have held that the State in case of shortage may
constitutionally prefer existing users of water as
against potential users. Southwest Engineering Co.
v. Ernst, 79 Ariz. 403, 291 P.2d 764 (1955).
Because of the State's policy expressed through the

291 P.2d 764, 768.9. 79 Ariz. 403,

10. 79 Ariz. 403, 291 P.2d 764, 768.

11. 113 Ariz. 520, 558 P.2d 14, 21.
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Legislature of preferring domestic and municipal
users over irrigation and stock watering, we caused
an injunction against the City of Tucson to be
modified in order to permit it to withdraw water
from the Avra -Altar Valleys within the Marana
Critical Groundwater Area. Jarvis v. State Land
Department, 106 Ariz. 506, 479 P.2d 169 11977-
Those cases are not, however, precedent for a
doctrine that a court will prefer one economic
interest over another on an ad hoc basis where
there are not enough of the material goods of
existence to go around. Rather, courts will protect
rights acquired in good faith under previous pronounce-
ments of the law. If it is to the State's interest to
prefer mining over farming, then the Legislature is the
appropriate body to designate when and under what
circumstances such economic interest will prevail.

In the 1976 FICO decision, the Arizona Supreme Court made it clear that agricul-
tural uses of groundwater have an absolute preference as a matter of law in the State,
and if such preferences are to be changed in favor of other uses, such as for mining,
it is up to the legislature to make those changes.

Cities are preferred over farming interests in groundwater transfers, so long as
farms are retired by either purchase or leasing, at least in the Avra Valley. The
FICO decision raises serious questions as to whether the Avra Valley preference
applies to Tucson in the Santa Cruz Valley. The fact that the preference question
remains clouded, and has only been resolved on an interim basis by the recent amend-
ments to the Groundwater Code, makes it necessary to find a permanent solution.

Stated simply, can agriculture continue to be preferred to the detriment of
public interests argued on behalf of municipal and mining needs for water?

TRANSFERS OF GROUNDWATER USES

Assuming that the right to use groundwater remains as private property, but sub-
ject to regulation in the public interest, the problem of transferring the right of
use of groundwater from farming to municipal or mining interests still remains.

The "Report of the 31st Annual Town Hall on Arizona's Water --The Management of
Scarcity" addresses the transfer issue:

A major deficiency in existing ground water law involves
the problems of transferring ground water from locations
where it is available to points of demand and economic
use. Future planning and management must deal with the
problem of ground water transfers within basins, as well
as trans -basin diversions.12/

The concept of limiting groundwater use to a certain parcel of land from which
that water was developed may have made sense a generation ago when groundwater was
not a factor in urban, industrial and mining growth and agriculture was the dominant
economic sector in Arizona. However, changing times have rendered this concept a
dangerous impediment to the future economic health of the people of the State.

Under existing law, cities now have a mechanism to obtain groundwater rights
through the purchase or lease of farmland and the retirement of groundwater use on
that land.12/ Tucson, as a result of its purchase of over 12,000 acres of farmland
for water rights, has a vested interest in the law as its water rights are derived
from those held by farmers.

12. Arizona Water -The Management of Scarcity, Arizona Academy 1977 Report of
Thirty -first Arizona own Hall, at page ix.

13. Jarvis v. State Land Department, City of Tucson, (1969), 104 Ariz. 527,
456 P.2d 385; (1970) 106 Ariz. 506, 479 P.2d 169; (1976) 113 Ariz. 230, 550 P.2d 227.

A.R.S. §45- 317.01, et.seq..
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What is important from an urban perspective is that some sort of stability be
introduced into this area so cities can reasonably plan for their future water needs,
obtain the necessary water, without the prospect of the entire system being turned
upside down at some point in the future. Many millions of dollars have been and will
be invested by cities to obtain groundwater rights in reliance on various developments
of the law.

It must be firmly established without future doubt' that once a water right is
obtained, such water can be used wherever the owner wishes without the threat of
injunction.

QUANTIFICATION OF RIGHTS, METERING

In the past Tucson legislators have supported measures which would result in the
quantification of all existing water rights. As a companion, they have advocated a
requirement that all wells in Arizona over a certain minimum size be metered or
measured in some way so the real amounts of groundwater extracted are known.

Farmers violently oppose metering, calling it communism and worse. They see
metering as the first step towards taking away their water rights and cite the regis-
tration of hand guns as an example. Nowhere in the water controversy is there more
emotion than in the metering issue.

However, in a state which already has an overdraft of two million acre feet a
year, intelligent planning for future water resource needs requires a good data base.

If it is assumed that cities will have to purchase and retire irrigated farm
land in order to obtain a water right to transfer, it becomes absolutely necessary to
establish the nature and extent of such right.

Today no one is really certain how much water a city is entitled to when it pur-
chases and retires an irrigated farm. The measure has changed several times in
recent years, creating instability. Tucson obtained the right to pump the average
historical annual consumptive use of the farm in the Jarvis III decision, and SB 1391
increased that entitlement by almost 100% when the measure was average annual maximum
pumping of the farm.

It is very difficult for a city to decide what a farm is worth, and what sort of
capital facilities to build to transfer water from a retired farm when the measure of
the water right for transfer purposes keeps changing.

Management, regulation and transfers of groundwater rights and uses would be
enchanced by metering and a system of quantification so everyone knows exactly what
they have rights to.

TAXATION OF GROUNDWATER USES

The biggest proportion of the overdraft, as documented in the Phase I and II
reports of the Arizona Water Commission, is as a result of agricultural use of ground-
water. While all users of groundwater contribute to the overdraft, the lion's share
of it-- especially in the counties with large urban populations --is used for farming.

There are clearly identifiable costs resulting from our groundwater overdrafts.
These include greater energy costs caused by the increasing depth from which the
water must be pumped, the costs associated with replenishing the water supply by im-
porting water, and costs related to water quality.

Present users of groundwater are not required to pay anything toward costs of the
overdraft which will arise in the future. Many present users -- predominately farming
operations --have an option to quit when the cost of increased depth, the cost of
augmentation, or the cost of treatment to improve water quality make their operations
uneconomical. It is possible to mine away the water in an aquifer as long as a

profit can be made on crops, then abandon the land.

Cities do not have the same freedom of options; they cannot just pack up and
leave. They do have a greater ability to afford the cost of imported water.

Urban interests have come into conflict with other users, especially agriculture,
over the fact that, under the present system, the people of the cities will eventually
pay the cost consequences of farms overdrafting the groundwater supplies.
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In past years, members of the Legislature from Tucson have advocated a ground-
water extraction tax on everyone pumping groundwater from an aquifer in excess of the
natural recharge.

This concept of an extraction tax was suggested as one means of recognizing the
value of our groundwater in the aquifer. It is a proposal to allocate a portion of
the cost of replenishing our water supplies in the future (such as by the CAP), to
all who extract water now.

Farming interests could not understand why they should pay a tax on "their"
water. But, conversely, why should urban residents or mining companies pay for
replacing the water used by farms?

The concept of an extraction tax is widely misunderstood in Arizona. This is
due, in part, to the fact that it is still in the idea stage and remains to be
thoroughly refined so it is not a punative measure, but is instead another tool to
improve water supply and management within the State.

INCENTIVES FOR REDUCTION OF GROUNDWATER USE

A question that frequently arises is what sort of incentives or specific require-
ments should be applied to encourage water users to develop and use alternative
sources of water to groundwater and incentives and requirements to conserve water.

This question has two major thrusts: first, what should be done regarding urban
water use; and, second, what about farming uses?

Urban water uses comprise 7% of the State water use total; whereas, farming
constitutes 89 %. Even with maximum reductions of urban water demand and per capita
uses, only a small dent will be made in the total water supply picture. However,
over the long term as urban water uses grow due to population growth, the urban water
use sector will become increasingly more important in the overall picture.14/

Tucson has already "bitten the bullet" on demand on water with its "Beat the
Peak" program.

It is difficult for urban interests to advocate reductions in agricultural water
uses when farmers see city people wasting water daily. Though, in fact, Tucson's
water users have already reduced their per capita water use below national averages
and have taken the lead in Arizona in dealing with urban water use problems; the
issue will remain statewide.

The mechanisms for reduction of the agricultural uses of water are numerous.
These include various conservation and water efficiency measures such as lining
irrigation ditches, improved irrigation techniques, leveling of fields, and the use
of drip irrigation, where possible.

The previously -proposed extraction tax is one means of discouraging excessive
use of water as it would raise the cost of water to farmers.

Proceeds from the extraction tax could be used, in addition to purchasing import-
ed water for recharge, for low interest loans and grants for farmers to line their
ditches, level their fields, switch to drip irrigation (where possible), or convert
to lower water -using crops, and for watershed management programs to increase runoff
and recharge.

Another area of incentive is to eliminate the present subsidies which result in
wasteful uses of groundwater. A prime example of this is the agricultural preference
to contract for the cheap hydroelectric power under the jurisdiction of the Arizona

14. According to the Phase II report of the Arizona Water Commission,
Alternative Futures, issued in 1977, about 89% of the State's water is used by
agriculture, 7% by municipal and industrial users, and 4% by mines, utilities and
other users. Even with significant reductions in agricultural uses of water due to
urban expansion and purchase of water rights, farming would have to be reduced to
only 70% of the total water use in the State to achieve a balance of demand and
dependable supply.
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Power Authority.15/

Arizona's share of the cheap electricity allocated to it from federal reclama-
tion projects is sold by the State to irrigation districts which, in turn, pump
groundwater. For example, the Cortaro -Marana Irrigation District, north of Tucson,
pursuant to one of these contracts, gets its electricity to pump water for less than
one cent per kilowatt hour. This is compared to nearly five cents a kilowatt hour
Tucson pays for electricity to pump water.

These preferential contracts expire in the 1980's. State law should be changed
giving cities the preference for this cheap power and requiring farmers to pay the
going rate for energy --which would greatly increase the cost of pumping groundwater
in many areas of Central Arizona.

Today, the cost of pumping groundwater is subsidized because that was thought to
be in the public interest of the people of the State. What is the "public interest"
has changed, and subsidies to agriculture which encourage groundwater mining should
be ended.

In place of the existing subsidies, preferences and incentives, a new package
of subsidies, preferences and incentives should be enacted to encourage more efficient
use of groundwater by farmers.

GROUNDWATER MANAGEMENT SYSTEMS

Should groundwater be managed by a centralized State authority (the Water Czar
approach), by separate and somewhat independent groundwater basin management agencies,
or a hybrid of both?

In the past, legislators from Tucson have supported the concept of division of
the State into hydrologically -based subdivisions (such as groundwater basins or river
drainage basins), for administration. The concept behind this is that what might be
required to solve the water problems in the Santa Cruz and Avra Valley basins might
not have any relevance or value for areas along the Colorado River, in Maricopa
County, and in areas of Northern Arizona.

One form of management system that might be considered is a Groundwater Manage-
ment District (GMD).

The concept of a GMD would replace existing Critical Groundwater Areas with a
management system covering the hydrologic groundwater basin, or sub -basin. The GMD
would have regulatory powers as set forth in the State statutes and would be created
at the option of the people in the basin. Thus, if the groundwater users in the
Santa Cruz Basin wanted a management system, they could create a GMD, while if the
users in a basin in Yavapai County did not want to manage their groundwater, they
would not create a GMD.

Some of the suggested powers of a GMD include the power to:

1. levy an extraction tax on all groundwater pumped in excess of natural
recharge, with the proceeds of the tax to be used to purchase imported water or for
other purposes which would increase the recharge to the groundwater basin;

2. allocate annual amounts of groundwater to be extracted from the basin;

3. purchase imported water and resell it to users within the basin district;

4. require conservation measures such as flow restriction devices in residen-
tial and commercial buildings, and lining of irrigation ditches.

15. A.R.S. S30-124.
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SUMMARY AND CONCLUSIONS

Existing groundwater law does not provide for any effective management of
groundwater resources. Instead, the right to groundwater is based on a pumping war
to see who can extract the water first.

1. In the public vs. private ownership conflict over groundwater rights, con-
vincing arguments exist that groundwater can be declared public property without a
violation of the State Constitution. However, it is thought that this is politically
impossible given the strength of the agricultural lobby.

2. Existing case law in Arizona supports the premise that the use of groundwater
can be regulated by the State for the public interest without such regulation consist-
ing a "taking" of property. Groundwater should be subject to regulation in this State
for the maximum public benefit.

3. A clear and unambiguous urban preference should be maintained in water use
rights. The current preferred status of agriculture should be seriously questioned
and a new set of preferences established more realistically related to the best
interests of the people of the State.

4. A permanent system permitting transfer of the right to use water away from
specific parcels of land is absolutely necessary to permit orderly and proper
economic growth in the State.

5. All existing water rights should be quantified. Metering is one tool to
measure water use and assist in orderly planning for water management and development
of new water supplies.

6. A groundwater extraction tax is one tool by which the true cost of mining
groundwater could be identified and collected. Proceeds from this tax could be used
to help pay for replenishment of depleted aquifers, for watershed management to im-
prove runoff, and to defray the cost of conservation measures to increase water use

efficiency.

7. Incentives which encourage the mining of groundwater should be eliminated,
and these should be replaced by incentives and subsidies which encourage efficient
and wise use of groundwater.

8. A groundwater management system must be established. The choice is basically

between a "water czar" or central state agency, groundwater basin agencies which are
autonomous, or a hybrid of an umbrella state agency to coordinate state interests,
and local basin units to tailor solutions to each basin.

The problems of Arizona's groundwater laws are best solved at the state and
local level. Those interests most directly affected by groundwater laws should have
a say about the future course of state water law.

However, should those interests fail to work together and produce meaningful
groundwater law reform, the completion of the Central Arizona Project could be in

jeopardy and Arizona could face federal intervention in state water management.

The definitions of the problems, issues, goals and solutions of Arizona's water

resource future are as diverse as are the interested parties, We have a many -sided
conflict over water which starts with a lack of agreement as to what our problems

are, let alone what solutions should be implemented.

The problems and solutions would be described one way by Arizona's Indians, and

quite another by Arizona's farmers, miners, or city folk.

To this date, the one big problem which continues to stymie all attempts to

solve the State's water resource problems is the unwillingness of the various compet-

ing interests to try seriously to work out a common solution.

The situation today was well- described in an opinion written by the Territorial

Court of Arizona, in 1887. Involving a controversy over the use of surface waters
in the Santa Cruz, the court in that case expressed an insight equally applicable

to today's problems:

Thereais something to be deplored in the spirit of
that neighbor, who would take the crust from his
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neighbor's lips. These people should live together
as neighbors, sharing each other misfortunes and
rejoicing in each others blessings, in our conscience
from the testimony we believe there is sufficient
water in the Santa Cruz river, if only a necessary,
economical and reasonable use thereof is had, to
irrigate all these lands. There can be no doubt of
the paramount importance of this water question. In
a country where water is so scarce and so precious as
it is in this Territory, it is of tWi utmost importance
tFat its drirribution and use sEuld be as extensive as
vested rights and material interests willadmit. It is
the policy of the law to encourage the building of new
homes, the opening out of new farms. The prosperity
of the Territory depends largely upon this policy;
while motives of patriotism and good citizenship prompt
to its hearty support. (Emphasis supplied).

DALTON v. RENTARIA
2 Ariz. 275
15 P. 37 (1887)
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ANALYSIS OF WASTEWATER LAND TREATMENT SYSTEMS

IN THE PHOENIX URBAN AREA

by

Ronald L. Ewing

ABSTRACT

As a part of the ongoing Phoenix Urban Study, Federal legislation mandates that land treatment
of wastewater be seriously considered as a treatment option. Land treatment is a particularly viable
alternative in the Phoenix area because in this arid desert climate, all water is a scarce and valuable
resource and land treatment offers a positive opportunity for the conservation of this resource. In

addition, land treatment systems are generally less expensive and have lower energy requirements than
other conventional treatment processes while resulting in comparable treatment.

The analysis of wastewater treatment systems for populated urban areas necessitates the preliminary
investigation and comparison of a large number of alternatives to allow for a realistic engineering
and economic evaluation. The site specific nature of land application adds additional variables that

must be considered. A preliminary systems approach indicated that to minimize the effect of a human
judgement factor between sites and yet maximize the depth of the initial analysis, computer techniques
should be utilized for analysis and data storage. A summary of this analysis with appropriate cost,

power usage, land requirements and other pertinent factors will be presented.

INTRODUCTION

In 1972, the Congress of the United States of America enacted legislation regulating the pollution

of waters by the passage of Public Law 92 -500. This act was one of the most comprehensive water

pollution control measures ever enacted in the United States of America. Sections 208 and 303 of the

Act provide for the planning and management of point and non -point sources of water pollution.

The United States Corps of Engineers, assisted by Consulting Engineers, is developing a compre-
hensive study of water and wastewater resources in the Phoenix, Arizona metropolitan area (see Figure 1)
which will fulfill the Section 208 requirements. The study will develop a plan to provide coordinated
water resource management with practical alternatives to the solution of water and water related prob-

lems. An early action management plan as well as a long range master plan will be formulated to pro-
vide options for growth, related to flood control, water conservation, water recreation, fish and wild-
life resources, and wastewater management.

Wastewater management alternatives for the control of point and non -point sources of water pollu-
tion are being developed for metropolitan Phoenix which includes 22 different governmental entities,
encompasses some 2300 square miles, which contains 1.2 million inhabitants. These alternatives include

considerations of combinations of primary, secondary, and tertiary treatment processes for point sources.

The Federal legislation mandates that land treatment of wastewater effluent be considered in all

areawide management plans. In the Phoenix area this method of providing treatment to primary and

secondary treatment plant effluent is ideally suited for many reasons: (1) it provides an additional

source of needed water, (2) it is generally low in energy requirements, (3) it is generally less
expensive than other tertiary wastewater treatment processes, and (4) it can provide an indirect

groundwater recharge. This treatment concept is consistent with areawide planning in that it encourages

the reuse and recycle of wastewater. Alternative means of controlling point source of pollution were

evaluated using land treatment methods. Three basic types of land treatment systems evaluated were:

(1) overland flow, (2) infiltration -percolation, and (3) irrigation. (See Figure 2) More than fifty

potential sites were located and evaluated. Utilizing the latest land application technology, a com-

puter program was prepared to analyze each potential site, evaluate its suitability for the various
types of application, calculate land areas and storage requirements for each suitable type, and summarize
the analysis in a printed output.

The author is the Assistant Managing Engineer for Boyle Engineering Corporation's Phoenix Branch Office.
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LAND TREATMENT

Irrigation Systems.

The most common method of land application of treated wastewater is irrigation. It involves the
application of wastewater to the land by the controlled discharge of effluent, by spraying (sprinkler
irrigation) or surface spreading (ridge and furrow or flooding) to both support plant growth and pro-
vide additional treatment of the applied wastewater.

Treatment of the applied wastewater is accomplished by physical, chemical and biological processes
as the liquid passes through and /or over the soil. Two purposes were identified for this type of a
system: (1) to avoid surface water pollution by the discharge of nutrients, (2) to recycle water and
nutrients and obtain an economic return by producing marketable crops.

Infiltration -Percolation Systems.

Infiltration -percolation systems apply wastewater to the soil by discharge to basins. Treatment is

imparted to the wastewater primarily by the filtration and absorption capacities of the soil. The

wastewater is allowed to infiltrate at a relatively high rate, thereby reducing land area requirements.
Vegetation of the application site could be provided to reduce the effect of suspended solids loading
and prevent clogging of the soil structure, thereby allowing the continuation of high application rates.
However, vegetation of infiltration -percolation sites is not usual practice. The purposes of infil-
tration- percolation systems is to renovate sewage or effluent and to recover the renovated water
by the use of wells or underdrains.

Overland Flow Systems.

The third method of land application is overland flow. This technique is probably the least used.
It consists of applying wastewater, usually by spraying, on the upper reaches of sloped terraces of
relatively impermeable soils and allowing it to flow through vegitation. The wastewater is ultimately
collected as runoff at the bottom of the slope minus that amount lost to evaporation and percolation.
Renovation is accomplished by physical, chemical and biological means as the wastewater passes by
sheet flow through the vegetation and litter. Pre -application treatment would include the removal of
large solids, grit and grease which would produce operational and maintenance problems in the spray
application system.

The purposes of this type of a system are: (1) to provide additional treatment prior to discharge
to surface waters, and (2) to provide additional treatment prior to reuse of collect runoff.

Preliminary Site Assessment.

The process of selecting potential sites for land application systems is an iterative process,
starting with the evaluation of very broad criteria and refining the selection on the basis of more
restrictive criteria as it relates to specific systems and sites.

The intital evaluating criteria considered general location as it related to the existing waste-
water system and its compatibility with proposed land usage in the general proximity. Other aspects

that were analyzed in the overall site selection process were included in the general environmental
setting of the potential sites. This encompasses such things as climate, topography, soil characteris-
tics, groundwater conditions as well as the identification of historically and archaeologically sensi-
tive areas.

Computer Analysis.

Prior to the development of the computer software package, it was felt that certain items must be
considered during the programming phase. It was desirable to have the computer analyze each site,
based on factual site specific criteria, as to its suitability to the various methods of the land
application of wastewater. The analysis had to be quick, yet thorough, and was to select the various
types of systems to be further analyzed for cost. In addition, adequate engineering documentation
should be output to provide hardcopy for inclusion in design appendices and project reports. The

second phase was to take this information with supplementary generated information, without having to
re -input the initial data, and provide a systematic cost analysis that would result in capital costs,
yearly costs and costs per unit of flow treated for the various components of the land application
system. The package also was to accommodate various land acquisition methods as well as potential reve-
nue. Finally, summary documents were to be provided to condense the detailed engineering and cost
analysis output.

Utilizing latest land application technology, a computer software package was developed. The

package consists of two distinct main programs, one providing engineering analysis and the other provi-
ding the cost analysis. The engineering analysis program was totally developed by Boyle Engineering
Corporation. However, the cost analysis program is a refinement of a portion of the United States Army
Corps of Engineers Computer- Assisted Procedure for the Design and Evaluation of Wastewater Treatment
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system (CAPDET) Program. A block diagram of the two programs and their related subroutines is shown
on Figure 3.

The initial program was prepared to analyze each potential site, evaluate its suitability for the
various types of application, calculate required land areas, buffer zones and storage requirements for
each suitable type, and summarize the analysis in a printed output. Data analysis and procedures were
adopted from the United States Environmental Protection Agency's Evaluation of Land Application Systems
Technical Bulletin.

The cost analysis procedure was adopted from the United States Environmental Protection Agency's
Costs of Wastewater Treatment by Land Application Technical Bulletin by the United States Army Corps
of Engineer's CAPDET Program. Boyle Engineering Corporation took segments of this program, refined
and brought them together again in the form of one main program and sub -routines, each performing
separate functions for specific treatment application methods.

The user also has the capability of analyzing the affect of revenues on the project. These
revenues may come in the form of crop sales or land leasebacks in the case of irrigation systems;
effluent sales to leaseback irrigation land users; or renovated water sales in the case of infiltration -

percolation systems. With this capability, the user can determine the exact impact on the overall
financial aspects of the land application system for all component parts.

The output from the cost analysis program provides a printed annotated listing of costs; including
capital, amortized as well as annual operation and maintenance; including an allowance for each compo-
nent part of the overall land application system.

ANALYSIS

To date, the Phoenix Area "208" /Urban Study has evaluated approximately thirty -five (35) sites
with a total of over fifty (50) land treatment alternatives being considered. Following this evaluation,
27 of the 35 sites were eliminated for various reasons, such as excessive distance from a wastewater
treatment plant, uncompatible projected land use, poor implementability, or too costly. Each site has
been individually field investigated and analyzed as to its suitability. It is recognized that other
potential may exist; it is fact that the remaining eight sites offer the most potential in light of
environmental considerations, existing land use, and other criteria used in the evaluation (see Figure 1).

ACKNOWLEDGEMENT

This presentation is a summary of several years of work by numerous individuals and was totally
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LAND TREATMENT OF PRIMARY SEWAGE EFFLUENT:
WATER AND ENERGY CONSERVATION

by

R. C. Rice and R. G. Gilbert

ABSTRACT

Land treatment of secondary municipal wastewater is an economical and aesthetic
method of upgrading water quality, if hydrologic and geologic conditions are favor-
able. Costly conventional secondary treatment, which requires large quantities of
electrical energy, can be bypassed by applying the primary effluent directly to the
land. Soil- denitrifying bacteria use the organic carbon in the primary effluent as
an energy source for biodenitrification and nitrogen removal. Laboratory and field
studies indicated the quality of renovated wastewater meets standards for unrestricted
irrigation and recreational uses. Considerable savings, both in capital and energy
costs, can be realized by land treatment of primary effluent.

INTRODUCTION

Sewage effluent is a valuable water resource, especially in water -short areas,
like Arizona. However, before the effluent can be used for unrestricted irrigation
and body contact recreational uses, additional treatment beyond secondary is required.
Bouwer et al. (1977) showed that land treatment of secondary effluent by groundwater
recharge is an economical and aesthetic method of upgrading water quality, provided
hydrologic and geologic conditions are favorable. The secondary effluent is applied
to infiltration basins and allowed to percolate to the groundwater. As the effluent
moves through the soil, most pollutants and impurities are removed by physical,
chemical, and biological processes. By the time water reaches the groundwater, the
quality has been improved to meet unrestricted irrigation- and recreation -use stan-
dards (Table 1).

The cost of wastewater treatment is increasing not only because of inflation but
also because of requirements for a higher quality effluent. Savings of both total
cost and energy would be considerable if primary, rather than secondary, effluent
were used in land- treatment systems. Secondary treatment (activated sludge) costs
considerably more than primary treatment and requires about 70% of the total electri-
cal energy consumed in conventional treatment plants (Smith, 1977). The main differ-
ence between primary and secondary effluent is the concentration of total organic
carbon (TOC) and suspended solids. Typical values for these parameters are shown in
Table 1 for Phoenix, Arizona.

In secondary treatment plants electrical energy is used to operate aerators to
remove another energy form, organic carbon. Organic carbon, however, is an important
nutrient in the soil biological system. Soil bacteria play an important role in the
land treatment renovation process, especially in removing nitrogen (Gilbert et al.,
1974). Most of the nitrogen in the effluent is in the ammonium form. As the effluent
seeps through the soil, the ammonium is adsorbed by the soil. During the dry period,
oxygen from the atmosphere moves into the soil and nitrifies the ammonium. If organic
carbon is present, then bio- denitrification will occur, mostly in micro -anaerobic
pockets within the aerated zone. Lance and Whisler (1974) showed that organic carbon

Contribution from the Science and Education Administration - Federal Research, U. S.

Department of Agriculture. The authors are, respectively, Agricultural Engineer and
Research Microbiologist, U. S. Water Conservation Laboratory, 4331 East Broadway,
Phoenix, Arizona 85040.
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concentrations in the secondary effluent limit the amount of denitrification that will
occur. Increasing the carbon concentration to 150 mg /1 stimulated denitrification and
increased nitrogen removal from 30 to 90 %. The higher TOC levels in the primary
effluent would easily be consumed by the soil bacteria.

The amount of electrical energy used for activated sludge (secondary) treatment
will be relatively constant for a given capacity. However, the energy required for
land treatment is used almost entirely for pumping and depends upon the total lift.
For a 120 -ft lift, the energy used for land treatment and secondary treatment is about
the same. When comparing energy requirements for equivalent water quality, however,
the total energy for land treatment of primary effluent is about half that needed for
the combined secondary and land treatment.

When primary effluent was applied to the land at Fort Devens, Massachusetts
(Satterwhite and Stewart, 1977), the quality of the renovated water was comparable to
that of in -plant tertiary treatment and met the quality standards for unrestricted
irrigation and recreational uses. Preliminary laboratory and field work at our
laboratory indicated that, while the quality of renovated primary effluent was similar
to that of renovated secondary effluent, infiltration rates were reduced because of
the higher suspended -solids concentration. The purpose of this paper is to compare
cost and energy required for secondary treatment (activated sludge) and land treatment.

COST ANALYSIS

EPA cost effectiveness guidelines state that "the most cost effective alternative
shall be the waste treatment system determined from the analysis to have the lowest
present worth and /or equivalent annual value without over- riding adverse known mone-
tary costs" (Pounds et al., 1975). Recent EPA policy has indicated that priority
should be given to land treatment processes. Also, EPA has placed land treatment in
the innovative process category, which qualifies users for 85% reimbursement for costs
as compared with 75% for conventional treatment. We determined cost analyses of
activated sludge treatment and land treatment of primary effluent from EPA guidelines.

Land treatment costs were determined from procedures and graphs outlined by
Pounds et al. (1975), and updated to 1978 with the current cost indices, wage and
power costs. In this analysis we made the following assumptions: (1) Transmission
of effluent to a site 1 mile from primary plant was by gravity pipe; (2) an infil-
tration basin distribution system at infiltration rates of 0.5 and 1 ft /day was used,
which corresponds to 90 and 180 ft /year total infiltration, respectively, assuming
flooding 50% of the time; (3) recovery of renovated water was by wells at a 100 -ft
lift; (4) additional costs include monitoring wells, fences, and roads; and (5) EPA
construction cost indices were 281 for sewage treatment plants and 296 for sewers;
labor cost $9 /hr; electrical power cost was 4á /kwh; the wholesale price index was
200; amortization was 7% for 20 years; and land costs were $5,000 /acre. Costs for
laboratory and administrative facilities were not included.

Comparative cost for activated sludge treatment was determined from Van Note et
al. (1975) and updated to 1978 using the current price and wage costs. Table 2 shows
both capital costs and operation and maintenance (05M) for 1, 10, and 100 mgd
discharges. The land requirement and electrical energy consumed are also included.
Land treatment costs ranged from 4 to l501,000 gal, whereas activated sludge treat-
ment costs ranged from 7 to 40¢/1,000 gal. The total cost for land treatment was
less than activated sludge treatment, even at lower infiltration rates. The lower
infiltration rates, which require about twice the land area, increased the total cost
by 2d /1,000 gal.

SUMMARY

Cities faced with the need for increasing treatment plant capacity can implement
land treatment of primary effluent at a lower cost than secondary treatment. Pre-
liminary laboratory and field studies have shown that primary effluent can be success-
fully treated by land application and yield water whose quality equals that of reno-
vated secondary effluent at about half the energy requirement. Therefore, land treat-
ment of primary effluent is a cost -effective and energy- saving alternative for waste-
water treatment that eliminates the cost and energy requirements for conventional
secondary activated sludge treatment and produces a high quality renovated water.
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Table 1. Typical Quality of Primary, Secondary, and Renovated Sewage
Effluent at Phoenix, Arizona.

Primary Secondary
Renovated
effluent

mg /1

NH4 -N 28 25 1 - 4

NO3 -N .1 .1 5 - 12

Organic -N 5 2 0

PO4 -P 8 8 1 - 3

Total organic carbon (TOC) 100 25 5

B0D 100 20 <0.5

Suspended solids (SS) 80 10 - 20 <0.5

Fecal coliform (No. per 100 ml) 8 x 106 105 0 - 200

Table 2. Cost Comparison of Treating Primary
and Activated Sludge.

Effluent Using Land Treatment

Quantity
mgd

Treatment/
Energy

required,
kwh /day

Land
required,

acre
Cost < /1000 gal

Capital O$Mb/ Total

1 Land - 0.5 ft /day 477 40 9.3 5.6 14.9

1 Land - 1 ft /day 477 20 8.0 4.7 12.7

1 Activated sludge 608 1 23.7 16.1 39.8

10 Land - 0.5 ft /day 4,772 150 3.7 4.4 8.1

10 Land - 1 ft /day 4,772 90 2.6 3.3 5.9

10 Activated sludge 5,865 5 6.5 5.8 12.3

100 Land - 0.5 ft /day 47,727 1300 3.3 2.9 6.2

100 Land - 1 ft /day 47,727 700 1.7 2.6 4.3

100 Activated sludge 57,065 30 4.6 2.3 6.9

a/ Average daily infiltration rates of 0.5 and 1.0 ft /day represent total

annual infiltration rates of 90- and 180 ft, respectively, when flooded

50% of the time.

b/ Operation and maintenance cost.
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NITROGEN REMOVAL FROM SECONDARY EFFLUENT APPLIED TO ,A SOIL -TURF FILTER

Elizabeth L. Anderson, Ian L. Pepper, and Gordon V. Johnson

ABSTRACT

This study investigated the potential of a soil -turf filter to renovate secondary

effluent applied in excess of consumptive use. Lysimeter plots were filled with a

sand and a sand mix, and seeded to winter ryegrass. In spring, plots were scalped and

seeded to bermudagrass. Plots were drip irrigated twice a week with secondary efflu-
ent at rates of 10, 17, 22, 34, and 43 mm /day. Leachate and effluent were analyzed

for NH -N, NO,-N, and organic -N. Grass clippings were oven dried, weighed, and ana-

lyzed for organic -N. Percent of leachate available for groundwater recharge was 50%

at the lowest rate and 68% at the highest rate when values were averaged for both

soils. The amount of nitrogen removed by the soil -turf filter using sand was 42 to

87% and 52 to 90% on the mix, decreasing as application rate increased. The highest

nitrogen removal and utilization occurred at the lowest application rate. Turf utili-

zation of nitrogen was 10 to 28% on sand and 18 to 36% on mix, decreasing as rate of

application increased. The sand -turf filter renovated 22 mm/day and the mix -turf fil-

ter renovated 43 mm/day, yielding leachate averaging less than 10 ppm NO3 -N.

INTRODUCTION

One- hundred percent of Tucson's water for 450,000 people comes from groundwater.

Fifty percent of the water pumped into the distribution systems appears as return flow

to sewage treatment plants (Cluff et al., 1972). Groundwater levels have been de-

creasing 2 to S feet per year as use exceeds natural replenishment. Over 30 million
gallons of secondary effluent per day are released into the Santa Cruz River without

consideration to nutrients in the effluent, groundwater pollution, or water conserva-

tion. Cluff et al. (1972) showed that distribution of effluent to farms in Avra Val-

ley, Arizona, would be of economic benefit to farmers, saving on fertilizer costs, and

to the city, saving groundwater.

Day et al. (1972) reported on a study covering 14 years of effluent application

on a silt loam soil. They found effluent increased soluble salts, nitrate in the C

horizon, phosphorus in surface soil, and the modulus of rupture. Infiltration rate

decreased. These effects would not be detrimental with proper soil management.

Bakersfield, California, has used effluent on agricultural crops since 1912 (Crites,

1975). All the effluent produced, 13 million gallons per day, is used on 2,500 acres.

The crops grown had equal or larger yields compared to surrounding farms, except cot-

ton which was 20% lower. St. Petersburg, Florida, used effluent for spray irrigation

of parks and golf courses, saving potable water (White, 1975). Effluent is also used

to prevent salt water intrusion into groundwater supplies in Florida.

The Environmental Protection Agency (EPA) standard for NO -N is 10 ppm in potable

water, as nitrates cause methemoglobinemia in infants. Hook aAd Kardos (1978) found

white spruce irrigated at 5 cm /week kept NO3 -N levels in leachate below 10 ppm, but

hardwood forest was less effective. Canarygrass and grass -legume hays renovated ef-
fluent applied at 5 cm /week, but corn was not effective at this rate (Kardos and

Sopper, 1973). Day (1973) suggested 2 to 7 acre- feet /year could be used to irrigate,

depending on the crop. Sidle and Johnson (1972) found turfgrass removed 95% of the

nitrogen applied in effluent. Their plots were irrigated with 2.84 inches of effluent
whenever available soil moisture reached 40%. Osborne (1975) found peat and sand with
stalked blue grass growing removed 46% of the nitrogen from effluent applied at 0.63

cm /hour.

The first two authors are respectively, Research Assistant and Assistant Professor,

Department of Soils, Water, and Engineering, University of Arizona, Tucson. The third

author is currently Director of Soil Testing Laboratory, Oklahoma State University,

Stillwater. Approved for publication as Journal Paper No.259 , Arizona Agricul-

tural Experiment Station.
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TABLE 1. RATES USED 24 JULY - 24 DECEMBER

Rate in multiples Liters applied
Rate (mm /day) twice a weekof consumptive use

2 10 36
3 17 58
4 22 76
7

8
34
43

120
152

100

90

80

70

60

50- ' -- ANDIOmm /D4Y

40 as

30 MIX 10mm /DAY

20

% WATER RECHARGE

SAND 34mm /DAY

r.,

MIX 34 mm /D Y

_

10
JULY AUGUST SEPTEMBER OCTOBER NOVEMBER DECEMBER

Figure 1. Percent water recharge graph, illustrating percent of water applied avail-
able for reuse.

TABLE 2. AVERAGE VALUES FOR 24 JULY - 24 DECEMBER, 1977

Rate Recharge
Sand Mix

Purification
Sand Mix

Utilization
Sand Mix

ram/day

10
17
22
34
43

---- 8 --°
57.6a 41.Oa
74.8b 70.0b
74.8b 62.5c
75.7b 72.3b
71.7b 64.8c

---- $ ----

84.Oa 90.1a
65.4b 72.3b
56.0c 69.7b
47.7d 57.4c
42.3e 51.9d

---- ----

28.5a 36.2a
23.0b 30.8b
19.1c 25.4c
13.9d 19.8d.
10.4e 17.7d

Means in columns not followed by same letter are statistically different at p = 0.05
as tested by SNK range test.
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Renovation of large quantities of effluent for groundwater recharge can be accom-
plished using a high rate infiltration basin or aquifer. Flushing Meadows in Phoenix,
Arizona, reclaimed 91 m /year removing 30% of the effluent nitrogen (Bouwer et al.,
1974). Most quality improvement takes place in the first meter of soil. Vegetated
basins filtered suspended solids and maintained infiltration rates. An advantage of
collecting reclaimed water underground is the water loses its identity as sewage water
(Bouwer, 1968). Reclaimed water can be used in industry, by the city, or for irriga-
tion to reduce the draw on groundwater.

The mechanism of purifying effluent at high infiltration rates is nitrification
followed by denitrification. Lance et al. (1973) found a 5 -day dry period allowed
enough oxygen to enter the soil for nitrification to occur after 6 days of flooding.
Subsequent denitrification was dependent on the amount of organic C in the effluent
and an anaerobic environment (Lance et al., 1976).

Tofflemin and Farnan (1975) reviewed several studies showing land treatment of
wastewater is generally less expensive than tertiary treatment. Young and Carlson
(1975) surveyed the southern United States and found land application of wastewater
was the lowest cost alternative for improving water quality. Bouwer (1968) estimated
filtration basin reclamation costs $8 /acre foot compared to a tertiary treatment cost
of $37 /acre foot.

In this study, the advantage of using turf as a renovating agent was combined
with application rates of 10 to 43 mm/wk to determine quality and amount of recharge
water available for reuse.

MATERIALS AND METHODS

This study was conducted at the University of Arizona Turfgrass Research Center
in Tucson, on twenty lysimeters, 1 m by 60 cm deep. Ten units were filled with 95%
sand, 1% silt and 4% clay, (referred to as sand) with a cation exchange capacity (CEC)
of 2.1 meq /100 g soil. The other 10 units contained 89% sand, 5% silt, 4% clay and
2% organic matter (referred to as mix), with a CEC of 4.8 meq /100 g soil. Both soils
had a pH of 8.3. Units were arranged in a split plot design, with two different soils
five application rates, and two replicates of each rate.

Secondary effluent was obtained from the Randolph Park sewage treatment plant in
Tucson. Seasonal changes and lagoon storage of effluent at the plant caused the ni-
trogen content to vary. In summer, the effluent contained: 17 to 23 ppm NH4 -N, 0.5
ppm NO3 -N, and 2 to 5 ppm organic -N. In winter, values were: 3 to 6 ppm NH4 -N, 4 to
16 ppm NO3 -N, and 1 to 5 ppm organic -N.

Plots were drip irrigated twice weekly, using 15 mm drip irrigation lines with
emitters that could deliver four gallons per hour at 15 lbs. pressure. Effluent was
applied to each plot by gravity flow from calibrated barrels. Application rates for
effluent were based on a study by Krans and Johnson (1974) which showed maximum con-
sumptive use by bentgrass was 5 mm/day in August. These rates are shown in Table 1.
High infiltration rates for both soils eliminated ponding of effluent on the soil sur-
face.

After each effluent application, lysimeters were drained, leachate samples col-
lected, and volume of leachate recorded. Samples of leachate and effluent were ana-
lyzed for NH4 -N, NO3 -N, and organic -N. Plots were mowed to 1.5 inches once a week.
Clippings were oven dried at 80 C and total yield recorded. The clippings were then
ground and analyzed for organic -N. All nitrogen determinations were made by micro -
Kjeldahl technique (Bermner, 1965). All values were averaged over two week intervals.

Three criteria were used to evaluate this soil -turfgrass filter system. Percent
water recharge was the parameter used to indicate the ability of the system to supply
water for reuse or groundwater recharge.

Percent Water Recharge -
(Volume of leachate collected

) x 100Volume of effluent applied

Nitrogen purification efficiency is the amount of nitrogen removed from the effluent
by the soil and turfgrass.

Percent N Purification Efficiency = [1 (Volume of leachate x Total N ppm)]
X 100

Total N applied in effluent
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Figure 2. N purification efficiency and percent N utilization of sand -turf filter.
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Figure 3. N purification efficiency and percent N utilization of mix -turf filter.
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Percent nitrogen utilization is the amount of nitrogen used by the turfgrass.

Percent N Utilization (Wt. of clippings x % organic - N)
X 100Total N applied in effluent

All data were statistically analyzed for significant differences at p = 0.05 level.

RESULTS AND DISCUSSION

In a preliminary study, 30 April - 3 June, 1977, effluent was applied to plots
seeded with annual ryegrass (Lolium multiflorum) at rates of 5, 10, 17, and 22 mm/day.
Purification efficiency for an rates was greater than 90% on both soils. The mix
soil was, on the average, 8% more efficient in purification than the sand. Percent
utilization on the mix was 6% higher than the sand, averaging all rates. Peak utili-
zation on the winter ryegrass was 41% on mix and 27% on sand, averaging all rates.

On 3 June, the winter ryegrass was removed and common bermuda grass (Cynodon doc-
tylong) reseeded. At this time, effluent application rates were increased to: 10,
17, 22, 34, and 43 mm/day. After scalping, average percent utilization decreased to
10% on mix and 3% on sand, showing the importance of actively growing grass. Purifi-
cation efficiency decreased to 46% on mix and 31% on sand. Initial high purification
efficiencies could be due to NH4 saturation of cation exchange sites in the soils.

The plots were allowed six weeks to equilibrate at the new rates. This study
covers 24 July - 24 December, 1977. On 4 November, the bermudagrass was scalped and
ryegrass reestablished with daily watering, using tap water. The objective was to de-
termine the maximum rate of effluent that could be applied to a soil -turfgrass filter
system and yield leachate containing less than 10 ppm NO3 -N, the EPA standard for
potable water.

Figure 1 shows percent water recharge for both soils at rates of 10 and 34 mm/day.
Percent recharge increased at times of scalping in June and November. This was due to
extra watering for seedling establishment and decreased transpiration. Low effluent
application rates had the lowest recharge volumes. As rate of application increased,
percent recharge increased; but the difference in recharge between soils diminished.
The lower water holding capacity of sand and lower grass yields contributed to 8% av-
erage higher recharge value over mix (Figure 4). On the sand soil, only the 10 mm/day
rate was significantly different from the other four higher rates. On the mix 10, 17,
and 22 mm/day were significantly different from each other.

Purification efficiencies are shown for sand in Figure 2 and for mix in Figure 3.
Purification efficiencies were lowest during periods of scalping and seedling estab-
lishment due to decreased utilization. High rainfall in October decreased purifica-
tion. The additional soil water from rain could have increased the velocity of efflu-
ent movement through the soil, decreasing interaction with the system. On sand, all
five rates were significantly different. On mix, all rates except the 17 and 22
mm /day rates were significantly different. For both soils the lowest effluent rate
had the highest purification efficiency: 90% on mix and 84% on sand, when averaged
over time. At the highest rate, N removal decreased to 52% on mix and 42% on sand.
For both soils, the higher rates were most affected by periods of reseeding. Purifi-
cation efficiency on the mix was 10% higher than on sand when averaged over time and
rates (Figure 4).

A good turf stand and favorable climate were necessary to maximize nitrogen util-
izationby the turfgrass. Figure 2 shows percent utilization on sand and Figure 3 for
mix. On sand, all five rates were significantly different. On mix, all rates were
significantly different except the 34 and 43 mm/day rates. The similarity at these
high rates indicated turf utilization of nitrogen had reached a maximum. At the lower
rates, percent utilization was higher; 28% on sand, 36% on mix when averaged over
rates and time. At the highest rate, sand utilization decreased to 10% and mix to 18%.
Mix had 6% higher utilization than sand (Figure 4).

Utilization of effluent nitrogen was dependent on grass growth. As optimum con-
ditions for bermuda grass ended in October, utilizaton decreased. Cutting height of
turf was important in maximizing utilization. If cut too short, growth was slowed, if
too long, growth was not stimulated. The optimum mowing height appeared to be 1.25 to
1.5 inches.

Graphs of the data indicate that purification efficiency was related to percent
utilization. During bermudagrass establishment, at the lowest rate, utilization in-
creased by 26% while purification efficiency increased 25%, averaging both soils (Fig-
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Figure 4. N purification efficiency, percent water recharge and percent N utilization
for sand and mix averaged over all rates.
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ure 4). At the highest rate, utilization increased 5% while purification increased
13%. Apparently at high application ratest soil adsorption and denitrification are
increasingly important for.purifìcation. There was a corresponding decrease in utili-
zation and purification when bermudagrass was removed and cool season ryegrass was
seeded in November.

An inverse relation can be seen between recharge and purification efficiency in
Figure 4. As recharge decreased, purification efficiency increased. Recharge values
did not correlate with rainfall. Purification may be decreased by rainfall due to
limited mixing between applied effluent and soil water.

SUMMARY AND CONCLUSIONS

These results indicate that sand had a higher percent recharge than the mix. The
mix soil had a higher purification efficiency and percent utilization than sand. The
maximum rate of effluent application on the sand that yielded leachate, averaging less
than 10 ppm NO3 -N was 22 mm/day. On mix, 43 mm/day yielded leachate meeting this cri-
terion.

This study indicates the potential of soil -turfgrass filters as tertiary treat-
ment for secondary effluent. Further investigations using soils with a greater CEC
and infiltration rates that prevent surface ponding could maximize the effectiveness
of the soil filter. Selecting turfgrass genotypes for maximum nutrient uptake would
improve water purification. This system is particularly adapted to arid regions where
water is a limited resource. Turfgrass, as a filter, offers the advantage of growing
year round and providing recreational uses. Use of effluent for watering parks and
golf courses would increase water available for domestic use.
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ACTION PROGRAMS FOR WATER YIELD IMPROVEMENT ON ARIZONA'S WATERSHEDS:
POLITICAL CONSTRAINTS TO IMPLEMENTATION

by

Hanna J. Cortner and Mary P. Berry

INTRODUCTION

The Arizona Watershed Program (AWP) is a network of research, action and public
relations projects predominantly designed to supplement the state's water supply by
means of vegetative manipulation and modification. It is the principal mechanism in
the state for promotion of surface water yield improvement research and management.
While a number of state and federal agencies including the State Land Department,
Arizona Water Commission, U.S. Forest Service, U.S. Geological Survey, and the Bureau
of Indian Affairs has over time financed, promoted, and /or conducted AWP research
and experimental programs, a small political interest group, the Arizona Water Re-
sources Committee, has been the AWP's principal sponsor and supporter. Formed in 1956
specifically to further AWP goals and objectives, committee membership includes repre-
sentatives from the various interests -- farming, ranching, mining, municipal, timber,
environmental and financial -- concerned with efforts to obtain more water from Arizona's
watersheds.

The AWP research program objective promoted by the AWRC is primarily designed to
further knowledge of the feasibility of vegetative manipulation and modification as a
method of increasing surface water yields, and is conducted on experimental watersheds
scattered throughout the state. The action program objective is envisioned as the
long -term, ongoing and, most importantly, large -scale, application of vegetative
management techniques to increase the state's water supplies and to improve on -site
watershed characteristics. The success of the research program objective over the
past twenty -two years is distinguished and must be considered a significant and nota-
ble achievement of the AWRC. AWRC promotion of the action program objective, however,
has not, to date, met with similar success.

This paper describes three of the AWRC's unsuccessful attempts to implement on-
going action programs of vegetative management for water yield improvement. Two pro-

grams were thwarted in the conceptual stages; one was halted in progress. The first
action program was formally proposed upon release of the 1956 Barr Report, a state -
of- the -art research document, but research rather than implementation of the action
program eventually received the primary emphasis. The second action program, a set of
cooperative agreements between the Forest Service and the Salt River Project to treat
pinyon -juniper and chaparral watersheds and to create fuel breaks, was initiated in

1964 but was subsequently suspended. Another state -of- the -art research document, the
1974 Ffolliott -Thorud Report, was to lay the foundation for the third action program,
but adverse publicity again forced reconsideration of the feasibility of program im-
plementation. The paper examines the factors which have contributed to these program
setbacks, and suggests that political as well as scientific constraints account for
the repeated failure to implement successfully the AWP action program objective.

THE BARR REPORT

As a result of a growing statewide interest in watershed problems and solutions

The authors are, respectively, Research Associate, School of Renewable Natural Re-
sources, University of Arizona, and Graduate Research Assistant, Department of For-

estry, University of Wisconsin. Approved for publication as Journal Paper No. 2851.
Arizona Agricultural Experiment Station.
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during the mid -1950s the Salt River Project (SRP), State Land Department, and the
University of Arizona (UA) entered into a cooperative agreement to conduct an inten-
sive study of watershed conditions on the Salt and Verde river system, and to appraise
the possibilities of an action program of plant control to increase runoff and improve
range conditions. The resultant report, Recovering Rainfall: More Water for Irriga-
tion, better known as the Barr Report for project leader George W. Barr, can be consid-
TITJ the first formal public announcement of the AWP. Released in October 1956, the
report asserted that vegetative modification could be one of the most promising methods
for increasing water supplies, providing up to an additional 285,000 acre -feet of
water each year. It concluded that the "need for additional water is so urgent and
the chances of obtaining it from the watershed so promising, that an extensive coord-
inated program should be started as soon as possible to increase the yield of irriga-
tion water from the watersheds of the state" (Barr, 1956,7). The Barr Report thus
provided the proponents of vegetative management with scholarly justification for
their arguments and lent scientific stature to their demands for an immediate commit-
ment of public funds to water yield projects.

The action program scenario presented in the Barr Report suggested extreme treat-
ments of some vegetation types -- eradication of 200,000 acres of non -commercial pon-
derosa pine, for example --and there was little prognostication on the resulting
reaction of other resource values. In addition, very little research on water yield
improvement was available, so while Barr's assumptions of water yield were the best
estimates of watershed experts, the estimates could not be adequately supported by
verified research results. Although the Barr Report intended to present the full
potential of water yield improvement, realistically it could not serve as the founda-
tion of large -scale action program implementation without further testing of its
assumptions. Thus, when it was presented in 1956, the proposed action program drew
criticism because its goals were overstated and based upon assumptions that had not
been sufficiently tested.

Much criticism also centered on the extent and intensity of proposed treatments.
One press critic, for example, asserted that the Barr Report had been put together
by a group of individuals who believed in a "tin -roof watershed." He quoted Barr as
remarking that implementation of the proposed program would require virtual liqui-
dation of nearly half of Arizona's forest industry (Avery, 1956). Supporters of the
AWP acknowledged that the two principal economic beneficiaries of a program of vege-
tative management would be upstream ranchers who had grazing permits on national forest
lands, and downstream farmers who relied on low cost irrigation water; but they also
maintained that other resource values, such as recreation, would benefit. However,
the press critic argued that the program would not benefit all the users its advocates
claimed, questioning whether any of the expected additional water supplies would be
available for game and fish or recreation, and asserting that legally only the SRP,
the major downstream irrigator, would probably be able to use the additional water
(Avery, 1956).

Dismayed by the negative reactions the Barr Report received, administrators of
the State Land Department and the SRP quickly decided to mount a counter -offensive in
support of the Barr Report's watershed management recommendations. They decided to
form a citizens' committee composed of interests which would support watershed treat-
ment programs and work to offset unfavorable publicity. This select group met for the
first time in December 1956, outlined its goals, endorsed the AWP, and decided to call
itself the Arizona Water Resources Committee.

The AWRC, enthusiastic about the recommendations of the Barr Report and anxious
to move the report's recommendations forward, subsequently proposed that an action
program in four vegetative types (spruce -fir, ponderosa pine, pinyon -juniper, and
streambed vegetation) be implemented on the Fort Apache Indian Reservation. Testing
of the Barr Report's predictions on the reservation was attractive to the AWRC because
federal funds for Indian -sponsored projects could be obtained with relative ease, and
because the Forest Service had indicated some hesitation about the prospect of devel-
ing an action program on national forest lands. The tribal council agreed to under-
take projects in two of the four vegetation types, spruce-fir, and pinyon-juniper.
Due to federal restrictions on access to the reservation's spruce -fir zones, devel-
opment of the treatment program in that vegetation type could not be immediately begun.
However, proposed treatments of pinyon -juniper zones were soon initiated. The first
pinyon -juniper project entailed two watersheds, one as control (Carrizo) and one
under treatment (Corduroy). The second project was sited on the Cibeque watershed.
The projects entailed conversion of juniper, or juniper and chaparral, to grass by a
variety of watershed treatments, including burning, cabling, and chemical applications.

Vegetative treatments on the Fort Apache Indian Reservation were originally plan-
ned by the AWRC to be the primary basis for the Barr Report's action program. As
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actually implemented, however, the program was limited in scope, and involved only two
treated watersheds and only one vegetation type. Research applications, rather than
the full -scale, ongoing action program first contemplated after release of the Barr
Report, thus became the most salient program feature. In sum, AWRC efforts to imple-
ment the kind of action program envisioned by the Barr Report faltered during the
early stages of program formulation and plans to develop a large -scale program were
trimmed back.

Another questionable assumption which the AWRC made in proposing an action pro-
gram in 1956 was that agencies had existing capabilities to implement effectively
watershed management programs in the near future. In 1956 few existing sites were
available for research, funding for research was not extant in agency budgets, and
agencies such as the Forest Service were not enthusiastic about undertaking such
massive programs on the basis of limited knowledge. The problem of vegetation manage-
ment for increased water yields in 1956 can be emphasized by noting that very little
calibration of water yields from untreated watersheds was available. Implementation
was further restrained by the time -- approximately two years -- required before proper
gauging devices could be installed. After installation, calibration would need to
occur for approximately five years. Following calibration, a two year treatment
period would need to be completed, succeeded by a three to five -year post treatment
analysis. Therefore, approximately twelve -years lead time was (and still is) required
before any results, either positive or negative, could be ascertained.

Implementation of the Barr Report action program was thus constrained by a series
of unrealistic assumptions on the part of its principal supporters, adverse reaction
to suggested treatments, lack of information on the efficacy of vegetation management
for water yield improvement, and agency inability to gear up for the program without
extensive periods of time. It became obvious that more emphasis on research was
necessary to answer some of the questions raised about the feasibility and operational
potential of vegetative management. Water yield improvement potentials and concepts
would have to be scientifically established and demonstrated as viable, agencies would
have to be adequately funded, and decision - makers convinced of the efficacy of water
yield improvement programs before large -scale applications could gain acceptance.
Thus shortly after the AWRC's creation, the research program replaced the action
program as the priority objective of the AWP.

GLOBE AND CHAPARRAL

The next action program endorsed by the AWRC was the result of cooperative agree-
ments between the Forest Service and the SRP. Pinyon -juniper management was chosen as

the first objective of the action program. Areas in the Beaver Creek watershed in the
Coconino National Forest were treated by a variety of methods, including burning, ca-
bling, and chemical applications, to convert pinyon -juniper to grass with a view to-
ward increasing forage and water yields. The initial contractual agreement involved
some 6,000,000 acres and covered twenty -five years. The SRP, which was extremely
anxious to ensure the success of the program, anticipated a cooperative budget of
$75,000,000 for operational funding. While expenditures of $150,000 by the Forest
Service and a matching amount by the SRP were planned for 1964, actual outlays were
considerably less (Warskow, 1977).

A second vegetation type, chaparral, was also investigated. Watersheds on the
Tonto National Forest were placed under management designed to replace dense chaparral
with forage grasses. These watersheds were located near Globe, Arizona, in the Pinal
Mountains, and treatments also included hand, fire and chemical eradication of un-
wanted vegetation. The first cooperative chemical sprayings of the areas took place
in 1965, and subsequent sprayings occurred in 1966, 1968, and 1969. The SRP allocated
the greatest part of its watershed management budget to the chaparral program. For
two years, 1966 and 1967, SRP expenditures nearly rose to the planned optimal allo-
cation of $150,000 per year ( Warskow, 1977).

Convinced of the practicality of vegetation manipulation, the SRP anticipated
further need for large -scale applications. Accordingly, in the late 1960s agreements
were drawn up with the Forest Service for cooperation in the development of a fuel
break program which was viewed as the prototype for future long -term, large -scale
watershed management programs. The Forest Service with SRP funding, developed a
system which would create 30,000 acre blocks of land separated from one another by fuel
breaks. The fuel breaks would serve a three -fold purpose. First, existence of the
breaks would aid fire fighters in containing wildfires in the 30,000 acre parcels.
Second, they would decrease use of water by vegetation and increase water yields on
the breaks themselves. Third, the fuel breaks would develop potential watershed
management units which would facilitate the use of prescribed fire or chemical spray-
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ing as vegetation manipulation tools. The SRP was primarily interested in the last
two objectives, and the third in particular. By cooperating in constructing fuel
breaks, the SRP hoped a foundation for future watershed management programs could bebuilt. In 1969, the first operational year, $32,120 was allocated for fuel break
construction on the Coconino and Tonto National Forests (Warskow, 1977).

The cooperative action projects were dealt a severe blow in June of 1969, when in
the course of helicopter spraying of herbicides to defoliate and kill chaparral near
Globe, Arizona, one property owner was unintentionally sprayed. Gathering supportfrom other local residents, opposition to the herbicide spraying mounted. The resi-
dents complained of strange illnesses which afflicted their families and pets,wildlife,
and of the death of much domestic vegetation. Consequently, a long list of damage
claims was assembled (Shoecraft, 1971). These charges encited considerable public
interest, particularly since they appeared at a time of growing concern with questions
of environmental quality. In addition to a torrent of stories on the state level, the
major national wire services and television networks picked up the story.

The SRP, the Forest Service and its parent agency, the Department of Agriculture,
responded by sending three official task forces to investigate the claims. One task
force, which investigated damage to the four private properties which were sprayed,
found that plant life damaged by the accidental one quarter mile drift of herbicides
had almost recovered in the period between June and September. In addition, they
concluded that any existing damage had been done by drought, insects, alkali, disease,
and excessive minerals. Another task force found that there were no significant ef-
fects on birds, deer or other wildlife. Two touted examples of animal deformities
were dismissed because of lack of contact with the herbicides. Finally, one task
force stated that plant damage was probably due more to root rot, woodpeckers and
sapsuckers than to herbicides.

Despite the findings of the three task forces, the fervor of the opponents of
chaparral eradication caused the Forest Service and the SRP in 1970 to reconsider the
feasibility of additional spraying on the Tonto National Forest. By June 1970 both
agencies, which had been served with lawsuits, had decided to eliminate their planned
herbicide spraying activities other than for maintenance. Thus, in 1970, the chap-
arral program was stagnated and awaiting further support from the cooperating agencies.
The AWRC, particularly disconcerted with this turn of events, sought assistance in
August of 1970 from Arizona Congressman John Rhodes, asking him to increase chaparral
research funding by $40,000 in 1971. The hoped for influx of federal funds was visu-
alized as an impetus to revitalize the chaparral program on the Tonto National Forest.

Additionally, the Forest Service, in hopes of safeguarding its investments in
chaparral research, developed a set of guidelines for brush control by herbicides
when there was no practical alternative. These guidelines were presented at a March
20, 1971, public meeting in preparation for development of a firm chaparral policy
later in the year. The guidelines drew praise from representatives of some Arizona
agencies attending the meeting, but criticism from others. While several agency of-
ficials lauded the Forest Service for coming forth with a chaparral management plan,
the representative of the Arizona Fish and Game Department, for example, claimed that
the guidelines did not specifically spell out the goals of chaparral research.

However, both these efforts to revitalize the program failed. The first effort,
to raise total chaparral funding in 1971, was not reflected in the 1971 funds allocated
for cooperative action on the Tonto National Forest. Indeed, the converse occurred:
in 1971 no water yield improvement treatment funds were allocated from federal coffers.
Second, the Forest Service, sensitive to the still rampant hostility toward herbicide
use on the Tonto National Forest, resorted to contingency treatment plans for chapar-ral watersheds. Herbicide use was discontinued, and eradication of chaparral by hand
was substituted. Third, Forest Service funding of the program fell from a high of
$65,000 in 1969, to $7,250 in 1970, and the SRP's contribution fell from $31,300 in
1969 to $2,600 in 1971 (Warskow, 1977). The entire cooperative agreement was finally
abandoned late in 1971 when the regional forester --in direct response to the citizens'
protests -- suspended use of herbicides in the chaparral program on the Tonto National
Forest.

While both the Forest Service and the SRP retained an active interest in the AWP
and conducted other research and management programs, both reacted to the unexpected
confrontation at Globe. A degree of reserve had been introduced into their cooper-
ative agreements, and when cooperation on chaparral was halted, both organizations
became more reticent about their involvement with controversial projects. The SRP,
in particular, became reluctant to conduct programs on federal lands. The Forest
Service disappointed the AWRC by halting the chaparral program, and thus the strength
of long -established communicative ties was weakened.
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Shortly after the suspension of the Tonto National Forest chaparral program, two
other related events further stagnated the AWP action program. First, research results
obtained from the initial pinyon -juniper eradication attempts proved not to yield an
increase in water. Evidently, one of the major thrusts of the AWP was not going to
pay off, and the AWRC was confronted with making a decision about the priority of
pinyon -juniper research. In addition to frustrating research results, the agencies
conducting the research programs began to dissolve their cooperative agreements. The
SRP and the Forest Service, in particular, began to wind up their action programs on
the Coconino and Prescott National Forests. For example, total SRP cooperative funds
available for pinyon -juniper research on both the Coconino and Prescott National For-
ests fell from $27,251 in 1969 to zero in 1971 (Warskow, 1977).

The Globe controversy serves to illustrate that the AWRC, the Forest Service, and
the SRP failed to anticipate the public's unacceptance of certain watershed management
objectives and treatment methods and the strength of heretofore silent environmental
interests. The first errant assumption made by the agencies involved in implementation
of the chaparral action program was that chaparral conversion was accepted within the
target action area. The second was that traditional methods of herbicide use were
not disturbing to the general populace, and the third was that the public would not
respond with such fervor to the controversy. From the reaction of the residents of
Globe, the first two assumptions were incorrect. The third assumption, however,
proved to be the undoing of the action objective. The local public was concerned
enough about the environmental reactions to treatments that it actively sought polit-
ical support from a national audience and chose to engage in extensive and lengthy
litigation processes.

Continuing environmental criticism of the goals and methods of chaparral treat-
ment pointed out that there were powerful interests which could constrain the AWP that
were not represented in the decision -making structure of the AWRC. To satisfy these
interests, the AWRC attempted to include and strengthen the representation of environ-
mentalists and allied resource interests on the committee. This reaction, however,
was largely the result of hindsight and did little to halt the demise of the second
action program. In particular, it failed to satisfy critics who questioned the
commitment and association of the new committee members picked to represent environ-
mental concerns. These critics also remained opposed to water yield improvement pro-
grams on the ground that there was still inadequate understanding of the ecological
consequences such programs would entail.

THE FFOLLIOTT - THORUD REPORT

The third action program never progressed from suggestion to implementation.
Believing that comprehensive evidence existed by the early 1970s to prove that an
action program was feasible, the AWRC initiated and fostered the preparation of
another state -of- the -art research report, the Ffolliott -Thorud Report. The report
was to summarize the progress of the AWP research program and provide a platform from
which to launch a new action program. Questions which impeded action program imple-
mentation following release of the Barr Report were to be answered and criticisms of
the AWP were to be stemmed. In addition, the report was contemplated as a prescrip-
tion to accelerate recovery from the Globe setback. Finally, the AWRC felt that such
a document would provide supporting information necessary for passage of the Pacific
Southwest Water Yield Improvement Act.

The Pacific Southwest Water Yield Improvement Act, an AWRC drafted and supported
bill, was first introduced in Congress in 1969 by members of the Arizona congressional
delegation. Formulated in anticipation of the move from a research orientation to an
action program, the bill would help settle a fundamental economic and political issue
confronting advocates of watershed programs and practices: who would provide the
large -scale expenditures that ongoing action programs would require? The bill, which
has yet to pass Congress, would ensure a long -term federal commitment to finance water
yield programs in the Southwestern states, a commitment which individual states like
Arizona would likely be unwilling and unable to make. It would shift the burden of
program payments from the local beneficiaries to the federal taxpayer, and by includ-
ing several Southwestern states, it would increase the political support and consensus
necessary for congressional passage.

The Ffolliott -Thorud Report, Water Yield Improvement by Vegetation Management:
Focus on Arizona (1975), presented the findings of UA scientists Peter F. Ffolliott
and David B. Thorud in a comprehensive format. Their findings were also summarized in
a UA Agricultural Experiment Station Technical Bulletin, "Vegetation Management for
Increased Water Yield in Arizona" (1974). Along with these two documents, the AWRC
also prepared and released a popular version of the report. This publication, More
Water for Arizona (1974), examined Arizona's need for water and the potential for water
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yield increase as discussed in the Ffolliott - Thorud Report. It presented the AWRC's
conclusion that action programs could and should now be implemented. While the
Ffolliott - Thorud Report outlined the maximum hypothetical upper limits of water yield
improvement (upper limits which were not modified by all the management constraints
that would necessarily be applied), and AWRC's own analysis tended to treat the
upper limits as realistic and realizable goals. Moreover, the committee interpreted
the scientific evidence in the report as a basis for concluding that there was now
"sufficient knowledge and technology to launch immediately a full -scale operational
program of watershed management for the purpose of increasing water yield" (AWRC and
Arizona Water Commission, 1974, 25). Thus, the AWRC envisioned the long- awaited
implementation of an action program based on the results of eighteen years of research

Release of the Ffolliott-Thorud Report did not signal a new action program due
to some of the same reasons the Barr Report did not. First, in calling for vegetation
manipulation and modification to supply water to alleviate the drain on present sup-
plies, the AWRC over -estimated the effectiveness of water yield improvement programs.
As the committee stated in More Water for Arizona, Arizona's 1974 water needs were
seven million acre -feet per year. The lowest Ffolliott -Thorud estimate would supply
602,561 acre -feet of water per year (excluding riparian treatments), and the highest
estimate would provide 1,229,946 acre -feet. While the highest estimate would supply
approximately seventeen percent of a year's water needs, it is based on severe and
nearly comprehensive treatments of Arizona's watersheds -- treatments too harsh for
inclusion in a multiple -use framework. The lowest Ffolliott - Thorud estimate would
supply approximately nine percent of Arizona's annual water needs, but there are also
severe constraints on this expectation. Management guidelines and social, economic
and environmental constraints would limit the extent and intensity of vegetation
treatments. Therefore, a realistic figure of water needs which could be met by an
action program would necessarily be less than the nine percent suggested by the most
conservative Ffolliott - Thorud Report estimate. The water supply goals reported by
the AWRC could only minimally be met through widespread applications of vegetative
manipulation and modification techniques.

Many were fearful of the results of the extent and intensity of vegetation treat-
ments; the possibility of eradicating other resource products or amenities troubled
concerned individuals as much in 1974 as it did in 1956. The press and certain
environmental groups focused on the hypothetical upper limits described in the
Ffolliott -Thorud Report, and reported that the committee was advocating a water runoff
program to derive up to 1,200,000 acre -feet of water by stripping undesirable vege-
tationfrom six million acres of Arizona's forests and deserts. The regional forester,
aware that the Ffolliott -Thorud Report did not apply all the necessary constraints
within its defined research framework, felt obliged to publicly present a more real-
istic interpretation of Ffolliott's and Thorud's estimates of water yields which could
be expected in a multiple -use management context. He consequently proceeded to outline
some of the management constraints which he felt made the theoretical upper limits
"far too optimistic" (Hurst, 1974). Members of the Audubon Society and the Student
Chapter of the Wildlife Society, and the Outdoor Editor of the Arizona Republic ap-
plauded the regional forester for his concern about what they perceived as a proposal
to denude six million acres of land. They also challenged whether the AWRC repre-
sented Arizona's best interests, citing the representation of monied special interests
such as banking, ranching, farming, mining, and water utilities on the committee. The
entire watershed program was labeled a "pork barrel natural" because the "private
sector solicits, politicians fund, universities receive grants, and bureaucracy admin-
isters" (Thomas, 1974; Wildlife Society, 1974).

In the face of these criticisms, the AWRC responded by reorganizing its structure,
expanding its membership base, designating more members to represent environmental
interests, and placing greater emphasis on selecting members who would bring about the
development of expanded committee goals. As it became apparent that an action program
would not be accepted without further documentation of water yield increases, alter-
native resource values and resource interactions, the committee also reconsidered its
basic program objectives and the priority it placed on operational watershed programs.
Despite the intensive research program that had been conducted since 1956, even more
research on multiple -use values and environmental impacts appeared to be necessary
before an action program could be implemented. Once again, the committee gave its
research program first priority, with action program implementation in a secondary
role.

CONCLUSIONS

The three unsuccessful attempts described above to implement operational action
programs for surface water yield improvement on Arizona's watershed can be character-
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ized by a number of factors including: overstated program goals, unrealistic assump-
tions about the political feasibility of treatment types, extent and intensity, fail-
ure to recognize the emergence of significant new decision -making participants, and
unsettled questions concerning program costs and beneficiaries.

The two non -implemented action programs, announced concurrently with release of
the Barr and the Ffolliott - Thorud Reports, received sharp criticisms because of the
extent and intensity of the treatments which would be required to attain program goals.
The Ffolliott -Thorud Report, for example, presented the AWRC with hypothetical upper
limits of water yield potentials. By no means were these potentials the results that
could be expected once all water yield goals were placed in a realistic management
context. By allowing actual program goals to become associated with these upper lim-
its, the AWP's most ardent supporters, including the AWRC, were perceived as advo-
cating extreme and severe treatments of vast amounts of watershed acreage. The
scenarios envisioned by program critics -- tin -roof watersheds and denuded landscapes- -
were seen as the price of providing more water to the special interests represented
within the AWRC's membership.

The Globe controversy halted the third action program, a complex of chaparral
and pinyon -juniper conversion projects. Criticism of the type and extent of treatments
in the Globe area, and the pressures which concerned individuals placed on the imple-
menting agencies had a detrimental and cascading effect, resulting in the eventual
demise of the other program segments. Herbicide use for vegetation management became
a controversial tool, and it remains so today.

The Globe controversy also coincided with a major development in resource manage-
ment politics. The late 1960s and early 1970s witnessed the birth of the environ-
mental movement and the entrance of new decision -making participants challenging the
traditional assumptions and practices of natural resource managers. Groups and indi-
viduals emerged to speak loudly in support of values -- recreation, wildlife, wilderness,
aesthetics --they felt had not been adequately emphasized in policy- making. They de-
manded that information about environmental impacts be as salient to decision -makers
as information about technical feasibility and developmental benefits. Soon, by law
and by political necessity, agencies and interest groups were compelled to accommo-
date these emergent interests and to consider carefully environmental consequences.
Other groups, in addition to the AWRC, were thus able to claim they represented the
public interest concerning watershed management objectives. The AWRC was slow,
however, in recognizing the entrance of these new interests into the decision -making
process, acknowledging the significance of their claims, and adjusting AWP program
goals and objectives accordingly.

Finally, the failure to establish who will assume program costs and receive
program benefits has hindered efforts to establish ongoing action programs. Whether
limited public funds should be invested in water yield improvement programs, or
whether greater social and economic returns could be realized if funds were invested
elsewhere is another important consideration. In the future, these questions will
almost certainly be receiving closer scrutiny. Already there are more frequent
political challenges to federally- financed water development projects, and growing
national concern over their environmental and economic price -tags. Increasingly
past assumptions about the availability of the federal treasury to fund water supply
projects which lack thorough and persuasive environmental and economic cost /benefit
information appear politically unrealistic.

Although AWRC efforts during the past twenty -two years to initiate and maintain
action programs for surface water yield improvement have faltered, AWRC efforts to
develop the AWP research program have achieved notable success. The AWRC has been
an important catalyst and coordinator in the development of watershed management
research in the State of Arizona. Extensive research of the multiple -use potentials
of Arizona's watersheds has expanded the pool of scientific knowledge available to
watershed managers, providing useful information about an array of marketable and
amenity resources. Moreover, many of the techniques developed and tested during the
research program have been integrated into overall multiple -use management strategies,
and as a result, they are increasing water yields as well as enhancing other resource
values.

Yet, while scientific progress has been significant, much more remains to be done.
Many unanswered questions - -and especially those concerning ecological and economic
effects and tradeoffs - -will continue to inhibit the transferability of water yield
improvement research results to large -scale operational applications. But as this
paper has shown the failure to implement AWP action programs cannot simply be attri-
buted to a lack of adequate scientific information. Political constraints have also
stymied implementation. Future action program proposals will benefit from awareness
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and understanding of the political constraints which have affected program develop-
ment in the past. Sound watershed management planning in Arizona needs to consider
the limits imposed by both insufficient scientific knowledge and the exigencies of
the changing political arena.
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EFFECTS OF RAINFALL INTENSITY ON RUNOFF CURVE NUMBERS

by

Richard H. Hawkins

ABSTRACT

The runoff curve number rainfall- runoff relationships may be defined in two ways: (1) by formula,

which uses total storm rainfall and a curve number, but not intensity or duration descriptors; and (2)

rainfall loss accounting using a 4, rate and a specific intensity duration distribution of the function
1(t) = 1.5P(5(1 +24t /T)-1/2-1) /T, where 1(t) is the intensity at time t for a storm of duration T. Thus,

the curve number method is found to be a special case of Q index loss accounting. The two methods are

reconciled through the identity 1.2S = 4T, leading to the relationship CN - 1200/(12 +4T). The effects of

rainfall intensity on curve number are felt through deviations from the necessary causative intensity -

duration curve. Some sample alternate distributions are explored and the effects on curve number shown.

Limitations are discussed.

INTRODUCTION

BACKGROUND

Runoff curve numbers are coefficients used in the calculation of "direct storm runoff" by a method-
ology first pioneered by and still strongly identified with the U.S. Soil Conservation Service (SCS).
The primary reference on the subject matter is their National Engineering Handbook, Section 4, Hydrology

(10), herein abbreviated "NEH -4." Direct storm runoff is taken to be a function of antecedent rainfall,
storm rainfall depth P, and a storage index S (variable with antecedent rainfall and land condition), in

accordance with the equation

Q = (P - 0.2S)2/(P + o.8S) (1)

where P, Q, and S are in inches depth, and P > 0.2S. The general algebraic and geometric relationships

in Eq. (1) are shown in Figure 1. Note that as P increases, P -Q approaches 1.2S.

The storage index S is an indicator of land condition, and may vary from 0 (an impervious watershed;
Q = P) to infinity (a completely absorbent wateshed; Q = 0), with virtually all realistic values falling

in between. To create a more intuitively pleasing expression of S, and to "linearize" the relationships

(10), S was transformed by the equation:

CN = 1000 /(10 +S) (2)

to define "curve number," CN. It is dimensionless and varies from 100 (completely impervious; Q = P) to

0 (completely absorbent; Q = 0).

The technique is normally applied in a design mode, using a handbook estimate of CN in accordance
with soil, vegetation type, land condition and moisture status, and a design frequency storm. Runoff

hydrographs may be subsequently calculated via a standard unit hydrograph procedure. It is, of course,

also possible to determine S, and thus CN, from any real P and Q data pair by solution of Eq. 1 for S to

S = 5(P + 2Q 4Q2 + 5PQ) (3)

PROBLEMS IN APPLICATION

The very simplicity of the methodology which makes it universally appealing becomes the point of con-
tention when the technique is taken beyond the faithful application suggested in NEH -4. Real world
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Figure 1. The SCS rainfall- runoff relationship standardized on the
storage index S.

exceptions to the watershed "model" in Eq. 1 are not difficult to find (6, 8). Also, the complaint is
often aired that Eq. 1 makes no recognition of rainfall intensity, although explanation diagrams in
NEH -4 suggest an infiltration process. Smith (9) has elaborated in detail on the topic:

"1 The CN methodology cannot respond to differences in storm intensity...It cannot distin-
guish between the effect of 4 inches of precipitation in 1 hour, and 4 inches in 12
hours, although both the infiltration amounts and runoff rates will be considerably
different.

2. Closely related to the above, the SCS methodology does not properly predict initial
abstractions (Ia) for shorter, more intense storms, since it assumes (Ia) to be constant.

3. The CN method cannot be extended 'to properly predict infiltration patterns within a storm.
...Attempts to use the CN Method within a storm have highlighted its physical invalidity
- the resulting infiltration decay curve (P > Ia) is forced to rise and fall with rain-
fall rate, rather than be controlled by soil conditions as in nature.

4. The CN method postulates a maximum depth of infiltration (S), after which all rainfall
becomes runoff. Selection of an S to approximate response to short storms can produce
poor results for extended storms. Existence of such an S is not physically supported."

Smith's specific comments reinforce the intuitive notion that a runoff coefficient should incorpor-
ate infiltration characteristics, which then must bring rainfall intensity into consideration as well.

Associating intensity and infiltration to curve number could lead to greater utilization of exist-
ing field measurements of infiltration. For example, Gifford and Hawkins have summarized grazing
influences in infiltration (3). While not on a watershed -wide reference basis, these measurements do
represent a sample of the real world, and may be used, with appropriate caution, in decision making and
process models (4). Unfortunately, there is no documented relationship between infiltration rates and
curve number, and, thus, the body of infiltration data is not fully usable.

ANALYSIS

The problems described above arise from the lack of a time dimension in the basic mechanics of the
method. Without time considerations, neither infiltration nor intensity can be incorporated. The time
concept must be introduced through new relationships or assumptions. A brief foray into such follows.

Through expansion of the numerator and polynomial division, Eq. 1 may be expressed as

Q = P - S [1.2
p + 0.8S1 (4)
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This may be seen as a form of hydrologic accounting

Q = P - Losses (4a)

so that

Losses = S11.2 - p +SO
(5)

Denoting Losses as L. acknowledging S to be a constant, and differentiation with respect to time

yields:

dL dP S 2

dt dt [P + 0.85
(6)

The time rate of loss is dL /dt or infiltraton rate f, while dP /dt is simply rainfall intensity,

i. Thus,

S 2

f = P +0.8S

where P is the cumulative rainfall. A dimensionless expression, standardized on f/i and P/S is shown

in Figure 2. Eq. 7 supports Smith's contention that "...infiltration... is forced to rise and fall
with rainfall rate..." which was also observed by Aron et al. (1) in a digital model using the SCS

method. Also, Simanton, Renard, and Sutter (8) found that observed curve numbers varied with storm

intensity. Eq. 7 will give a reasonable and credible infiltration relationship with accumulated rainfall

if the intensity is constant; otherwise, it produces erratic results. This matter will not be further

pursued in this paper.

(7)
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Figure 2. Dimensionless expression of infiltration rate from the
SCS equation.

SYNTHEESIS

As suggested above, rainfall intensity considerations are meaningful only when infiltration is also

introduced. Horton's equation is perhaps the most widely used and easily visualized expression of

infiltration, although it is pragmatic rather than analytic, and dependent on time only. Despite its

empirical nature, it is a good illustration and reference model:

f(t) = fo + (fo - fc)e-kt
(8)

where fo, fo, and k are coefficients representing respectively the initial infiltration rate (at t = 0),

the long-term residual rate (as t m), and a recession constant describing the rate that f(t) approaches

fo from fo. The fo descriptor is used here as a reference concept: a residual long-term or constant

rate of water intake. In fact, a constant rate is often approached in field situations of i >f in very
modest time frames such as 20 - 40 minutes, although this is certainly not a universal statement.

PHI INDEX

An average storm infiltration rate, called the 0 (phi) index has been commonly used to determine

rainfall excess for generating composite unit hydrographs. Although it represents the combined effects

of infiltration, interception and depression storage, it is functionally identical to average infiltra-

tion rate as taken from most plot studies. It requires the further simplifying assumptions of a con-

stant rate process, and uniform distribution across the watershed area. As justification, it may be

envisioned as either (1) a storm long average of an admittedly more complex phenomenon; (2) a real
expression of fo with the early low intensity storm bursts satisfying initial moisture demands and draw-
ing the rate down to near fo, or (3) a pragmatic assumption necessary to proceed without undue fuss.
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Phi indexes have also been used in investigative situations. Arteaga and Rantz (2), and Lane and
Wallace (7) have analyzed rainfall- runoff data for small semiarid watersheds, and found 0 to vary posi-
tively with storm intensity. This was interpreted as an expression of a variable source area, with
accompanying variable loss rates.

INTENSITY -DURATION

Rainstorms are of naturally varying characteristics, differing in their total depth P, duration T,
the maximum and minimum intensities, as well as the distribution and sequence of rates within a storm.
If the internal sequence is ignored, the individual storm intensities or bursts may be rearranged in
descending order in as small a time increment as desired. The result is an intensity- duration curve
directly analagous to the flow- duration curves so popular in conventional engineering hydrology. An
explanatory example is seen in Figure 3.

Figure 3. An idealized storm intensity- duration function,
with 0 -index loss rate superimposed. Note that
i(0) may be infinite, or that i(T) may be zero.
Discrete or discontinuous functions are also
possible.

For descriptive purposes, the distributions may be cast as algebraic functions much as frequency
distributions are in statistics. Indeed, duration curves are forms of frequency or probability distri-
butions, although this will not be pursued here. They may also be portrayed as discrete functions of
finite time intervals. Both approaches will be illustrated later.

This tactic allows orderly classification of rainstorms without concernfor the temporal sequence
of bursts, and, thus, superimposition of the constant loss rate 0, Two storms of different cumulative
rainfall appearance may be identical when described by their intensity -duration characteristics.

STORM RUNOFF: RAINFALL PARTITIONING

The superimposition of 0 on the intensity duration function produces (1) total storm rainfall
excess (or runoff), and (2) the net time duration of the runoff, t(0). The runoff volume ìs, by
integration

t(0)

Q = 1 oi(t)dt - 0t(0) 1(0) > 0
o

where t(0) is merely the inverse of i(t), at i = 0. The total storm rainfall P is
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rT
P =

J

i(t)dt (10)

o

and the average storm intensity is

rT

T = T =
T

i(t)dt (11)

o

A simple example will illustrate this. Suppose storm intensities occur triangularly distributed, from

a maximum of i(0) (at t = 0) to 0 (at t = T). Then

i(t) = i(0) (1 - T) (12)

It is then easily shown that

t(4) = 7(1 - 4/í(0)) (12a)

P = i(0) T/2, and, not surprisingly ,
(12b)

T = i(0) /2 (12c)

Q is then calculated from (9) as

Q =

Jt(4')

i(0)(1 - t /T) dt - 4t(4) (12d)

o

With appropriate integration and substitution, this yields

Q (P 0T/2)2/P
(13)

This gives storm "runoff" as a function of storm rainfall (P), loss rate (4), and storm duration
(T) for a rainstorm of the assumed triangular intensity distribution. It is displayed in Figure 4.

Similar calculations made for several other assumed continuous functions, and for a well known discrete
storm distribution found in NEH -4, are summarized in Table 1. This approach will be called "rainfall

partitioning," although it is merely a formalized 4 index rainfall accounting using the notion of storms
with known intensity- duration characteristics.

Table 1. Characteristics of selected intensity- duration distributions and runoff.

Identification i(t) i(0) t(4) la Q

Uniforml/ i(0) = constant P/T undefined 4T P-4T

Triangularl/ i(0)(1-t/T) 2P/T T(1-p) 4T/2 (P-4T/2)2/P

Quadratici/' Z/ i(0)(1-t/T)2 3P/T T(1-p1/2) 4T/3 P(1-3p + 2p3/2)

Exponentiall/' 2/ i(0)(1-t/T)n (n+1)P/T T(1-pl/n) 4T/(n+l) Pïl-p[n(1-p1/2)+1]}

Logarithmic

1 1 b

abtb-1 infinite [4/(ab)] .571- 0 PT:5(4Tb)117(1-b)4/

P 4T
5/

"CN1/, 2/, 3/
i(0)[5(1+24/T)-1/2-1]/4 6P/T T[(5/4p+1)2-1]/24 4T/6 (P-0.2S)2/(P+0.8S)

NEH-4 Design N/A 4.44P/T N/A 4T/4.44 E(i-4)At (i>4)

(6 hour) P-4T (4`imin)

Notes: 1. for all P>Ia ; 2. p °4 /i(0) ; 3. S= 4T/1.2 ; 4. P<4T /b ; 5. P >4T /b.

SCS EQUIVALENTS

By comparison of Figures 1
and 3 and their associated algebra, some identities between the two sys-

tems may be written.
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i(t)=i(0)(I- T )

TIME

#1/2 #T
STORM RAINFALL -P

Figure 4. Illustrative example of intensity- duration accounting and resulting rainfall- runoff
relationship.

Maximum losses: The maximum possible difference between rainfall and runoff in the SCS method is
1.2S. With rainfall partitioning, and for any intensity distribution, this would be 0T, or continuous
losses over the storm duration T at rate o. Thus,

or

oT = 1.2S

=1T2S' S=1.2

(14)

(14a)

Thus, loss rate o (an infiltration rate ?) may be described in terms of S, and, thus, CN and storm
duration. The inclusion of storm duration reaffirms the earlier held principle of the necessity of a
time dimension. By substituting the above into (2)

CN
1200

72 + oT

and

12
(-7-1 - 1)

The storm duration (i.e., time) consideration cannot be escaped. CN is not a function of o alone.

"Initial abstraction."

The minimum rainfall necessary to initiate runoff in the SCS method is taken as 0.2S, a relation-
ship only poorly documented in NEH -4. For P < 0.2S, Q = O. With rainfall partitioning, this threshold
is attained at o = i(0). For the triangular distribution example previously described, this can be
shown to be 0T/2. Equating this to 0.2S is inconsonant with Eqs. 14 and 15: equivalences may be
stated between either the initial abstractions or the ultimate losses, but not necessarily both. The
latter was used as a standard for comparison because of its key role in SCS hydrology conceptualization.

(15)

o = (15a)

SYNTHESIS OF SCS EQUATION

At this point, the challenge may be issued to discover the intensity- duration function which, with
o index loss accounting, will produce the standard SCS runoff equation (Eq. 1). As shown in Table 1,
this is found to be

i(t)=42-1r, 5

l + 24t/T

This will be called the "CN" distribution. A derivation for it is found in Appendix II. The runoff
expression from the rainfall partitioning approach reduces to Eq. 1 with the introduction of S = oT /1.2
and i(0) = 6P /T. Figure 5 shows Eq. 16 graphically.
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Figure 5. Intensity- duration distribution necessary to generate SCS
rainfall- runoff relationship with $ -index loss accounting.

EFFECTS OF INTENSITY

STRATEGY

There are now two means of generating storm runoff from storm rainfall to match the conventional
SCS relationships (1) the formula itself, i.e., Eq. 1., which inputs only total storm rainfall and a
curve number; and (2) the described rainfall partitioning approach, which draws on storm volume and dura-
tion, a constant loss rate, and a fixed distribution of rainstorm intensities. To the extent that the

partitioning approach is valid, the intensity characteristics of other storm distributions may be
examined for the effect on runoff, and, thus, (by equivalence with Eq. 1) their effects on curve number

(CN). The question is further reduced to the difference between the intensity- duration distributions,
or more specifically, deviation from Eq. 16, the so- called "CN" distribution.

This places importance on rainstorm characteristics. There is little literature dealing directly

with rainstorm intensity- duration as used herein. However, the distributions may be inferred from other
standard forms of hydrometeorological presentations, as discussed in limited detail in Appendix IV. For

the purposes of discussion here, either theoretical or institutionalized design distributions may be
used. Figure 6 shows a 6 -hour design distribution found in NEH -4. Differentiation and reordering, as

shown in Figure 6, leads to an intensiy duration plot. It, along with the theoretical triangular dis-

tribution, will be used for example comparisons in the following section.

COMPARISONS

The effects of intensity may now be examined by comparing runoff calculated by rainfall partition-
ing against that from Eq. 1. This presumes that rainfall partitioning is the more physically justifi-
able or process documented approach, or is at least the less incredible option.
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DIFFERENTIATION REORDERING

ATI/2HR.

6 0 2 4 6 0 2 4
TIME -HOURS TIME -HOURS TIME-HOURS

A. CUMULATIVE RAINFALL R. STORM INTENSITY SEQUENCE C. INTENSITY -DURATION

Figure 6. Illustrative description of rainstorm intensity -duration from design cumulative
rainfall.

Three approaches will be compared: 1) the SCS formula or direct handbook method as a base; and
rainfall partitioning with both 2) the NEH -4 6 -hour design storm distribution and 3) the triangular
distribution previously set forth. As fixed by the NEH -4 design storm, a 6 -hour duration is used, as is
an arbitrary example choice of CN = 80. Thus, from Eq. 2, S = 2.50 in, and from Eq. 15a, = 0.50 in /hr.

For a storm of P = 3 in, the following results are obtained (See Table 1 for calculating equations).

1. SCS formula (Eq. 1) Q = 1.25 in
2. NEH -4 design storm Q = 0.95 in
3. Triangular distribution Q = 0.75 in

The 3.0 rainfall and the above runoffs define apparent curve numbers via Eq. 3 as follows:

1. SCS formula CN = 80.0
2. NEH -4 design storm CN = 74.7
3. Triangular distribution CN = 70.8

These calculations may be made for a spectrum of rainfalls. Results for rainfalls up to 5 in are
shown in Figure 7. For these cases, the results indicate that to achieve the same runoffs from rainfall
partitioning by the SCS formula, curve numbers should be reduced accordingly, implying that the NEH -4
formula (Eq. 1) overestimates runoff.

Other distributions might also be used, drawn on specific local meteorological data or on inferred
local design intensity duration functions, as outlined in Appendix IV.

DISCUSSION

USAGE

The rationale and methodology developed in this paper may be applied in two ways. First, as a
guide in the selection of curve number in a design application; the choice should depend on the inten-
sity distribution of the storm at hand as compared to the CN distribution. No rules -of -thumb are

offerred, but some guidelines may be implied from the in -text experience with the NEH -4 6 -hour design
storm.

Second, where conditions merit, the rainfall partitioning approach might be used as an alternate to
the curve number method. As with all untested methods, it should be applied with full user awareness of
the assumptions, and insofar as possible, within the limitations thus imposed and outlined below.

LIMITATIONS

The contrasts made and inferences for curve number influences presume that the index - rainfall
partitioning method is at least comparable (perhaps superior) to the runoff curve number method. Unfor-
tunately, there is scant documentation to support either opinion. Also, rainfall partitioning requires
inputs of intensity- duration information and a index. The former may be approximated from reduced
meteorologic presentations of depth -duration- frequency. The latter is intended to correspond to a con-
stant basin -wide loss rate, or (approximately) residual infiltration rate, fc, for which a large body of
knowledge already exists. Application should be limited to situations of homogeneous small watersheds
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Figure 7. Comparisons of runoff and apparent curve number for a
six -hour storm with CN = 80, by NEH -4 method and by
rainfall partitioning for NEH -4 six -hour design storm
and a triangular distribution of storm intensities.
Although differences in runoff do exist for the upper
two curves below about P = 1.75 in, the plotting scales
do not permit showing them. The upper plot shows the
apparent CN, or the CN indicated by the P and the Q.

where rainfall intensities are areally constant at any instant. However, distributed forms of the method

could also be developed.

FUTURE WORK

The questions raised here may merit more attention. The basic item to be serviced is the appropri-
ate usage of the runoff curve number method, and possible adjustments, augmentations, or replacement.
Thus, the rainfall partitioning approach developed here should also be examined and compared to the curve
number method. This rapidly directs attention to intensity- duration descriptions of rainstorms, and to

loss rates for various land types. Interpretation to curve number forms will demand transfer information
for soil groups, vegetative types, and land treatment effects.
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APPENDIX 1 - Notation

The following symbols are used

a - one hour rainfall for a specified frequency and location
or one hour intercept in P(t) = atb

b - characteristic exponent describing rainfall volume
duration in P(t) = atb

CN - runoff curve number 1000 /(10 + S inches)

f - infiltration rate (general)

fc - residual constant infiltration rate

fo - initial infiltration rate

F - total infiltrated depth following satisfaction of la

Ia - initial abstraction, or rainfall depth necessary to initiate
runoff in SCS equation. Equal to 0.2S

i(0) - maximum rainfall intensity

i(t) - minimum rainfall intensity

n - exponent describing intensity duration function

P - storm rainfall depth

Q - storm runoff depth

T - storm duration

t - time
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t(0) - time when o = i(t), total net duration of rainfall excess

S - watershed storage index in SCS equation

a - ß /i(0)

- net constant loss rate

APPENDIX II

Derivation of "CN" Intensity Distributions

Referring to Figure III -1, a generalized rainfall partitioning diagram with a loss rate o, the
following may be written:

First, from NEH -4,

Q =P - (Ia +F)

in which la + F -. la + S as P -. m, and which leads to

S2
la + F = 1.2S

(P + 0.8S)

a result obtained by expansion and polynomial division in Eq. 1.

Second, the rainfall volume under the 0 rate in Figure III -1, in differential terms is

tdo = d(Ia + F)

t =d (Ia +F)

Substituting Eq. III -2 and S = jT /1.2 (i.e., Eq. 13a) in III -3b leads to

zT2
la + F = oT -

1.22(P + .80T/1.2)

Differentiating with respect to 0 as per Eq. III -3, and simplifying produces

(III -1)

(III -2)

(III -3a)

(III -3b)

(III -4)

t = TI 1
2

(3F ++2T)z]
(III -5)

This may be simplified by letting x = t/T and y = 4 P . Solving via the quadratic equation gives

y = o P= 1.5 r

1 524x -1J
(III -6)

We are concerned with the situation of 40 = i,; thus, resubstituting x and simplifying yields

i = i(t) = 1.5 T [
1/1 + 24t /T -

11
(III -7)

It can be seen that P/T is the mean storm intensity T, and that when t = 0, i(0) = 6P /T, or that

the maximum intensity is 6 times the mean. t(4) is defined by the Eq. III -5.

APPENDIX III

Intensity Duration Relationships with Storm Size and Average Intensities

The term "intensity- duration" as used in this paper is intended as analogous to flow duration in
surface water hydrology, except that the time base is storm duration, and not an average annual sampling
period. It is a reordering or rearrangement of storm rainfall intensities by descending values. Thus,

two attributes result: (1) The slope is non positive, and (2) the area under the curve is the total
storm rainfall. In functional representation, it will be called i(t).

Another form of rainfall, "intensity- duration," also exists in widespread publications. For

example, U.S. Weather Bureau Technical Paper 25 (11) gives curves of average intensities for durations
to 24 hours. These should thus more properly be called "average intensity- duration" curves, to avoid
confusion. In functional representation here, these will be called T(t).

Also, storm characteristics are sometimes described by total cumulative storm rainfall as a func-
tion of duration. A common form (5) is of the structure
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P(t) = atb 0 < b < 1 (IV -1)

Naturally, a probability or return period identification is also made. In Eq. IV -1, above, this is
felt through the magnitude of the "a" coefficient. The three forms of storm intensity discussed (P(t),
T(t), and i(t)) are mathematically reläted, as shown in the following.

Figure III -1. Reference diagram for derivation of the
intensity distribution function necessary
to generate the SCS rainfall- runoff rela-
tions.

The average intensity at time t is achieved from Eq. IV -1 by division by t, or

T(t) = Ptt atb -1 (IV -2)

The intensity- duration function is obtained by differentiation of Eq IV -1 with respect to time, so
that

i(t) = ddtt - abtb -1 (IV -3)

As is easily seen, the three are related through a series of factors involving t and b. Thus, given
any of the three forms, the other two may be obtained. Adherance to the exponential structure in Eq.
IV -1 is necessary for these pleasing relationships. However, using the above logic, segmented or dis-
continuous functions can also be treated. Such literature is widespread, although the information is in
various forms.

As an example, consider the 100 -year rainfall for Los Angeles, as given in U.S. Weather Bureau TP
25. The following are scaled from the average intensity- duration plot: for 24 hours, i = 0.095 in /hr;
for 1 hour, i = .61 in /hr. From this, substituting into Eq. IV -2, and solving two simultaneous equa-
tions, it can be found that a = .61, and b = .413. Inserting these into IV -3 produces

i(t) _ .2521 -0.587 (IV -4)

Note that in this form i(0) is infinite, and thus, any rainfall > 0 will have intensities greater
than any non -infinite 0, and thus some runoff, however small. Also note that i(T) will always be
positive.
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THE COMPARTMENTED RESERVOIR: EFFICIENT WATER
STORAGE IN FLAT TERRAIN AREAS OF ARIZONA

C. Brent Cluff

ABSTRACT

The compartmented reservoir is presented as an efficient method of storing water
in areas of Arizona having a relatively flat terrain where there is a significant
water loss through evaporation. The flat terrain makes it difficult to avoid large
surface- area -to- water -volume ratios when using a conventional reservoir.

Large water losses through evaporation can be reduced by compartmentalizing
shallow impervious reservoirs and in flat terrain concentrating water by pumping it
from one compartment to another. Concentrating the water reduces the surface- area -to-
water -volume ratio to a minimum, thus decreasing evaporation losses by reducing both
the temperature and exposure of the water to the atmosphere. Portable, high- capacity
pumps make the method economical for small reservoirs as well as for relatively large

reservoirs. Further, the amount of water available for beneficial consumption is
usually more than the amount of water pumped for concentration.

A Compartmented Reservoir Optimization Program (CROP -76) has been developed for
selecting the optimal design configuration. The program has been utilized in designing
several systems including several in Arizona. Through the use of the model, the
interrelationship of the parameters have been determined. These parameters are volume,
area, depth, and slope of the embankment around each compartment. These parameters
interface with the parameters describing rainfall and hydrologic characteristics of the
watershed.

The water -yield model used in CROP -76 requires inputs of watershed area, daily pre-
cipitation and daily and maximum depletion. In addition, three sets of seasonal modi-
fying coefficients are required either through calibration or estimated by an experi-
enced hydrologist. The model can determine runoff from two types of watersheds, a
natural and /or treated catchment. Additional inputs of CROP -76 are the surface water
evaporation rate and the amount and type of consumptive use.

INTRODUCTION

The need for improved methods of water storage in Arizona has long been recog-
nized. This is particularly true in southern Arizona where the high evaporation loss
coupled with flat terrain has prevented economical water storage except in rare
instances where favorable reservoir sites are available. Most of the favorable sites
have been utilized but the demand for water is far from satisfied and will continue
to increase in the future.

IMPORTANCE OF IMPROVED STORAGE OF WATER

The importance of improved water storage can be verified easily by aerial flights
over Arizona prior to the onset of the rainy season. These flights reveal that most
small storage reservoirs are dry or close to it. An examination of many of these
reservoirs by the author in Arizona has revealed that the average depth generally is
less than the average annual water evaporation rate. This condition prevents with-
drawal of water on a constant -rate basis and any chance of carry -over storage from one
year to the next. There is considerable quantities of flood runoff which is not now
utilized due to lack of economical storage sites.

C. Brent Cluff is an Associate Hydrologist at the Water Resources Research Center,
University of Arizona.
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The importance of constructing deep reservoirs has long been known but there are
several constraints which normally have prevented the construction of deep reservoirs.

The efficiency of storage is defined as the percent of water going into storage
that is available for a desired beneficial use on a fixed demand basis. This effi-
ciency can be increased by reducing evaporation loss. The research that has been done
on evaporation control indicates that the costs of such control in general are pro-
hibitive for use in some major applications such as conventional agriculture (Cluff,
1977b).

This study shows the advantages of controlling evaporation loss through the use
of the compartmented reservoir. Using this system, the surface area to depth ratio is
reduced by keeping the water concentrated. The increase in average depth reduces the
amount of solar energy input into the reservoir as well as the exposure to the
atmosphere thus reducing evaporation loss.

Figure 1 is a schematic drawing of a three -compartmented reservoir system. The
reservoir consists of a receiving compartment which is called A. This compartment is
located below the stream grade and therefore is usually shallow. Compartments B and C
are shown as being smaller in surface area but deeper in depth. This reservoir is
operated as follows: As runoff occurs during the rainy season, water is pumped from
compartment A to fill compartments B and C. Water is first withdrawn for consumptive
use from compartment A until the evaporation and seepage losses from B and C are equal
to the remaining water in A. At this time, the pump is used to move the remaining
water in A to fill the unused capacity of B and C. This eliminates further evaporation
and seepage losses from A. _Water is then withdrawn as needed for consumptive use from
B until the water remaining in B is equal to the unused capacity in C. At this time,
the pump is used again to move the remaining water from B into C. This eliminates
further evaporation and seepage losses from B. At this point, C is filled and A and B
are empty. A spillway would be needed from compartment A to protect the safety of the
system. All inner dikes would have to be built higher than the maximum water level
determined by the elevation of the spillway.

The compartmented reservoir concept can be applied to existing reservoirs or new
ones. Since a pump will be used in flat terrain, all compartments other than the
receiving compartment can be made deeper by building the embankments above the stream
grade.

The recent development of portable, low -lift, high- capacity, pumps makes the
compartmented reservoir system economically attractive. These pumps can be powered
by the power -take -off from a tractor or have their own motor. They are available in
capacities of up to 25,000 gpm (5000 cubic meters) per hour. One pump can service
several small reservoirs. If tractors are not available a suitable vehicle could be
equipped with a pto and used to both transport and power the portable pump. In Arizona
this type of pump can be rented which may be preferred since it is only needed three
or four times a year.

If the general slope of the topography is greater than three or four percent, the
concept of a gravity -fed compartmented reservoir can be used. The compartments of
this reservoir are separated by a sufficient distance to develop enough hydraulic head
so that one compartment can be completely drained by a gravity pipeline or an elevated
canal into the second and succeeding compartments. This reservoir system could be
operated as before but without a pump.

THE POTENTIAL OF THE COMPARTMENTED RESERVOIR IN ARIZONA

The potential of the compartmented reservoir is demonstrated in Figures 2 and 3
under idealized conditions.

Figure 2 illustrates the use of compartments of equal size in a reservoir of depth
equal to the evaporation loss. The reservoir is assumed to be filled by runoff only
once a year, with no additional input. In this figure and Figure 3, an annual
evaporation depth (EE) of 5.94 feet (1.81 meter) is used. This is the average pond
evaporation measured at the WRRC Field Laboratory 1972 -1977 at Tucson, Arizona. It
is less, however, than the evaporation in many other parts of the state. A constant
consumptive use that would be withdrawn each month is selected so that there is no
water remaining in the reservoir at the end of the year. This value is determined by
trial and error. It is called the maximum constant consumptive use. For the single
compartment (the typical reservoir) this consumptive use value is zero. When the depth
of the reservoir is equivalent to the annual evaporation loss it is impossible to
withdraw any water on a continuous basis since all the water would be consumed by
evaporation.
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Figure 1. Schematic cross -sectional diagram of a three -compartment
reservoir showing water levels (W.L.) of various stages
in the annual cycle of operation.

The efficiency can be increased beyond those shown in Figure 2 if all compart-

ments, other than the receiving compartments, are made deeper. This is possible due

to the use of the pump. This improvement in efficiency due to deepening is shown
in Figure 3 for a three -compartment system. If the depth of B and C are doubled and
quadrupled the efficiency goes up to 70 percent and 82 percent respectively. This is

contrasted with zero percent for the shallow single compartmented reservoir.

The above illustrations are idealized in that the reservoirs are filled once a

year with no additional input. If seepage is controlled, the same savings would apply
regardless of the total size of the reservoir system. It is readily apparent that the
compartmented reservoir concept can be applied to reservoirs of all sizes, from small,

livestock watering tanks to large reservoirs for agricultural use. The only limitation
in its use on smaller tanks with sloping sides is that the bottom area of the reser-

voir should be a significant percentage of the total surface area of the tank.

The amount of pumping required in a compartmented reservoir is relatively low

compared to the water savings effected. For instance, the three -compartmented
reservoir, with all compartments equal in depth to the evaporation loss, illustrated

in Figures 2 and 3, requires the pumping of 24.9 percent of the initial storage to

obtain a 45.0 percent efficiency when the water is used on a constant basis. This
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amounts to pumping 56.2 percent of the water beneficially utilized. This assumes that
the water can be withdrawn by gravity flow for use from all compartments. The cost
of pumping would be generally much less than pumping groundwater due to the low
pumping lift.

The full concept of the compartmented reservoir was first understood by the
author in the summer of 1975 while serving as a consultant for the Wunderman Foundation
in the Sahel Region of Mali in West Africa. At this time an earlier concept of pumping
from a shallow to a deeper compartment was expanded to include multiple compartments
and keeping the water concentrated. Deepening all compartments other than the receiv-
ing one was found to increase the efficiency.

The concept evolved as an attempt to help solve a critical water storage problem
in Mali, Africa. Ten different sites were surveyed and recommended designs were made
using a small programmable calculator (fluff, 1975). Following his return from Africa,
the author spent six months in Mexico working for the Food and Agricultural Organiza-
tion (FAO) of the United National (Cluff, 1976) in support of the Fundo Cancelillero,
an action agency of the Mexican Government. Eleven compartmented reservoirs were
built by the above agencies in the state of Coahuilla, Mexico, during the six -month
period the author served as a consultant. More have been built since that time. These
reservoirs range in size from a 6.5 acre -foot (8100 m3) two -compartmented livestock
reservoir dug by mules, to a 162 acre -foot (200,000 m3) four -compartmented reservoir
constructed using D -7 dozers. This largest reservoir which is used for agricultural
purposes is shown in Figure 4. One small gravity -fed separated compartmented
reservoir also was constructed.

The use of the compartmented reservoirs introduces additional design parameters
for effectively using and storing water from any given watershed. The number of
compartments and their depth and size relative to each other must be considered in
order to maximize production of water from any given watershed. These parameters are
a function of the seepage and evaporation losses. If needed, a floating cover can be
used on the last compartments.

COMPARTMENTED RESERVOIR OPTIMIZATION PROGRAM (CROP -76)

A computer model has been developed to study the parameters involved in the
compartmented system and their relationship to each other using historical data. This
model is briefly described in this section, with examples of its use. A more complete
description can be found in Cluff (1977a).

The computer model converts daily historical rainfall data into runoff data from
either a natural and /or a treated watershed. Runoff data is summarized and stored in
a weekly array. The compartmented reservoir is subjected to a domestic and /or agri
cultural demand as well as evaporation losses. The design parameters of the compart-
mented reservoir can be adjusted so that the "optimum" reservoir system would be
selected. The definition of an optimum reservoir is "the system that would have the
highest storage efficiency under the constraints imposed." The definition of the
storage efficiency is the percent of water that passes into the storage system that
is available for a desired beneficial use on a constant demand basis.

In the operation of the model the design parameters are usually adjusted so that
the amount of overflow plus excess water is kept below a specified amount, usually 4 or
5 percent. An additional constraint is that the reservoir system provide water for
the desired beneficial use for a specified minimum, usually 95 or 96 percent of the
time. The consumptive demand is reduced if necessary in order to fit the above con-
straints.

A water harvesting agrisystem option has been built into CROP -76. Under this
option a soil moisture -accounting routine is used to account for storing water in the
soil in addition to storing excess water in the compartmented reservoir system.

There are too many design parameters to obtain a satisfactory design in a single
run of the computer, within a reasonable processing time. The design, however, can
be obtained by repeated computer runs by a skilled operator who helps the computer in
its selection of the parameters that will meet the constraints.

Additional improvements have been made since the model was developed in the fall
of 1976. The model has been used to design compartmented reservoir systems using a
minimum amount of data. The model has been used on several reservoir systems in Arizona,
Coahuilla, Mexico and Mali, West Africa. These systems ranged in size from a 4.9 acre -
foot (6,000 m3) stock tank to a 72,964 acre -foot (90,000,000 m3) reservoir system in
Arizona designed to store excess floodwater in the Santa Cruz River near Tucson for
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Figure 4. Four Compartmented Reservoir System near Parras,
Coahuilla, Mexico, with a 162 acre -foot (200,000 m3)
Capacity. -- Above: Under Construction.
Below: Completed System.

proposed agricultural use. In the latter example, 23 years of daily runoff data at the
Cortaro gaging station was used in CROP -76. This computation showed that a reservoir
system consisting of six 12,160 acre -feet (15,000,000 m3) compartments only 16.4 feet
(5 meters) deep could effectively re- regulate the erratic flood flows so that approxi-
mately 50 percent of the water could be beneficially used on a continuous basis to
irrigate 1760 acres (704.0 hectares). A single compartment reservoir of the same
depth would be dry approximately 10 percent of the time without any beneficial consump-
tive use.

The size of this reservoir can be reduced and the efficiency of storage increased
if the percentage of floodwater diverted into the reservoir system is reduced. This
was studied by Wicke (1978) when CROP -76 was used to develop a appropriate design for
re- regulating excess flood flows at the Cortaro Gaging Station on the Santa Cruz
River to recharge wells on a continuous basis in Avra Valley.

Compartmented reservoirs appear to be very cost effective when used in the al-
luvial valleys of Arizona where recharge of the ground water table is needed. In this
case seepage control would not be needed since any addition to the ground -water table
could be beneficially used.

CROP -76 has also been used to verify the design of a 50 acres (20 hectare) water
harvesting agrisystem which has been constructed at the San Francisco Ejido near Parrus,
Coahuilla, Mexico. The surface soil of the twenty hectares has been shaped and compact-
ed. Plantings of grapes and pistachios have been made in the artificially depressed
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drainage area. Excess water from both the artificial catchment and a natural water-
shed will be stored in a three compartmented system for use in the dry season. Ten
years of daily precipitaton data was used in CROP -76. This simulation indicated
that the reservoir system would be dry only three weeks during the ten year period.
There was, however, ample soil moisture during this period to maintain full pro-
duction. See Figure 5.

Figure 5. Fifty acre (20 hectare) water
harvesting agrisystem in Coahuilla,
Mexico with compartmented reservoir
in the foreground.

CROP -76 has also been used to design similar water harvesting systems for use with
the growing of jojoba, an oil- bearing desert shrub, on retired farmland in Avra Valley
near Tucson, in cooperation with the Office of Arid Lands Studies, University of
Arizona. This analysis indicates that these systems approach economic viability when
using the compartmented reservoir to reduce the effects of variable rainfall on pro-
duction. There has been some commercial interest shown in developing this type of
rainfed agriculture in Arizona.

The use of CROP -76 also showed the advantages of using a floating cover in con-
junction with the compartmented reservoir system. In one simulated example a floating
cover was placed on the last compartment of a six compartmented system. The cover was
placed over only 16 percent of the area but increased the dependable water supply from
the system by 50 percent.

By making repeated runs with CROP -76 using different climatic regimes a better
understanding of the inter -relation between parameters has been obtained. It was
found that there is not much advantage in making the compartments different sizes.
They can all be made the same size without reducing their efficiency.

The effect of the compartmented system on reservoir efficiency diminishes as the
depth of the reservoir increases. The effect becomes negligible for depths greater
than 20 meters. Also the rate of increase in efficiency diminishes as the number
of compartmentes increase. Usually there is little to be gained by having much more
than six compartments for the larger reservoirs and three or four compartments for
smaller reservoirs.

It was also determined that the reservoir efficiency is relatively sensitive to
the design of the system. In order to obtain the highest efficiency the system
should be designed to match the amount and frequency of input to the consumptive
demand. This is also true of shallow conventional reservoirs.
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Four small compartmented reservoir systems for stock purposes are under construc-
tion at the Papago Indian Reservation. These are retrofits of older, inefficient
systems. With this approach a smaller, lined compartment is located next to a typical
earth stock tank. In this two -compartmented system the water is first collected in
the old stock tank and then pumped or siphoned over into the lined compartment. Many
earthen tanks in Arizona could become perennial sources of water for stock purposes,
if modified in this way.

An extensive economic study of the compartmented system has not been made. The
storage costs are site dependent, however, a preliminary analysis shows that the cost
of water from an intermediate size or large compartmented reservoir should be less
than a conventional moderate depth irrigation well. This intermediate size reservoir
would be between 162 to 324 acre -feet (200,000 to 40,000 cubic meters) in capacity.
The storage costs are significantly reduced if the reservoir is located in a soil
type where seepage is negligible or where seepage control can be easily obtained by an
inexpensive treatment such as sodium chloride.

DISCUSSION AND CONCLUSIONS

The use of a compartmented reservoir can increase the efficiency of water storage
in flat terrain areas of Arizona. It has considerable potential in improving the
efficiency of earth stock tanks. For intermediate and larger systems the cost of
water should be low enough to permit its use for storage of flood flows to supplement
existing irrigation projects. It appears to have considerable potential for use
in conjunction with water harvesting agrisystems on farmland retired due to falling
water tables. This is particularly true if desert plants such as jojoba are used.

A selected number of existing and new reservoir sites in Arizona are presently
being studied to provide additional examples of the improvement in efficiency available
through use of the compartmented reservoir. Any future studies of projects involving
the storage of water in flat terrain should include the possibility of using a
compartmented reservoir system.
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EFFECTIVENESS OF SEALING SOUTHEASTERN ARIZONA STOCK PONDS WITH SODA ASHI/

Herbert B. Osborn, J. Roger Simanton, and Richard B. Koehler'

INTRODUCTION

Stock watering ponds are a primary source of water for livestock on rangelands in the southwestern
United States. In areas with calcareous soils, seepage rates from these ponds may be excessive, and
pond use limited to relatively short periods following runoff -producing thunderstorm rainfall. Applica-

tions of sodium salts, primarily sodium chloride, have been used for many years to reduce seepage. How-
ever, most early efforts were based on trial and error (Decker, 1963). Because pond seepage losses are

a particularly serious problem in the semiarid Southwest, scientists at the USDA Water Conservation Lab-
oratory in Phoenix, Arizona set out in the 1960's to develop a systematic approach to reducing pond
seepage. This effort included lab and field tests and establishing criteria for treatment.

Calcium causes normally well- dispersed clay particles to aggregate and increase the porosity of
stock pond sediments. Sodium disperses the clay aggregates, which tend to seal soil pores. In labora-

tory tests the Water Conservation Laboratory scientists found sodium carbonate (soda ash) to be the most
effective and long -lasting sodium salt for dispersing the clay aggregates and fixing calcium as calcium
carbonate. Field tests substantiated the lab tests. Treatment guidelines published several years later
(Reginato, Nakayama, and Miller, 1973) included estimating the water loss before treatment and the area
to be treated, determining the depth and clay content of the pond sediment, and testing to see if the
cation exchange capacity was sufficient for sealing. The guideline also suggested that regular mainte-
nance was needed to prevent increasing seepage rates with time. The suggested maintenance involves add-

ing soda ash regularly (every 2 or 3 years) to neutralize additional calcium carried into the pond in
runoff.

PROCEDURE

Following lab tests in the USDA Water Conservation Laboratory in Phoenix, two "leaky" ponds on
Walnut Gulch, 63.207 and 63.223 (Fig. 1), were treated with soda ash in 1968. Tests indicated that both

the clay content and the cation exchange capacity were sufficient, that one could expect good results
from soda ash treatment. The soda ash was broadcast over the dry pond surfaces to the spillway eleva-
tion at the rate of 3365 kg /ha, and mixed with the pond sediment to about the 10 -cm depth with a disc.
Water level recorders had been installed at both ponds several years before, so treatment results could
be verified. Two late- season 20 -day recession periods from an instrumented, unsealed, low- seepage pond,
63.214, are shown in Figure 2 for comparison with the records from the treated ponds.

RESULTS

The water level records at pond 63.207 were excellent, and provided a continuous record of seepage
losses (Fig. 3). Seepage losses before and after treatment are shown, along with an estimate of surface
evaporation based on pan evaporation (pond evaporation was estimated to be 70% of pan evaporation).
Seepage losses were compared following the summer rainy season, and generally represent 20 -day periods
in September or October when the summer "monsoon" rains have ended. During this period, the number of

days until the stock pond goes dry becomes critical. The late season seepage loss for the after- treat-

ment period each year from 1968 through 1974 was reduced about 50 %. No soda ash was applied to pond

63.207 after 1968, indicating that the treatment was considerably longer -lasting than anticipated.

Seepage losses in 1975 and 1976 could not be calculated accurately because pond 63.207 received
little runoff. In 1977, there was no significant inflow until September; then a single storm raised the
pond level sufficiently for subsequent seepage losses to be estimated. Seepage loss after this storm was

about the same as before treatment in 1968 (Fig. 3). Because of the preceding long dry period, however,

1/ Contribution of the USDA, SEA -FR, Western Region, Tucson, Arizona 85705.

?/ The authors are Research Hydraulic Engineer, Hydrologist, and Physical Science Aide, respective, USDA,
SEA -FR Southwest Rangeland Watershed Research Center, Tucson, Arizona 85705.
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Fig. 1. Location of stock watering ponds on the Walnut Gulch Experimental Watershed, Arizona.

it is uncertain whether this represents a permanent return to the original "leaky" conditions or whether
the increased seepage was due to pond sediment cracking and increased water absorption by the more re-
cently accumulated untreated sediment. Hopefully, the 1978 summer's rain will produce sufficient runoff
into pond 63.207 to compare seepage losses under similar conditions with those in the early 1970's. A
best guess at this time would be that the pond will reseal, but possibly not as effectively as in the
years immediately after treatment.

Water level records from pond 63.223 indicate that water losses were reduced after treatment. How-
ever, the water level records were inconsistent, and the magnitude of reduced losses is uncertain.

In 1970, composite sediment samples from four additional "leaky" stock ponds were analyzed for ca-
tion exchange capacity (CEC) and exchangeable sodium percentage (ESP). The CEC for all 4 ponds was above
the minimum (15 meq /100 g) indicated in the Water Conservation Lab guidelines, but that of two of the
"leakiest" ponds, 63.201 and 63.215, was just barely above the minimum (Table 1). The ESP was rela-
tively low for 2 of the 4 ponds (Table 1),

TABLE 1. Cation exchange capacity and exchangeable sodium per-
centage values for composity 0- to 0.2 -foot samples.

Stock Pond Cation Exchange Exchangeable Sodium
Number Capacity Percentage

(meq/100 gm)

63.201 17.7 0.19

63.215 19.0 0.13

63.216 27.3 0.16

63.218 36.2 0.12

ADDITIONAL LAB TEST

Based on these analyses, we took composite pond bottom samples from each stock pond for seepage
tests in the lab. Two samples, one to be treated and one to be left untreated, were taken from each com-
posite sample and packed as uniformly as possible by hand into glass tubes. The amount of salt to be
added to the water for the "treated" samples in the form of 0.5 molar sodium carbonate was determined
from the following formula:
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CEC x W
M

ibb

where W is the weight of the - sample in grams, and M is the number of milliliters of salt solution. The
same amount of distilled water was added to the treated and the untreated sample at the beginning of the
test.

The amounts of water or salt solution moving through the samples in the glass tubes are shown in
Table 2. Although no exact relation can be established between infiltration rate reduction in pond sedi-
ment and infiltration reduction for a disturbed sample in a cylinder, a considerable reduction in head
absorption rate indicates a reduced infiltration rate. The results suggested that all 4 ponds could be
successfully treated, but with differing degrees of effectiveness.

TABLE 2. Relative rates of head absorption for eight samples in
identical glass cylinders.

Stock Pond
Number Treatment

Elapsed Cumulative Head
Time Absorbed

(min.) (cm)

63.201 None 0 0

31 2.0

76 3.5
144 5.0

Salt* 0 0

390 2.0

4248 3.5

63.215 None 0 0

16 2.1

58 3.6
104 5.1

Salt 0 0

137 2.1

717 2.4

63.216 None 0 0

29 1.8

75 3.3

Salt 0 0

381 0.7

1383 1.5

63.218 None 0 0

28 1.8

75 3.3
134 4.8

Salt 0 0

33 0.5

706 1.3

1384 2.1

2068 2.7

*Sodium carbonate.

ADDITIONAL TREATMENT AND RESULTS

Pond 63.215, the leakiest of the four ponds, was treated at the rate of 3365 kg /ha in the spring of
1971. The water level records do suggest that the treatment reduced seepage (Fig. 4), but the period
following treatment was unusually dry, and the results are not as conclusive as those in the previous
example.

Pond 63.201 was treated with soda ash at a rate of 3365 kg /ha in the spring of 1977. The data after
one rainy season indicate that the treatment reduced seepage to about one -third of that before treatment
(Fig. 5). However, several years of record will be needed before the overall effectiveness can be ascer-
tained.
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BENEFITS

Water level records at ponds 63.201 and 63.207 indicate that water losses were reduced appreciably
after treatment with soda ash (Figs. 3 and 5). For example, the average 20 -day water loss from stock
pond 63.207 (the largest of the two ponds) was reduced from about 2800 m3 to about 1500 m3, a savings of
1300 m3 (Table 3). Assuming that cattle drink about 0.04 m3 of water per day, the increased available
water amounts to 32,500 animal days.

TABLE 3. Water volume loss before and after soda ash treatment for two stock
watering ponds on Walnut Gulch and estimated benefits of treatment.

Water Loss Water Loss
Before After Water Number of

Pond Treatment Treatment Savings Animal Days*
(ms) (m3) (ms)

63.201 500 200 300 7900

63.207 2800 1500 1300 34300

1 Animal Day = 0.04 m3 water /day.

For pond 63.201, the increased available water amounted to 300 m3 for the 20 -day period, which
amounts to 7500 animal days of water. More important, water remained in both ponds well into the spring
rather than drying up during the late fall or early winter, thus providing the ranchers with more options
to best utilize their range forage. Treatment cost was $200 for the soda ash, and $60 for application
and discing.

SUMMARY

Treatment of "leaky" stock ponds with soda ash based on guidelines established by the USDA Water
Conservation Laboratory has been successful for at least two ponds on the Walnut Gulch Experimental
Watershed in southeastern Arizona. The treatment on one pond seems to have lasted much longer than anti-
cipated, thus increasing the value of the treatment. A pretreatment laboratory seepage test is suggested
to better determine the likelihood of treatment success. Additional water level records from already
treated ponds in the next few years should provide a basis for a more quantitative economic evaluation of
the method.
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SIMPLE TIME -POWER FUNCTIONS FOR RAINWATER INFILTRATION AND RUNOFF

by

R. M. Dixon, J. R. Simanton, and L. J. Lane

ABSTRACT

The equations of Darcy, Kostiakov, Ostashev, Philip, and four modified Philip equations were evalu-
ated for use in predicting and controlling rainwater infiltration and rainfall excess in crop and range-
lands. These eight equations were least- square fitted to data from ring, border -irrigation, closed -top,

and sprinkling infiltrometers. Kostiakov's equation satisfied the evaluation criteria better than the
other seven equations. The parameters of Kostiakov's equation were physically interpreted by relating
their magnitudes to some physical, biological, and hydraulic characteristics of the infiltration system.
These characteristics included several infiltration abatement and augmentation processes and factors that
are controlled at the soil surface by land management practices. The eight equations were also fitted to
rainfall data to permit calculating runoff from small surface areas about the size of a typical crop
plant. Comparison of the regression curves for infiltration and rainfall suggested that land management
practices that appropriately alter the soil surface will permit wide -range control of infiltration, run-
off, and erosion; and thereby achieve conservation and more efficient use of soil and water resources for
crop production. The most important soil surface conditions affecting infiltration were microroughness,
macroporosity, plant litter, and effective surface head.

INTRODUCTION

Rainwater infiltration and runoff are hydrologic processes of vital importance to plants and people,
and thus deserve considerable modeling effort. Models which are simple, yet physically sound, are needed
by land managers to implement better use and protection of land resources. Such models can advance the
understanding of basic hydrologic processes; and this understanding, in turn, can lead to the prediction
and control of such processes. Control of rainwater infiltration and runoff can help alleviate land man-
agement problems such as excessive runoff and erosion; flash flooding of upland watersheds; sedimentation
of waterways and reservoirs; non -point source pollution of surface waters; inadequate soil water for seed
germination, seedling establishment, and optimal plant growth; excessive leaching of soluble salts and
plant nutrients; pollution of ground waters; slow aquifer recharge and declining water tables; excessive
loss of water by surface evaporation; and accelerated land deterioration and desertification.

The cost of such land management problems to society is of gigantic magnitude. Worldwide desertifi-
cation alone is estimated (Dregne, 1978) to be costing 15.6 billion dollars a year in lost agricultural
production, 3.2 billion due to waterlogging and salinization, 6.8 billion to rangeland deterioration, and
5.6 billion to deterioration of rain -fed cropland. Such land deterioration is usually only partially

reversible by even the best land management practices.

Much effort has already been expended on the development of point or small area infiltration models
(Parr and Bertrand, 1960). In a series of papers, Dixon and coworkers (Dixon, 1977) have evolved a de-
scriptive concept for controlling rainwater infiltration, referred to as the air -earth interface (AEI)
concept. The main purpose of the study reported herein was to evaluate several simple infiltration equa-
tions for use in quantifying the AEI concept. This concept indicates that surface microroughness and
macroporosity (or their hydraulic counterpart - - effective surface head) control rainwater infiltration.
Quantification involved the selection of a simple infiltration equation having parameters sensitive to
these AEI conditions. Such an infiltration equation will be useful in predicting maximum cumulative in-
filtration for a given land management practice. However, prediction of excess rainfall, surface runoff,
and non -point source pollution requires use of a reference rainstorm. Dixon (1966) showed that a maxi-
mum- intensity storm could be generated for reference purposes by plotting maximum rainfall depths (50-

year frequency) against their duration times. This yields a cumulative rainwater curve similar in shape

to that for cumulative infiltration. This paper investigates the possibility that infiltration equations
can also be fit to the maximum -depth rainfall data that are available (Hershfield, 1961) for numerous lo-
cations throughout the United States. The area between corresponding infiltration and rainfall curves

The authors are, respectively, Soil Scientist, Hydrologist, and Hydrologist, Science and Education Admin-
istration, Southwest Rangeland Watershed Research Center, 442 East Seventh Street, Tucson, AZ 85705.
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would then provide a quantitative indication of either the rainwater or infiltration capacity excess.

THEORETICAL CONSIDERATIONS

All infiltration equations can be interpreted in terms of the general transport law:

FLUX TRANSMISSION
DRIVING

ELAPSED
VOLUME - COEFFICIENT

x FORCE x
TIME

GRADIENT

The flux volume is conveniently expressed as unit depth of surface water infiltrating Iv; the driving
force gradient, as a drop in hydraulic head H per unit soil depth L or as a dimensionless hydraulic gra-
dient (i = B /L); and the transmission coefficient as a proportionality (permeability) constant or hydrau-
lic conductivity K given numerically by the flux volume when both the gradient and time are unity. Thus,

for infiltration volume in centimeters (cm) and time in hours (hr), the general transport equation be-
comes:

Iv (cm) = K (cm/hr) x i (cm/cm) X T (hr)

The equations of Kostiakov (1932), Philip (1957), Ostashev (1936), and Darcy (1856) were considered
for study because they all (1) express infiltration volume T (or depth of surface water) as an explicit
function of time; (2) contain two parameters (A 8 B) after adding constant terms to Ostashev's and
Darcy's equations; (3) transform easily to linear forms for least- square regression analyses; and (4)
differentiate readily to infiltration rate IR and infiltration deceleration ID forms (Table 1).

Table 1. Four Historic Infiltration Equations, Their Linear Transforms, and Their First
and Second Derivatives.

INFILTRATION LINEAR 1ST DERIVATIVE ( -)2ND DERIVATIVE

EQUATION TRANSFORM (RATE) (DECELERATION)*

(1) Kostiakov Zn Iv = Zn A + B Zn T ABTS -1 AB(1- B) TS -2

Iv ATB

(2)

Philip
BTAT +

/0,/?1/0,/?1 = A + BT1/2 1/2 AT -1/2 + B 1/4 AT 3/2

Iv

(3) Ost=sAhev v = AT1/2 + B 1/2 AT 's 1/4 AT
-3/2

Iv

(4) Darcy v = AT + B A 0

I
v

= AT

*Deceleration is the negative of the 2nd derivative.

Darcy's equation was derived empirically to describe the volume of water absorbed by a saturated
stable sand bed having water ponded at the top and free drainage at the bottom. For viscous flow in a

stable saturated porous media, the absorption coefficient A is given by the product of the hydraulic con-
ductivity K and the hydraulic gradient i or A = Ki, For the simple infiltration system that Darcy used,

both K and i could be maintained time invariant. Even in wet infiltrating soils, neither K nor i are
constant because of incomplete water saturation, soil instabilities (particularly near the surface), and
changing water potentials at irregular upper and lower soil boundaries. Natural soil infiltration sys-

tems are never open to atmospheric pressure along their lower boundaries. Instead, they range from par-

tially open to completely closed. Darcy's equation applies best to infiltration in wet stable soils,
wherein i is approximately unity and infiltration is driven almost entirely by the gravitational force.
In a dry -soil infiltration system, i and K are interrelated variables, both of which are functions of the
soil water content with K increasing and i decreasing with increasing water content. Since i usually

decreases more rapidly than K increases, the rate of infiltration tends to decrease with time.

Ostashev's equation was derived to describe the volume of water absorbed horizontally (gravitational
gradient = 0) by a dry stable homogeneous porous media. The infiltrated volume decreases with T1 owing

to the abatement in capillary pressure gradient as the wetting front advances. Similar to Darcy's equa-

tion, the absorption coefficient A may be interpreted as a product of mean time- weighted K and i during
the first time unit. However, in this case K is the unsaturated hydraulic conductivity which is several
orders of magnitude less than the saturated hydraulic conductivity and i is the hydraulic gradient pro-
duced by capillarity, Vertical infiltration into a dry stable system, where gravity as well as capillar-
ity is driving the process, will abate more slowly than permitted by 1. The time exponent would thus be

80



somewhat greater than 1/2. The wetter the soil initially, the greater would be the relative gravitation-
al contribution, and the greater would be the exponent. Thus, in Darcy's equation where absorption is
driven only by the force of gravity, infiltration is proportional to a; whereas, in Ostashev's equation
where capillarity is the sole driving force, infiltration is proportional to.

Philip's equation was derived analytically for the downward absorption of water into an initially
dry stable porous medium. The first and second terms give the infiltration contributions of the capil-
lary and gravitational driving forces, respectively. Thus, Philip's equation accounts for the infiltra-
tion effects of both forces, essentially by combining (adding) Ostashev's and Darcy's equations, Para-
meters A and B may be regarded as capillary and gravitational absorption coefficients, respectively.

Kostiakov's equation was empirically derived to describe the time- course of infiltration as an ini-
tially dry soil absorbs irrigation water - - usually at a decreasing rate until soil saturation is close-
ly approached. The absorption coefficient A may be interpreted in much the same way as the corresponding
coefficients in Darcy's and Ostashev's equations; i.e., as the product of the mean x and i for the first
unit of time. Large A values are associated with soil surfaces that are microrough and macroporous or
with conditions favoring a relatively large contribution of the gravitational force to infiltration
(Dixon, 1977 and Dixon and Simanton, 1977), In contrast, small A values are associated with a smooth
microporous surface where capillarity is the major force driving infiltration. Parameter A gives the Iv-
time curve its magnitude, whereas parameter B gives this curve its shape. For 0<B <1, the infiltration
rate is abating wih time (the usual case) and for B>1 infiltration is increasing or augmenting with time
(the exceptional case).

The magnitude of parameter B in Kostiakov's equation reflects the net effect of numerous interrelat-
ed and interacting infiltration abatement and augmentation processes and conditions (Dixon, 1975b and
1976). The abatement processes and conditions include (1) decreasing capillary pressure gradient due to
deepening wetting front; (2) surface sealing under raindrop impact; (3) decreasing capillary pressure
gradient due to increasing moisture content with depth; (4) soil settling causing macropores to collapse;
(5) decreasing soil wettability with depth; (6) increasing water repellency with depth; (7) decreasing
available storage space with time; (8) decreasing storage space with depth because of increasing moisture
content, rock, etc.; (9) decreasing macroporosity both in number and continuity with depth; (10) swelling
of clay colloids with corresponding shrinkage of macropores; (11) anaerobic slime formation; (12) rising
soil air pressure and the consequent entrapment of soil air in macropores; and (13) freezing of the in-
filtrated water with consequent blockage of fluid flow routes. The augmentation processes and conditions
include (1) increasing flow dimensionality with time; (2) eluviation and illuviation leading to mìcropipe
formation; (3) increasing soil wettability with depth; (4) decreasing water repellency with depth; (5)
increasing ponded -water depth with time; (6) soil water absorption of entrapped air; (7) macropore forma-
tion through solution of soluble salts; (8) increasing ponded surface area with time; and (9) melting of
soil ice by the infiltrated water.

Parameter 8 values ranging from 0.0 to 0.5, 0.5 to 1.0, and 1.0 to 1.5 indicate the dominance of
abatement factors, little dominance of either abatement or augmentation factors, and dominance of augmen-
tation factors, respectively. Since the abatement and augmentation processes and factors interact with
each other in different combinations and intensities to control the time- weighted means for hydraulic
conductivity and hydraulic gradient, parameters A and B in Kostiakov's equation are interrelated.
Kostiakov's equation is a general equation in a relative sense, since parameter B can assume values appro-
priate for almost any combination of the abatement and augmentation processes. In contrast, the equa-
tions of Darcy and Ostashev represent special cases of Kostiakov's equation (Dixon, 1976). Philip's
equation, as indicated previously, is essentially a combination of these two special cases. The form of
Darcy's equation accounts for no infiltration decay or augmentation, and those of Ostashev's and Philip's
account for only one of the infiltration abatement and augmentation factors; i.e., the decrease in capil-
lary pressure gradient resulting from the increasing distance of the wetting front from the ponded -water
source.

The equations of Darcy, Ostashev, and Philip are often said to be physically based -- meaning that
the parameters have physical significance. Such physical significance, however, is restricted to the
simple ideal infiltration systems for which these equations were derived. All infiltration equations
are, or become, empirical when applied to the complex soil and water -source conditions found in crop,
forest, and rangelands. The magnitude of a parameter determined by fitting an infiltration equation to
data from such land areas, usually reflects conditions not present in the simple ideal system. Conse-
quently, an adequate physical interpretation of the parameter must account for the major factors affect-
ing this parameter in the natural infiltration system being studied. To assume that the theoretical
physical significance still holds can be extremely misleading, thereby leading to much confusion,

PROCEDURE

EVALUATION CRITERIA

Evaluation criteria were developed to (1) facilitate initial screening of the many infiltration
equations for selecting several for subsequent fitting accuracy tests and (2) guide final selection of
the best equation for modeling the AEI concept. These criteria included:
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1. Parameter number restricted to two.
2. Infiltration expressed explicitly as a function of time.
3. Equation parameters sensitive to AEI conditions.
4. Infiltration volume approaches zero as time approaches zero.
5. Infiltration rate approaches zero as time approaches infinity or as the unfilled profile

storage space approaches zero.
6. Infiltration rate approaches infinity as time approaches zero.
7. Equation accounts for net infiltration effect of diverse interacting infiltration abatement

and augmentation processes or factors that are affected by AEI conditions.
8. Equation gives consistently accurate fit of data collected under widely varying condi-

tions of surface microroughness, surface macroporosity, and effective surface head.
9. Fitting of equation to infiltration data always yields positive -valued parameters.

10. Equation, with positive -valued parameters, yields rates that can either decelerate, or
remain constant, or accelerate with increasing time.

11. Mathematical and physical interpretation of parameters valid for widely varying AEI condi-
tions.

12. Equation form aids data interpretation, summarization, extrapolation, and interpolation.
13. Simple first and second derivative forms of the infiltration volume equation for calculat-

ing infiltration rates and rate changes.
14. Equation easily least- square fitted to infiltration data to obtain parameter estimates.
15. Infiltration easily calculated using equation and parameter estimates.
16. Equation has simplest form possible, yet satisfies preceding criteria.

EQUATIONS TESTED

The first two evaluation criteria limited to four the possible choices of published infiltration
equations available for subsequent testing (Table 1). Initial testing suggested that the fitting accu-
racy of Philip's equation could be improved somewhat by selecting powers of time that would be more ap-
propriate for complex infiltration systems than the 1/2 and 1 that pertain strictly to the simple system
for which the equation was derived. Accordingly, the four modified Philip equations (given in Table 2)
were tested in addition to those given in Table 1. These modified equations are of the form,

I = Al + BTy

where the values of x in the four equations range from 0.1 to 0.3 and y from 0.8 to 1.1. Parameters A
and B can be interpreted in a similar manner to that given previously when discussing the theoretical
basis for Philip's equation. However these parameters probably have more physical significance for a
natural infiltration system than the corresponding parameters in Philip's equation, but less signifi-
cance for the ideal system assumed by Philip.

Table 2. Modified 2- Parameter Philip Equations, Their Linear Transforms, and Their First and Second
Derivatives.

MODIFIED INFILTRATION
EQUATION LINEAR TRANSFORM 1ST DERIVATIVE

(RATE)
( -)2ND DERIVATIVE

(DECELERATION)

(5) Iv = AT01 + BT1.1 Iv/T0.1 = A + BT 0.1AT 0.9 + 1.1BT0.1 0.09AT-1.9 - 0.11BT-0.9

(6) Iv = AT0.2 + BT1.2 Iv/T8.2 = A + BT 0.2AT-08 + 1.2BT0.2 0.16AT-1.8 - 0.24BT-0.8

(7) Iv = AT0.3 + BT1.3 Iv/T03 = A + BT 0.3AT-07 + 1.3BT0.3 0.21AT'17 - 0.398T-07

(8) Iv + AT03 + BT0.8 Iv/T0.3 = A + BT0.5 0.3AT'07 + O.8BT-0.2 0.21AT-17 - 0.16BT-1.2

EQUATION FITTING

The equations of Kostiakov, Philip, Ostashev, Darcy, and the four modified Philip equations (Tables
1 and 2) were evaluated by fitting them to field infiltrometer data. This evaluation included the fol-
lowing steps:

1. Transform infiltration equations to their linear form as given in Tables 1 and 2.
2. Perform least- square linear regression analyses to obtain parameter values.
3. Use parameter values in the untransformed equations (except in Darcy's and Ostashev's equation)

to obtain calculated infiltration values.
4. Evaluate differences between calculated and observed infiltration by statistically testing

for fitting accuracy.
5. Determine data group means and standard deviation of these means for the fitting -accuracy

statistics.
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6. Select infiltration equation giving the most accurate data fit by ranking the data group

means and their standard deviations,

As reflected in steps 3 through 6, the untransformed equations (with the two exceptions) were used
to determine data fitting accuracy. The magnitude of correlation coefficients for the transformed equa-
tions of Philip and the modified Philip equations were not useful in evaluating fitting accuracy. This

type of linear transformation often causes the regression line slope to fluctuate around zero, with con-
sequent low correlation coefficients, even though the equation fit might be quite accurate, as indicated

by closeness of observed and calculated infiltration values. Nevertheless, these transforms provided a

reliable (and simple) method for estimating parameter values as verified by a iterative computer method

for accurately determining parameter values. The statistical tests of fitting accuracy referred to in

step 4 included the (1) relative mean absolute deviation (lavAD) of calculated infiltration from observed
infiltration, (2) slope of the regression line (SRL) for calculated infiltration versus observed infil-
tration, (3) intercept of the vertical axis (IVA) by the regression line for calculated infiltration ver-
sus observed infiltration, and (4) coefficient of determination (CD) for the linear regression of calcu-
lated infiltration versus observed infiltration. The accuracy of equation fit approaches perfection as
the means for RMAD, SLR, IVA, and CD approach zero, one, zero, and one, respectively; and as the standard
deviations for RMAD, SLD, IVA, and CD all approach zero.

DATA SOURCES

Infiltration and rainfall data sets used in evaluating the eight infiltration equations are summar-

ized in Tables 3 and 4. Published rainfall data (Table 5) were selected from locations near the field
infiltration sites of the authors and their coworkers in order to generate reference rainstorms for use

in interpreting the infiltration data.

Table 3. Cumulative Infiltration Data Used to Test Fitting Accuracy of Eight Infiltration

Equations.

SOILS
LOCATION(S) AND
AND SOURCE VEGETATION

NUMBER

INFILTROMETER DESCRIPTION OF TESTS
AND REPS.

DATA TEST
POINTS TIME

PER TEST (HOURS)

U.S. Survey, 68 soil Wide range
sites (Free et al., in both

Constant -head, single ring,
23 cm 0.D., 61 cm long

124
24

5 3

1940)

Wisconsin, Montana, Wide range Modified Purdue sprinkling 15 8 2

Nevada, and Arizona in both

soil sites (Dixon,
1977)

type, 10 cm /hr full cone noz-
zle, 1- meter -square plot frame

(Dixon & Peterson, 1964 & 1968)

2

Site near Fallon, NV Loamy Border -irrigation type, 1- meter- 12 10 3

(Dixon & Linden, Border -

1972) irrigated
alfalfa

square plot frame, ponded -water
depth same as variable irriga-
tion head

2

Site near Reno, NV Loamy Double- square closed -top type 59 8 2

Border -

irrigated
alfalfa

(Dixon, 1975e) 5

Santa Rita Experi- Loamy to

mental Range, Cont- sandy
inental, AZ (Authors, Partial

unpublished) grass
cover

Modified Purdue sprinkling type,
10 cm /hr full -cone nozzle, 1-
meter -square plot frame (Dixon &
Peterson, 1964 & 1968)

2

12

8 1
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Table 4. Rainfall Maximum Depth -Duration Data Used to Test Fitting Accuracy of Eight Infiltration
Equations.

AND SOURCE

STORM
FREQUENCY
TESTED
YEARS)

NUMBER
OF

TESTS

DATA
POINTS
PER TEST

MAXIMUM
DURATION
(HOURS)

1. Madison, WI; Sidney, MT; Reno, NV;

_

1, 10, 100 30 6 2
Tombstone, AZ; & Continental, AZ
(Hershfield, 1961)

2. Madison, WI; Williston, ND; Miles Maximum 5 6 2
City, MT; Reno, NV; Tucson, AZ Recorded
(Shands and Ammerman, 1963)

3. Walnut Gulch Experimental Watershed,
Tombstone, AZ (Authors. unpublished)

1 & 100 20 6 1

RESULTS AND DISCUSSION

EQUATION RANKING

The last step in the fitting procedure described previously was to select the infiltration equation
giving the most accurate data fit by ranking data group means and their standard deviations. In the
ranking of each data group, the means and standard deviations for the four fitting- accuracy statistics
(RMAD, SLR, IVA, and CD) were all given the same weight. Then each data group was weighted equally to
determine the grand ranks given in Table 5. The overall grand rank may be determined from the "rank
total" column in this table.

In general, the rank of an equation reflects its ability to accurately predict the nature of the
time dependency of cumulative infiltration or maximum depth rainfall relative to the other equations. In
turn, the equation's ability to correctly assess this time dependency is a function of the exponents of
time appearing in the equation (Table 6). As a group, the four modified equations (No. 5 to 8) ranked
better than the four historic equations since the time exponents of these equations were especially cho-
sen to be appropriate for complex natural infiltration systems. Darcy's equation (No. 4) ranked surpris-
ingly well relative to the other historic equations, apparently because of some strong infiltration aug-
mentation processes operative under sprinkled -water infiltration in semiarid regions. Increasing surface
ponded area (and depth of ponding) and increasing capillarity with soil depth interact to produce S-
shaped cumulative infiltration curves (Dixon, 1977), The straight line of Darcy's equation fits such
data better than the curves of the other equations. However, Kostiakov's equation fits the S- shaped in-
filtration curves almost as well as Darcy's equation since the fitted-parameter B will approximate unity
in such cases. Because of its constant term, Darcy's equation still has a slight advantage over
Kostiakov's for fitting this kind of data.

Table 5. Table 6.

Summary Ranking of Eight Infiltration Equations
Relative to Their Ability to Accurately Fit Data
from the Sources Given in Tables 3 and 4.

Approximate Proportionality of Cumulative Infil-
tration and Powers of Time for the Eight Infi1.
tration Equations Evaluated.

EQUATION
NUMBER

INFILTRA -

TION DATA
RAINFALL

DATA
RANK
TOTAL

ÉQUATION
NUMBER

POWERS AT:
SMALL TIMES LARGE TIMES

(1) 5 2 7 (1) >0.0 >0.0
(2) 6 3 9 (2) 0.5 1.0
(3) 7 5 12 (3) 0.5 0.5
(4) 4 8 12 (4) 1.0 1.0
(5) 1 7 8 (5) 0.1 1.1

(6) 2 6 8 (6) 0.2 1.2

(7) 3 4 7 (7) 0.3 1.3
(8) 4 1 5 i§) 0.5 0.8

The poorest fits of infiltration data were obtained with Philip's and Ostashev's equations (No. 2
and 3) since they generally tend to overestimate infiltration at small times, and sometimes underestimate
it at large times. Where early infiltration abatement processes are strong, the overestimation of infil-
tration by the first term in Philip's equation is compensated for by the second term which becomes
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negative in the least- square fitting procedure. Consequently, the negative- valued parameter B for such a

natural infiltration system is a coefficient that corrects for the wrong assumption made in the first
term, rather than a coefficient related to saturated hydraulic conductivity and the gravitational contri-
bution as assumed in the equation's derivation (Taylor and Ashcroft, 1972),

The equations containing two time terms (No. 2, 5, 6, 7, and 8) have an inherent data fitting advan-

tage. However, this advantage is diminished somewhat if time exponents are inappropriate. The exponent

in the first term should be relatively small to reflect the rapid rate of infiltration abatement at small
times, whereas the exponent in the second term should be relatively large to reflect the slow rate of in-
filtration abatement (sometimes actually augmentation) at large times. Our results indicate that an ex-

cellent fit for a given set of data can be obtained by letting z in equation No. 9 equal one standard
deviation less than the mean parameter B in Kostiakov's equation, and by letting y equal one standard
deviation greater than this parameter's mean value, where parameter B is calculated by the least- squares
linear regression method or estimated by simply dividing the 60- minute infiltration rate by the 60- minute

infiltration volume.

Whenever the net effect of interacting (and often compensating) infiltration abatement and augment-
ation processes caused infiltration to proceed approximately at the power(s) of time of one of the infil-

tration equations, then that particular equation would fit the data quite well. However, such circum-

stantial and fortuitous equation fits should not be construed as verifying theory or the physical sound-

ness of the equation. Adequate validation of theory requires that an equation accurately fit the data

for the reasons assumed in the derivation of this theory.

The results of this fitting study indicate that Darcy's equation fits infiltration data accurately
when infiltration approaches linearity as caused by weak abatement processes or strong augmentation pro-

cesses, or a combination of the two. Therefore, accurate fitting of Darcy's equation was favored by a
(1) microrough macroporous soil surface, (2) sprinkled -water source, (3) initially wet soils, and (4)

semiarid or arid climate. Darcy's equation fitted data poorly when infiltration abatement processes were

relatively intense, such as in the case of a rapidly sealing soil surface under raindrop impact.
Ostashev's and Philip's equations fitted infiltration data accurately when infiltration abatement and
augmentation processes were at moderate levels of intensity. Thus, accurate fits were obtained for soils
that were (1) initially dry and fully wettable,' (2) stable, smooth and microporous at the surface; (3)

completely covered with vegetation and (4) relatively deep.

Of the four historic equations, only Kostiakov's equation satisfied evaluation criteria No, 7 and 8

by consistently fitting infiltration data accurately regardless of the intensities and combinations of

the various infiltration abatement and augmentation factors. Kostiakov's equation also satisfied each of

the remaining 14 evaluation criteria as well as, or better than, the other equations (Table 7). Although

the four modified equations fit the data slightly better than Kostiakov's equation (Table 5), they are
more complex and, thus, more difficult to interpret both mathematically and physically. The results of

this study indicate that Kostiakov's equation is a general infiltration equation possessing sufficient

flexibility to account for a wide range of natural conditions affecting infiltration.

Table 7. Evaluation Criteria Satisfied by Each of Eight Infiltration Equations.

EQUATION
NUMBER

1 2 3 4

EVALUATION CRITERION SATISFIED ( +)

LIST NUMBER*

5 6 7 8 9 10 11 12 13 14 15 16 TOTAL

(1) + + + + + + + + + + + + + + + + 16

(2) + + + + + + + + 8

(3) + + + + + + + + 8

(4) + + + + + + 6

(5) + + + + + + + + + + + 11

(6) + + + + + + + + + + + 11

(7) + + + + + + + + + + + 11

(8) + + + + + + + + + 9

*Numerical listing is given in section entitled "Evaluation Criteria."

The accuracy of equation fit to the rainfall data (Table 5) may also be interpreted with the aid of

the time exponents given in Table 6. A graphical plot of maximum rainfall depths versus their durations

reveals a marked abatement (convex curvature upward) both at small and large times. Therefore, the rel-

atively accurate fit of equations No. 1 and 8 and the inaccurate fit of equation No. 4 to the rainfall
data would be anticipated from the relative magnitude of the time exponents in these equations. Thus,

Kostiakov's equation appears well suited to modeling a reference rainstorm of this type in addition to
cumulative rainwater infiltration. This hypothetical storm will tend to overestimate cumulative rainfall
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for the specific return frequency, especially during the first 30 minutes. The physical signifiance of
modeling reference rainstorms with Kostiakov's equation is being studied, and will be discussed in great-
er detail elsewhere.

EQUATION SIGNIFICANCE

The equation of Kostiakov has both mathematical and physical significance for the natural infiltra-
tion systems it attempts to model. The general physical significance of Kostiakov's equation relative
to the other equations was briefly discussed in an earlier sectidn.

Mathematically, Kostiakov's equation is extremely simple, with infiltration volume Iv being ex-
pressed as a one -term power function of time. Infiltration rate ZR and the deceleration ID in this rate
are given by the first and second derivative forms of Kostiakov's equation (Table 1). The integral and
derivative forms of Kostiakov's equation indicate that where 0 < B < 1:

(1) Iv = 0 and IR and ID are undefined for T 0;

(2) iv -* 0, IR + m and ID + m as T 0; and

(3) Iv IR -+ 0 and ID 0 as T

Thus, the infiltration volume increases at a decreasing rate monotonically with increasing time; and the
infiltration rate and its deceleration decrease at a decreasing rate approaching zero asymptotically at
large times. The condition 0 < B < 1 holds for most data sets from natural infiltration systems; however,
infrequently the condition B > 1 prevails, indicating that the infiltration rate is increasing with time.

The mathematical interpretation of the parameters in the integral and derivative forms of
Kostiakov's equation is readily apparent. If the unit for time is hours, then parameter A may be inter-
preted as either the first -hour infiltration volume Iv or the mean first -hour infiltration rate ÌR; the
parameter product AB is the instantaneous infiltration rate IR at the end of the first hour or at T = 1,
parameter B is first -hour end rate divided by the mean rate or B = IR /75? for T - 1, and the time coeffi-
cient [AB(1 -B)7 is the deceleration (defined as the negative of acceleration) of the infiltration rate at
T = 1. Thus, sets of infiltration data may be conveniently and meaningfully summarized in terms of the A
and B parameters and the time period upon which they are based. Such summarizations give the first -hour
infiltration and its abatement ratio and permit calculation of infiltration volume, rate, and decelera-
tion for any selected time. Parameter A usually ranges from 0 to 20 (assuming Iv is in cm) and gives the
integral curve its magnitude, whereas parameter B usually ranges from 0 to 1, and gives the integral
curve its shape.

The A and B parameters may be quickly estimated from infiltration data since A = Iv and AB = IR at
T = 1; however, better estimates are usually obtained by transforming the integral form to obtain the
linear equation:

Zn = In A + B ZnT,

which can be least- square fitted to infiltration data. Such fits are easily performed with hand calcu-
lators programmed for simple linear regression analysis.

A physical interpretation of Kostiakov's equation and its parameters relative to the AEI concept is
possible, although not as readily apparent as the preceding mathematical interpretation. In general, the
AEI concept assumes that all infiltrating surface water is subsequently stored in the soil profile. Thus,
Iv becomes the storage volume of infiltrated water, IR is the storage rate, ID is the deceleration in
storage rate, T is the elapsed time after incipient ponding during which storage has been occurring,
parameter A is the storage during the first hour, AB is the storage rate at the end of the first hour,
and B is a dimensionless ratio of AB and A which reflects the degree of storage rate abatement during the
first hour.

Specifically, the AEI concept assumes that the two interacting and interrelated soil surface physi-
cal properties - - microroughness and macroporosity - - control free -water infiltration into soils.
Surface microroughness and soil macroporosity interconnect and interact with each other to form ponded-
water intake and soil -air exhaust circuits that govern the entry of water into soils. Dixon (1977) has
shown that the hydraulic equivalent of these two surface conditions is the effective surface head; where-
as the biological equivalent appears to be plant litter. Thus, the AEI concept as presently formulated
indicates that infiltration is controlled at the soil surface - - physically by interconnected micro-
roughness and macroporosity; hydraulically, by effective surface head; and biologically, by plant litter.

Physical interpretation of Kostiakov's equation in terms of the AEI concept involves relating the
parameters of this concept to those of Kostiakov's equation. Dixon (1977) found that parameters A and B
were sensitive to standard microroughness -macroporosity treatments. Assigning equivalent effective sur-
face heads to these treatments, facilitated expressing A and B parameters as functions of surface treat-
ments. Relationships between A and B and effective surface head were also determined, A closed -top in
filtrometer was used to obtain infiltration data (Table 3) under effective surface heads ranging from -6
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to +6 cm of water head. Parameters A and B were then determined by least- square fitting of Kostiakov's
equation to the data points as shown in Fig. 1. These parameters were then related to effective surface

head - - again by the least- square linear regression method (Fig. 2.), Graphs like this can serve to

quantify the air -earth interface concept of infiltration and thereby facilitate absolute control over in-
filtration through soil surface management. The microroughness- macroporosity and plant litter equiva-

lents of effective surface head can also be included on the horizontal axis. In practice then, soil sur-

face management would be directed to achieving levels of the AEI concept parameters that would give the
desired control over rainwater infiltration.

Rainwater excess (or runoff) can be approached similarly, except that a reference rainstorm is re-
quired for calculating the runoff data. This approach is illustrated in Fig. 3, 4, and 5 for the plant

litter parameter. For simplicity, only extreme levels of the plant litter parameter are shown. These

figures indicate that (1) litter provides a factor -of -ten control over infiltration (Fig. 3), (2) runoff
from the litter- covered surface under the 100 -year storm is negligible (Fig. 4), and (3) runoff from the

bare surface is 90% of the total cumulative rainfall (Fig. 5). Dixon (1977) has also reported an order -

of- magnitude control of infiltration for the other two AEI concept parameters.

In the example shown in Fig. 5, potential runoff or precipitation excess is determined by subtract-
ing accumulative infiltration from accumulative rainfall, using either the actual data or data calculated

with the fitted Kostiakov equations. This provides a set of calculated runoff data to which Kostiakov's
equation can again be fitted. The resulting A and B parameter for runoff can then be analyzed in a man-

ner similar to that shown in Fig. 2 for infiltration. This approach should facilitate prediction and
control of runoff not only from individual plant -sized land areas, but from larger land areas as well.
The physical significance of modeling precipitation excess or rainwater runoff with Kostiakov's equation

will be discussed in a subsequent paper.

Fig. 1. Infiltration volume Iv as a func-
tion of time for effective surface heads
ranging from -6 cm to +6 cm of water with
least- square determined Kostiakov equations
and correlation coefficients for the linear
transforms of these equations.
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Fig. 2. Parameters for the infiltration volume
Iv, infiltration rate IR, and infiltration decel-
eration ID forms of Kostiakov's equation as func-
tions of effective surface head fis with least -
square determined functions for parameters A and
B.
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Fig. 3. Infiltration volume Iv as a function
of time for litter- covered and bare soil sur-
faces with least -square determined Kostiakov
equations and correlation coefficients for the
linear transforms of these equations.
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Fig. 4. Precipitation Pv and infiltration
volume Iv for a litter- covered surface with
least- square determined Kostiakov equations
and correlation coefficients for the linear
transforms of these equations.
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Fig. 5. Precipitation Py, runoff Rv, and infiltra-
tion volume Iv for a bare soil surface with least -
square determined Kostiakov equations and correla-
tion coefficients for the linear transforms of
these equations.

SUMMARY AND CONCLUSIONS

Kostiakov's equation was selected for modeling the AEI concept of infiltration because of its simple
mathematical form, its ability to accurately and consistently fit data from diverse sources, and its
meaningful parameters which provide a convenient method for summarizing infiltration data and predicting
and controlling infiltration and runoff. Use of this equation for quantifying the AEI concept involves
the determination of functional relationships between equation parameters and concept parameters,

Kostiakov's equation also accurately fits maximum -depth rainfall -durationn data that is widely
available. This provides a reference rainfall curve for comparing with infiltration curves, and thus,
the opportunity for calculating rainfall excess or potential runoff. Kostiakov's equation will also fit
such calculated data and the resulting parameters can then be related to the AEI concept parameters. In-
filtration and runoff control would then be achieved by directing land management practices to effecting
appropriate levels of the AEI concept parameters. The AEI concept has a biological, a physical, and a
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hydraulic parameter, each of which appear to exert an equivalent and controlling influence on the infil-

tration process. These parameters are plant litter, surface microroughness- macroporosity, and effective

surface head.

Additional research is needed to (1) develop better methods for field evaluating the AEI concept

parameters, (2) evaluate the concept parameters under diverse field conditions, (3) relate measured para-

meters to measured infiltration, and (4) develop economic methods for imposing and maintaining infiltra-

tion and runoff control treatments on large land areas. Since the green plant is the best land manage-

ment tool available for holding soil and water resources in place and for increasing the soil resource,

the sample size for this research should be approximately equal to the space occupied by several crop

plants in a monoculture, and several plant communities in a multiculture. Control of key hydrologic pro-

cesses at this spatial scale will help keep the vital land resources - - soil and water - - within easy

reach of plant roots. Consequently, such control can lead to improved land management practices for in-

creasing and stabilizing land productivity.
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A SEDIMENT YIELD EQUATION FROM AN EROSION SIMULATION MODEL"

Edward D. Shirley and Leonard J. Lane2/

ABSTRACT

Sediment is widely recognized as a significant pollutant affecting water quality. To assess the
impact of land use and management practices upon sediment yield from upland areas, it is necessary to
predict erosion and sediment yield as functions of runoff, soil characteristics such as erodibility, and
watershed characteristics. The combined runoff -erosion process on upland areas was modeled as overland
flow on a plane, with rill and interrill erosion. Solutions to the model were previously obtained for
sediment concentration in overland flow, and the combined runoff -erosion model was tested using observed
runoff and sediment data. In this paper, the equations are integrated to produce a relationship between
volume of runoff and total sediment yield for a given storm. The sediment yield equation is linear in
runoff volume, but nonlinear in distance and, thus, watershed area. Parameters of the sediment yield
equation include the hydraulic resistance parameter, rill and interrill erodibility terms, and flow
depth -detachment coefficient and exponent.

INTRODUCTION

Sediment is recognized as a significant water pollutant. In addition, sediment transports chemi-
cals, which compounds its effect on water quality. Therefore, it is important to assess the impact of
various land use and management practices upon sediment yield from upland areas. To do this, it is nec-
essary to predict erosion and sediment yield as functions of runoff and soil erodibility.

Overland flow on a plane, as a function of time and space, can be modeled by the kinematic wave
equations. These equations were developed for flow on hydraulically smooth planes, but have been shown
to also apply to irregular surfaces (Woolhiser, Hanson, and Kuhlman, 1970). Thus, for geometrically
simple watersheds (topographically uniform) such as upland areas without extensive channel systems, the
kinematic wave equations for a plane may be used to compute the overland flow hydrograph.

As a first approximation, erosion on upland areas can be conceptualized as consisting of rill and
interrill erosion. Interrill erosion is assumed due to rainfall impact and associated transport in over-
land flow. Rill erosion is assumed due to tractive forces and subsequent transport capacity in flow oc-
curring in rills or small channels. These rills or small channels are the irregularities in the overland
flow surface. The interrill process is the principal source of soil detachment, and also provides trans-
port of soil particles to the rills where they can be transported in the rill flow. Rill flow is the
principal source of transport for soil detached from the interrill areas, but it can also be the source
of erosion or a site for sediment deposition if the available sediment load exceeds the rill transport
capacity. These concepts are summarized mathematically by Equations 7 and 8.

In this paper we derive a simplified sediment yield equation incorporating these concepts. The

equation is applied to data from a small watershed, and predicted values are compared with similar values
from fitting the Universal Soil Loss Equation (USLE) to determine if the predicted sediment yields are
consistent with observations and predictions using a well -known technique.

MODEL

Kinematic wave equations for overland flow on a plane have been shown to apply to many irregular
surfaces (eg., Woolhiser, Hanson, and Kuhlman, (1970)). Such surfaces include topographically simple up-
land areas on natural watersheds. The one -dimensional kinematic wave equations for a plane are:

at 2x- R,

1. Contribution of the U.S. Department of Agriculture, Science and Education Administration,
Federal Research.

2. The authors are Mathematician and Hydrologist, respectively, Southwest Watershed Research

Center, 442 East Seventh Street, Tucson, AZ 85705.
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and

q = Khm, (2)

where h, q, and R are, respectively, depth of flow, runoff rate, and rainfall excess per unit width of
the plane. The functions h, q, and R depend on time, t, and distance, x, down the plane. Also, K is a
slope- resistance coefficient, and m is a dimensionless exponent.

These equations are subject to the boundary conditions

q(t, 0) = 0 for t > 0, (3)

and

q(0, x) = 0 for x > 0. (4)

Erosion accompanying overland flow on topographically simple surfaces can be modeled using equations
for rill and interrill erosion on a plane (Hjelmfelt, Piest, and Saxton, 1975; Foster, Meyer, and Onstad,
1973; and others). For flow as described above, and with sediment particles traveling with the mean
water velocity, the erosion equations are:

aq
a(ch)

+ ax = EI + ER,

where

and

qs = cq,

EI = KIR,

ER = KR(Bhn- qs),

(5)

(6)

(7)

(8)

and where c, qs, Ei, and ER are, respectively, sediment concentration, sediment discharge rate, interill
erosion rate, and rill erosion rate per unit width of the plane. Finally, KI is an interrill coefficient,
KR and B are rill coefficients, and n is a dimensionless exponent.

The erosion equations are subject to the restriction:

c(t, x) is uniformly bounded for all t, x > 0. (9)

In the following development, we assume m = n so that using Equation 2, Equation 8 can be rewritten
as:

ER = KR(K q - gs)

MATHEMATICAL CONSEQUENCES OF THE MODEL

and

(10)

We derive a relation between total runoff and sediment yield. To this end we define

Q(x) = total runoff = (0 q(t, x) dt, (11)

0

V(x) = total rainfall excess per unit area = ÍR(t, x) dt, (12)

0

Qs(x) = total sediment yield = qs(t, x) dt. (13)

Notice that for an individual storm, R = 0 after some time t *, and hence V could have been written
as the integral of R from time 0 to t *. Since Equations 1 - 2 result in a runoff rate, q, which ap-
proaches 0 as time tends to m, but is never 0 except as specified in the boundary conditions, the infin-
ite integral in Equation 11 is essential. For convenience, we use 0 and m as limits on all time inte-
grals.

We need the following facts which follow from Equations 3, 4, and 6:

j
Q(0) = q(t, 0) dt = Odt = 0, (14)

0 0

and
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Qs (0) = Jm qs(t, O) dt = J c(t, 0) q(t, 0) dt = Jm 0 dt = 0. (15)

0 0 0

Total runoff at a point down the plane should equal total rainfall excess to that point. We demon-

strate this mathematically. Integrating Equation 1 with respect to time produces:

Jóah(t, x) dt +
j-

x) dt = J R(t, x) dt = V(x) (16)
at

Since initial and final depths of flow are zero, we have

ah(t, x)
dt = h(m, x) -h(0, x) = 0. (17)

Jo at

Assuming that we can interchange the integral and derivative,

Jo ax (t,

x)
at = áx q(t, x) dt = á4(x) -Q'(x) (18)

Equations 16 - 18 give Q'(x) = V(x), and, hence,

x

Q(x) = J V(x) dx. (19)

0

If rainfall excess is uniform over the plane, then R depends only on t, and hence V is a constant. Thus,

Q(x) = xV, for uniform rainfall excess. (20)

The relation between Q and Qs is not directly evident from physical considerations. We derive it

from the erosion equations by integrating Equation 5 with respect to time:

Jm atch(t,
x))

dt +
J0 axs(t,

x)

dt = EI (t, x) dt + ER(t, x)dt (21)

0 0 0 0

Since initial and final depth of flow are 0 and concentration is bounded,

,(ch (t, x))
dt = ch(=, x) - ch (0, x) = 0. (22)

J0 at

Assuming that we can interchange the integral and derivative,

Jags(t, x) a aQs(x)

O ax
dt

áx
J0 qs(t, x) dt = ax

- Q's(x) (23)

Integrating Equation 7 and since Q'(x) = V(x)

Jo E1(t, x)dt = K1 1O R(t, x) dt = KI V(x) = KIQ'(x). (24)

Integrating Equation 10 gives

Ja ER(t, x) dt = KR (i j
0

x) dt -JO q s(t, x) dt) = KR(Q(x) -Qs(x)) (25)

Equations 21 - 25 combine to give Q's = KIQ' + KR(KQ - Qs)'

This can be rewritten as L' + KRL = (KI K)Q' = (KI K)V, where L = Qs 4Q. Solving for L gives

-Kx x Ks
L(x) =e R J e

R
(K AO(s) ds + const .

0

Since L(0) = 0 by Equations 14 -15, we have

Qs(x) _(x) e -KRx JOeKRS (K1 - K)V((s) ds.
0

If rainfall excess is uniform on the plane, then V is constant and Equation 26 can be integrated to give

(26)
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-KRx

Qs(x) _ (x) + (KI 11)V(1
KR

).

Combining with Equation 20 gives

-KRx

Qs(x) = Q(x) ( + (K1 - K)(1
KeR x

11

"6 (27)

which is a simplified sediment yield equation for uniform rainfall excess. The above derivation also
works when the topographical model is uniform across the width of the surface, but has varying slope. In

this case K becomes a function of x, reflecting the variation in slope. It may also be desirable in this

more general model to let B,K1, and KR also vary with x. The basic relation Q's = K1Q' + KR(kQ -Qs)
still holds. However, Equations 26 and 27 require that these parameters be uniform in space.

PARAMETER ESTIMATION

The erosion model, Equations 5 to 9, has four parameters, K1, KR, B, and n, and the runoff model,
Equations 1 to 4, has two parameters, K and m. In addition, a number of parameters are required to des-
cribe rainfall excess. Foster and Meyer (1971) suggested a value of 1.5 for n. The exponent m is also
1.5 if the Chezy formula is used for turbulent flow. This justifies using m = n in the model. In a par-
ticular numerical procedure we would not hesitate to use m = n = 1.5.

Parameter estimation based upon solutions to the coupled runoff and sediment concentration equations. If
the partial differential equations (Eqs. 1 to 4 and Eqs. 5 to 9) are solved for runoff rate, q(t, x), and
sediment concentration, c(t, x), then optimal parameters can be determined by fitting simulated results
to observed data. This was done using a least squares procedure (Lane and Shirley, 1978) for data from a
small watershed in Arizona.

Initial estimates of parameters for optimization. Values of the hydraulic resistance parameter, K, can
be estimated from tabular values obtained from experimental data (e.g., Lane, Woolhiser, and Yevjevich,
1975), then K1, KR, and B can be estimated using measured values of initial, mean, and final concentra-
tion. Initial concentration, Co, can be estimated by extending observed concentration data back to the
t = 0 axis on a plot of concentration versus time. Mean concentration, c, can be estimated as Z-= Qs(Q,
given values of sediment yield and runoff volume. Finally, the terminal or final concentration, c.,, can
be estimated by extending concentration data forward in time through the recession until the end of the
event on a plot of concentration versus time.

Given these estimates of, co, c, and C,,, the equations to solve simultaneously for the parameters
K1, KR, and B are derived from the model:

co = K1, (28)

-K x

c = K (K1 -K)(1 -e
R

)/(KRx), and (29)

-K x
c = K + (K1 --de (30)

The equation for mean concentration was developed above (eq. 27), and Equations 28 and 30 were developed
by Lane and Shirley (1978) for the case of constant and uniform rainfall excess. However, they also
hold for the more general case of time varying rainfall excess uniform over the plane.

Solution of Equations 28 - 30 provide initial estimates of K1, KR, and B to use in an optimization
procedure where simulated concentration data are fitted to observed concentration data.

Results. A small (1.3 ha) watershed called Watershed 63.101 on the Walnut Gulch Experimental Watershed
(Renard, 1970) was selected for analysis. The 1.3 ha watershed was modeled as a plane of length 194 m,
width of 67 m, and total relief of 7.8 m. This watershed is instrumented with rainfall, runoff, and
sediment sampling equipment. During periods of runoff following rainstorms, pump -type (suspended sedi-
ment) samples are taken at 3- minute intervals.

From 1973 through 1975, eight single peaked hydrographs were selected for analysis. Also, a ninth
event with a secondary peak was selected because it was the largest event of record, and it provided an
extreme case. For these nine events, optimal parameters (K, K1, KR, and B) were determined as described
above. Sediment yields were computed (using the optimal parameters) for each event using Equation 27,
and compared with observed sediment yield. The equation relating computed sediment yield, Qs, and ob-
served sediment yield, in in kg is:
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Qs = 8.2 + 0.89 Qs (31)

with the coefficient of determination, R2 = 0.99. As a comparison, by using the "best" single value of

mean concentration (Eq. 29) and observed runoff volumes, Equation 27 was used to predict sediment yields

for the nine events. The equation relating computed and measured sediment yields for this case is:

Qs = 54.7 + 0.90 Qs (32)

with R2 = 0.98.

The Universal Soil Loss Equation (LISLE) described by Wischmeier and Smith (1965) is:

A = RKLSCP (33)

where

A = estimated soil loss (tons /acre /year),

R = rainfall factor,
K = soil erodibility factor,
L = slope length factor,
S = slope gradient factor,
C = cropping factor, and
P = erosion control practice factor.

The USLE (with KLSCP = 0.0027) was fitted to data from this watershed, and then used to compute sediment

yields for the nine events on Watershed 63.101. The least squares equation relating computed and ob-

served sediment yields is:

Qs = 24.5 + 0.96 Qs

with R2 = 0.98.

(34)

Results of computed sediment yields using the USLE (Eq. 34) and the sediment yield equation derived

herein (Eq. 32) are quite comparable (Fig. 1). Since the intercepts in both regression equations (Eqs.

32 and 34) are positive, they would both tend to overpredict sediment yields for the very small events.

The slope terms in both equations are less than one; therefore, they would both tend to underpredict for

the very large events. However, these differences are slight for the range of data analyzed (Fig. 1).

The derived sediment yield equation produces sediment yield computations consistent with observa-

tions and with computations using the USLE. Additional testing will be required to determine if these

results hold under a variety of watershed conditions.

The KLSCP terms in the USLE are represented by

-K Rx

Qs /Q = + (K1 - 111)(1
KRx )

in the derived sediment yield equation. The major difference in these equations is that the KLSCP terms

(35)

-KRx

represent uniform sediment production over the watershed area while (114-(7---) in the derived sediment

yield equation represents decreasing sediment yield per unit area as the watershed area increases with

increasing x. Also, the derived equation models the erosion by component processes and includes runoff

volume in the prediction equation. This may be a significant factor in cases where the R term in the

USLE is not a good predictor for runoff volume.

BRIEF SENSITIVITY ANALYSIS

We conducted a brief sensitivity analysis to estimate the influence of changes in the parameter

values on the computed sediment yields. Each of the four parameters (K, K1, KR, and B) was varied over

a range of ± 60% from its specified value in Equation 27 (as shown in Fig. 1). The resulting percentage

change in parameter values vs the percentage change in computed sediment yield is shown in Fig. 2. No-

tice that computed sediment yields are linear with Kl and B, and nonlinear with KR and K. Also, these

computations are for parameter values around the specified parameter values. Therefore, the relative

sensitivity of computed sediment yield to each parameter might be different for other parameter values.

SUMMARY AND CONCLUSIONS

A sediment yield equation is derived from the partial differential equations for overland flow with

rill and interrill erosion on a plane. The derived sediment yield equation incorporates hydraulic resis-
tance, rill and interrill erodibility terms, distance (watershed area), and runoff volume. This sediment

yield equation, comparable in simplicity to the USLE, was used to compute sediment yields for a number
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Fig. 1. Relation between observed and computed sediment yield for the
LISLE and the derived sediment yield equation. Watershed 63.101.

of events on a small semiarid watershed. Computed sediment yields compared favorably with observations
and with estimates made using the LISLE. However, the derived sediment yield equation accounts for de-
creasing sediment yield with increasing watershed area.

Based on our analysis of the sediment yield equation and its properties, we conclude that it pro-
duces reasonable estimates for sediment yields on small semiarid watersheds such as Watershed 63.101.
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EPHEMERAL FLOW AND WATER QUALITY PROBLEMS:
A CASE STUDY OF THE SAN PEDRO RIVER IN SOUTHEASTERN ARIZONA

Susan J. Keith

INTRODUCTION

Given all the recent federal and state water quality activity and the ephemeral nature of most
streamflow in the Southwest, it is surprising that little attention has been paid to water quality

problems of ephemeral flow. This paper, through an analysis of water quality data for the ephemeral
San Pedro river in southeastern Arizona, illustrates the nature of water quality problems of ephemeral
flow and raises some of the issues to be considered when trying to solve these problems.

THE SAN PEDRO RIVER BASIN1

The San Pedro river drains a northerly-trending basin of 4,483 sq. miles, of which 696 sq. miles
are in Mexico and 3,787 sq. miles are in southeastern Arizona. Situated between the Basin and Range

physiographic province to the southwest and the Colorado Plateau province to the northeast, the basin

exhibits the classic Mountain Transition Zone province physiography: a long, relatively narrow, alluv-

ial valley surrounded by mountains with relief up to 6000 feet. Climate is semiarid. Vegetation re-
flects this aridity and is sparse and xerophytic. Temperatures are high. Precipitation is low with

much of the basin receiving less than 15 inches per year. Most of this falls during one of the two
"rainy" seasons --the summer season of July through September, and the winter season of December through

March. Of the two, the summer season is the greatest source of moisture during most years. The char-

acteristics that distinguish these two rainy seasons will be discussed further later.

Most surface flow along the 150 -mile length of the San Pedro main channel is ephemeral, in response

to rainfall. Consequently, for much of the year most of the main channel is a dry wash. There are some

stretches of perennial flow along this channel, one of about 25 miles in the upper part of the basin,

and another one of about five miles in the middle section.

Land use is predominantly rural with about 11,000 acres devoted to mostly ground water -irrigated
farming and 1,600,000 acres being grazed in the U.S. portion of the basin. There are seven major pop-

ulation centers, most with populations of less than 4000 persons. Growth rates experienced by these

towns have ranged from four to 224 percent for the 1970 -1975 period. Mining, particularly of copper,

has been a major economic activity in the basin and open pits, tailings ponds and smelters are features

of the landscape.

WATER QUALITY STANDARDS

Currently in Arizona, the designated primary beneficial uses of water of a given stream determine
the water quality parameters and standards applicable to that reach. On the main stream of the San

Pedro the primary beneficial uses have been designated as partial body contact, warm water fishery,
agricultural, and aquatic life and wildlife. The standards for a particular parameter may vary with

the beneficial use the standard protects. When this occurs the strictest standard is the one used.

The water quality parameters and standards applied to the San Pedro main channel are: fecal

coliform (FC), 1000 FC /100 ml (geometric mean); pH, 6.5 - 8.6; turbidity, 50 JTU; dissolved oxygen (DO),
6.0 mg /1; temperature, maximum change, 50 F, maximum, 930 F; arsenic, 0.50 mg /l; barium 0.50 mg /1;

boron, 1.000 mg /1; cadmium, 0.01Ong /l; chromium (hexavalent), 0.050 mg /1; copper, 0.050 mg /1; cyanide,
0.100 mg /1; mercury, 0.005 mg /1; lead, 0.050 mg /1; phenol, 0.001 mg /1; selenium, 0.010 mg /1; silver,

0.050 mg /1 and zinc, 0.500 mg /1.

1. Much of the information presented in this section is taken from DeCook et al, 1977.

The author is a graduate student in the Dept. of Hydrology and Water Resources Administration at the

University of Arizona, Tucson.
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WATER QUALITY STUDIES AND RESULTS

Water quality data of interest to this paper are available for the San Pedro for discontinuous
time intervals beginning late 1967. (A summary of the studies and data collected to May, 1976 is pre-
sented in ADHS, 1976.) Data have been generated from two types of studies: the intensive survey and
the fixed station study. Intensive surveys produce data collected from a number of monitoring stations
over the basin during a given time span. These type of data are useful in determining spatial aspects
of water pollution. Fixed station studies produce data that are collected at one point over time and
are helpful in defining temporal water quality trends. On the San Pedro, the "San Pedro at Winkelman"
station (hereafter referred to as Winkelman) has been the locus of these studies. This station is at
the northern end of the basin, about 1 mile up from the confluence of the San Pedro with the Gila River
near the town of Winkelman.

From November 1967 to October 1968 the first fixed station study at Winkelman was conducted by the
Bureau of Water Quality Control (BWQC) of the Arizona Department of Health Services (ADHS). Nine
samples were collected and one copper violation was observed. In March and April, 1973, an intensive
survey was made by the BWQC over the whole basin in which 226 observations were made and 15 violations
were recorded. Of these violations, 11 were recorded for turbidity, one for copper, one for FC, one
for pH and one for DO. Between November 1974 and March 1975 the BWQC undertook another fixed station
study at Winkelman. One sample was collected each month. Two turbidity violations were recorded.
Beginning in October 1974, the U.S. Geological Survey (USGS) began monitoring water quality on a perm-
anent year -round basis at Winkelman. Table A summarizes the violations recorded here from October
1974 to September 1977. In the summer of 1977 another intensive survey of the basin was carried out
this time by the Water Resources Research Center (WRRC) at the University of Arizona. Fortynine of the
64 bacteriological samples collected at 19 sites in the basin recorded fecal coliform violations.
Seventeen barium violations were recorded over the whole basin. Two lead violations occurred at
stations within ten miles of the International border. And 14 copper violations were reported, all
but one (at Winkelman) in the upper half of the basin (DeCook et al, 1977).

TABLE A: Summary of Violations Recorded by the USGS at the San Pedro at Winkelman Station, October
1974 to September 1977

(1) (2) (3) (4) (5)

Number of Number of % of Violations % of Summer Flows Sampled
Parameter Violations Observations Occurring in Summer That Were in Violation

Turbidity 9 20 73 100

Fecal Coliform 8 13 100 100

Arsenic 5 11 100 100

Barium 4 8 100 100

Boron 1 9 100 20

Cadmium 5 9 100 83

Chromium 5 12 100 100

Copper 7 12 85 100

Lead 8 12 80 100

Silver 1 9 100 20

Zinc 3 5 100 100

Phenols 5 8 40 40

Sources: USGS (1976), (1977), and open file material

An important point to note about these studies concerns the season during which the data were
generated. Until the USGS began its year -round monitoring in 1974, all the data generated, between
1967 and 1974, except for that from two samples taken in the first study, were from winter rainy
season flows. As such, to a certain extent, they compositely describe the water quality of the winter
hydrologic regime. Consider how few in number were the violations recorded over this seven year time
span: thirteen turbidity, two copper, one fecal coliform, one pH and one DO. Were there no summer
flow analyses made, one could easily maintain that there are few pollution problems in the San Pedro.
The data collected by the USGS for winter flow since 1974 certainly supports this contention (USGS,
1976, 1977, and open file material).

However, looking at the USGS data collected at the Winkelman station from October 1974 to Septem-
ber 1977 (Table A) it is apparent that there are water pollution problems here of a greater magnitude
than were observed in the previous studies. Whereas the previous studies recorded only five parameters
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in violation, these data show 12. The most interesting and important point about these violations is
the pattern of their distribution, as seen in columns (4) and (5) of Table A. From column (4) we see

that eight of the 12 parameters in violation were so only during summer flows. Of the remaining param-

eters, except for phenols, over seventy percent of the violations occurred in summer. This is not for

lack of winter flow analyses: of the 128 observations of parameters in violation, 58 were made during

winter flows.

Another important point Table A demonstrates is the relative magnitude of the pollution problem.
Column (5) indicates the percentage of summer flows sampled in which a violation for a particular param-
eter was recorded. For eight of the twelve parameters on this list, every summer flow sampled was in

violation. For other parameters, such as silver which was violated during only twenty percent of the
summer flows sampled, the problem is not so severe.

All in all, the implications of these data are clear: water pollution problems on the San Pedro

are of a distinctly seasonal nature, occurring largely during summer flows.

Why? There is no evidence to indicate that the production of potential pollutants would be
greater in summer than winter. The fecal coliform parameter is perhaps the only one that may behave
differently according to the season (Velz, 1970). It is hard, though, to attribute a difference of
four orders of magnitude between summer and winter fecal coliform counts to a seasonal change in be-

havior. Instead this seasonality of water pollution problems appears to be the result of the difference
between the climatic -hydrologic regimens of the winter and summer rainy seasons.

GEOMORPHIC ASPECTS OF POLLUTION

The summer and winter rainy seasons in the San Pedro valley are the antithesis of each other.
The summer season brings highly localized, short -lived, violent thunderstorms. These storms produce

short -lived runoff events that peak abruptly (often going from zero discharge to 1000's of cubic feet
per second in less than a few hours) and taper off gradually. Winter rainfall tends to be gentle and

widespread and to produce runoff events that vary little in discharge over time. Peak discharge will

often be in the tens of cubic feet per second.

The erosive power and the volume of runoff per unit of rain in summer are much greater than in
winter. For example, generally more than ninety -five percent of annual discharge recorded at the
Winkelman station occurs from July through September, although only fifty to sixty percent of the
annual rainfall is recorded during this time. Suspended sediment discharge data --an index of the

erosive power of the flow and /or rainfall -- parallels this trend. At the Winkelman station usually

more than ninety -five percent of the total suspended sediment discharged in any year occurs during

the months of July through September.

The ability of the summer storm to generate erosion and runoff in far greater magnitudes than the

winter storm is probably due to at least three factors. First, there is the very disruptive effect

the high winds and intense summer rainfall can have on the soil surface, particularly when it is
poorly vegetated, jarring soil particles and potential pollutants loose to be carried away in runoff.
Second, the summer storm precipitation rates often exceed the soil infiltration rates. Rainfall that

cannot infiltrate into the soil will run off on surfaces with a gradient. In areas where there is

sufficient vegetative cover, the rates and volume of runoff can be mitigated. But in most of the San

Pedro valley, the sparse vegetative cover can do little to hinder runoff. Finally, this greater

volume and rate of runoff means a greater ability to carry away sediment, pollutants, trash -- anything
that has accumulated in the main and tributary channels.

What does this have to do with water pollution on the San Pedro? Quite simply this: it is the

summer storm which provides the mechanisms -- erosion and runoff --by which pollutants can be transported
from their sources to the stream channel, or, from the stream channel site where they are discharged

to the monitoring station. This produces the seasonal aspects of water quality on the San Pedro river.
This seasonality is apparent also in the Santa Cruz valley, just to the west of the San Pedro valley,
where, at the Rio Rico station all water quality violations for the year of October 1975 to September
1976 were recorded during summer flows (USGS, 1977).

This relationship between summer rainfall and ephemeral flow water quality should not be extrap-
olated freely to the rest of the Southwest because rainfall conditions vary widely. Nor should it be

interpreted to mean that water quality problems will exist only for summer flow in southeastern Arizona.
What should be understood is that most water quality problems here occur because of favorable climatic -

hydrologic conditions. These conditions are prevalent during the summer but can occur during the win-

ter.

In general, all other things being equal, water pollution problems will tend to be more severe in
arid areas than in the more humid zones where rainfall is greater and distributed more uniformly
throughout the year and streamflow is perennial. In the first place, the longer time intervals between

precipitation events and the even longer intervals between runoff events mean that potential pollutants
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have a much longer time span over which to accumulate than in humid areas. Additionally, there is much

less water available for the dilution of potential pollutants to acceptable levels. So, although sur-
face water pollution problems in arid areas may be nonexistent most of the time because there is no flow
in the channel, when there is flow the water quality will tend to be poorer than in more humid areas.

ISSUES

The preceding discussion raises several questions that must be considered if a rational, acceptable
water quality management plan is to be developed for the arid lands.

First there is the question of why --why protect the quality of ephemeral flow? Because the channel
consists of a dry wash much of the year there is little if any aquatic life or wildlife to protect.
And, because when there is flow it is usually in flood condition there is little, direct, intentional
use made of it by humans. So what does pollution mean on an ephemeral stream?

Where and if it Is decided that ephemeral flow is worth protecting the very practical question
arises as to how. The quality of effluent discharged by point sources can be controlled through
permits. But it will be difficult economically to control the quality of urban stormwaters and runoff
from grazed and mined land and natural sources. In between the extremes of prohibiting (or treating)
all runoff and eliminating all sources of pollution, there is little that can be done to control the
quality of the ephemeral summer stormflows in southeast Arizona. Yet standards are set for this flow,
standards which for the most part are unattainable.

CONCLUSION

It is becoming more imperative that we address the issues of water quality of ephemeral flow.
Ephemeral flow, whether it exists in the natural confines of the San Pedro channel or a storm drainage
ditch in Tucson, will become more important as the demand for water increases in the Southwest. At
the same time that a rapidly growing population increases this demand, it also contributes to the
decline in quality of the flow. If, and where, as a culture, we decide the quality of ephemeral flow
must be protected, we must realize that the natural geomorphic processes and environment in an arid
area put strict constraints on the level of quality that is attainable, at least for summer flows in
southeastern Arizona. And, we must also consider that certain practices- -such as using stream systems
to carry off effluent- -that are acceptable in areas with more rainfall and perennial streams are per-
haps inappropriate here.

Or, if we determine that the water quality of ephemeral flow really is not a health or environ-
mental hazard, then let us set standards for that flow which recognize the environmental aspects of the
problem, rather than standards that are often unattainable.

In any case, it is hoped that the main point of this paper has been appreciated: that water
quality problems of ephemeral flow in arid areas are of a different nature than the water quality
problems in the humid zone. To deal with these problems effectively and in an acceptable manner we
must recognize this.
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HEAVY METALS & WASTEWATER REUSE

Thomas E. Higgins

ABSTRACT

Water shortages in the Western United States have intensified the search for new sources. Waste-

water reuse is being increasingly called upon to augment existing supplies. One potential impediment

to the continued expansion of wastewater reuse efforts is the accumulation of toxic heavy metals and

other salts in the recycled water. Conventional and advanced wastewater treatment effect the removal

of a portion of the heavy metals added during use. Removal is by chemical precipitation and adsorption

and disposed of with the sludges. Potential uses of treated wastewater effluents include irrigation

and groundwater recharge. Care must be taken to prevent contamination of groundwater, especially since
existing wells have been reported to have concentrations of heavy metals in excess of drinking water

standards. Percolation of wastewaters through soils (espcially fine soils) results in a reduction in

heavy metal concentrations. It is postulated that removal of these metals is by a combination of
chemical precipitation with filtration of the precipitates, and adsorption on soil particles (thus the

effectiveness of fine soils). Long term saturation of the soils with heavy metals may result in a

"breakthrough" contamination of the groundwater. A predictive model of heavy metal -wastewater -soil

interactions is proposed to aid in the design and regulation of wastewater reuse systems to eliminate

or minimize this problem.

Introduction

Increasing water usage and pollution of surface water supplies is producing a national water

shortage. This shortage is especially acute in the western states, where sources of surface water are
expensive to develop and /or of questionable quality and groundwater supplies are being depleted.
Locally, the Central Arizona Project (CAP) was initiated to import Colorado River water. CAP water,

however, is reported to be similar in quality to that of the treated wastewater in the Phoenixarea.1

Wastewater reuse is imperative. Other potential water sources are of low quality and /or expensive

to transport to the region. A portion of Phoenix's wastewater is already committed to be used as

cooling water for the Palo Verde nuclear power plant, presently under construction.

Proposed uses for wastewater include irrigation of crops and recharge of groundwater for eventual

reuse. One potential problem encountered in wastewater reuse is the concentration of toxic heavy metals

through each use cycle. Drinking water standards for arsenic, barium, cadmium, chromium, lead, mercury,

selenium and silver have been established by the U.S. Environmental Protection Agency.2 Additional stan-

dards for copper, iron, manganese, and zinc are being established by the Arizona Department of Health.3

Table 1. Maximum Contaminant Levels for Inorganic Contamina

Contaminant

Level (milligrams per liter)

Arizona Health Dept.3U. S. EPA2

Arsenic 0.05 0.05

Barium 1.0 1.0

Cadmium 0.01 0.01

Copper -- 1.0

Chromium (total) 0.05 0.05

Iron -- 2.0

Lead 0.05 0.05

Manganese -- 0.20

Mercury 0.002 0.002
Selenium 0.01 0.01

Silver 0.05 0.05
Zinc -- 5.0

The author is Assistant Professor of Engineering, Arizona State University, Tempe. This study was con-
ducted under a grant from the Research Council of Arizona State University.

101



Irrigation in arid regions results in the bulk of the water being lost by evapotranspiration.
Heavy metals can accumulate in the soils, through chemical precipitation reactions. Problems resulting
from an increase in the concentration of heavy metals are inhibition of plant growth and systemic uptake
of the metals by crops used for human consumption.

In the recharge of groundwaters with wastewater, care must be taken that heavy metal concentra-
tions do not exceed drinking water standards. Since evapotranspiration can be minimized, the principal
heavy metal removal mechanism acting during percolation to the groundwater table would be chemical pre-
cipitation and sorption on soils.

Existing groundwaters contain heavy metals in concentrations that exceed State and Federal stan-
dards (Table 2). This is not to mean that the water supply systems are in violation, but that concen-
trations of heavy metals in individual wells have been reported to be in excess of the appropriate
standards.

Table 2. Preliminary Summary of Groundwater Samples Exceeding Drinking
Water Standards of Arizona.a

Inorganic
Contaminant

Standardb
mg /a

No. of samples
exceeding standard

Max.

mg /a

Mean
mg /e SD

Arsenic 0.05 31 1.7 .19 .31

Cadmium 0.01 3 0.1 .045 .047

Chromium 0.05 18 0.20 .10 .04

Lead 0.05 11 1.10 0.32 0.37

Mercury 0.005 15 5.0 1.9 1.7

a. Information supplied by the Arizona Department of Health Services, Bureau
of Water Quality Control. These are well samples and thus do not indicate
violation of Drinking Water Standards in water systems.

b. Minimum values of Federal and State Standards.

Wastewaters and Heavy Metals

It has been estimated that one municipal usage of water increases the total dissolved solids
concentration by 300 mg /z°, with part of the increase due to heavy metals.

Wastewaters from urban areas have been found to contain concentrations of heavy metals exceeding
drinking water standards.5'6 Davis and Jacknow7 reported that for three cities (New York, Muncie,
Indiana and Pittsburgh) the major heavy metal contamination comes from industry (principally electro-
plating and photoengraving) and this is controllable at the source. A significant portion of the
heavy metals is contributed by residential usage and this is not so easily managed by source control.

An appreciable portion of heavy metals in domestic wastewater is removed by conventional treat-
ment processes. Two mechanisms are proposed for the removal of heavy metals during treatment. They
are:

1. Precipitation of metal hydroxides and subsequent removal with the sludge; and
2. Sorption of soluble metals on the sludge.

Precipitation of metal hydroxides is increased with increasing pH and therefore increased removal
efficiencies would be expected at higher pH's.

The precipitation of copper, chromium, nickel, and zinc by sewage has been demonstrated by Jenkins
et al.b Increased removal efficiencies were found for increasing initial concentrations, and increasing
pH. Removal resulted in decreased pH due to precipitation of hydroxides.

Investigating toxicity of chromium to the activated sludge process, Moore, et al.9 showed that up
to 0.5 ppm of hexavalent chromium was completely removed by the process. McDermott et al.ln showed
that 50 to 79 percent copper removal can be effected by activated sludge over a feed ranging from 0.4
to 25 ppm. McDermott et a1.11,12 found removal of zinc to be between 74 to 95 percent and of nickel
to be 30 percent. BarTE et al.13 found that the average efficiencies of activated sludge for removal
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of hexavalent chromium, copper, nickel and zinc were 44, 75, 28, and 89 percents respectively.

Argo and Culp1', showed that tertiary treatment of wastewaters by coagulation, mixed media filtra-
tion and carbon absorption were effective at removing cadmium, hexavalent chromium, zinc, and copper
and reducing concentrations of other heavy metals. Similar results were found by Linstedt et al. 15
Addition of aluminum or calcium salts for phosphate removal also reduced the concentrations of heavy metals.

Because heavy metals are removed in the sludges from wastewater treatment plants they may inter-
fere with the processing of these sludges by anaerobic digestion17, and pose a problem in the use of
these sludges for agricultural fertilizers.18

Heavy Metal - Wastewater - Soil Interactions

Additional heavy metal removal has been accomplished by percolation of metal containing wastewaters
through soi119, suggesting that groundwater recharge could result in removal of heavy metals. Clay
soils provided the best treatment. The exchanged metal ions were not leached by water.

Movement of heavy metals in coarse soils below sewage disposal ponds was demonstrated by Lund
et e1.,20 indicating that wastewater, injected for reuse should be separated from water supplies
sources by fine soils.

Wang and Nacci21 investigated the movement of lead and copper in two Rhode Island soils. Using
lysimeters they measured the gross removal of these metals by the soils, not differentiating between
sorption and precipitation. Nelson22 reported on studies in Alabama on the movement of metals used
in agricultrue in soils. Laboratory studies indicated a high degree of soil retention of Ca, Ba, Zn,
Pb, Na, Cr, Sr and Mg by the six soils tested. Soluble metal --soil equilibrium concentrations followed
Langmuir- Freundlich adsorption isotherms. Mechanisms postulated for metal removal by soils included
chelation, surface adsorption, precipitation and physical entrapment.

Solubility Considerations

The solubility of metal salts is calculated from their solubility products. Precipitation or
solubility of a metal ion (Mn +) in equilibrium with a counterion (hydroxide in this case) can be ex-
pressed by chemical reaction [1].

M(OH)n (s) = Mn+ + n(OH ) [1]

The direction and extent of this reaction can be calculated from the product of the molar concen-
trations of the species involved in the reaction as expressed in equation [2].

KSP = [Mn +] [OH ]n [2]

Specific solubility equilibria for metal oxides and hydroxides are listed in Table 3. Figure 1
is a plot of the maximum concentration of free metal ions vs. pH. Note that solubility of individual

Table 3. Constant for Solubility Equilibria for Heavy Metal Oxides or Hydro

Element Reaction KSp Reference

Barium Ba(OH)2(s) = Ba2+ + 20H 5 x 10-3 25

Cadmium Cd(OH)2(s) = Cd2+ + 20H 2.4 x 10-14 24

Copper Cu 0(s) + 2H+ = Cu2+ + H2O 4.5 x 107 24

Chromium Cr (OH)3(s) = Cr3+ + 30H 1 x 10
-30

14

Iron Fe(OH)3 (s) = Fell' + 30H 2 x 10 -39 24

Lead Pb(OH)2(s) = Pb2+ + 20H 1.6 x 10-15 14

Manganese Mn(OH)2(s) = Mn2+ + 20H 2 x 10 -13 24

Mercury Hg0 (s) + H2O = Hg2+ + 20H 3 x
10-26

14

Silver Ag20(s) + H2O = 2Ag+ + 20H- 2 x 10-8 14

Zinc ZnO(s) + 2H+ = Zn2+ + H2O 1.5 x 1011 24
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metal ions decreases with increasing pH. From this diagram one would expect negligible concentrations
of Fe3 +, Hg2 , Cr3+ and Cu2+ At neutral pH. Zn2 +, Pb2 +, Cd2 +, Mn2 +, Ag+ and Ba2+ have increasingly

greater solubility in equilibria with their oxides and hydroxides.

In application of sewage sludges to land it is generally stated that to prevent the solution of
metals, the pH of the soil should not be acidic.23 Table 4 lists the pH values needed to maintain the
free metal ion concentration below the Federal and State drinking water standards. Hydroxides and
oxide precipitation is not sufficient to protect water supplies from Barium, Cadmium, Lead, Manganese,
and Silver. Also total metal concentrations consist of not just the free ion but also include various
hydroxo metal complexes which must be considered. Therefore, total metal concentrations are usually
greater than predicted by this plot

Table 4. pH Below Which Free Ion Will Dissolve to Exceed Standard.

Element
Stam9Rd

Molar Conc. log Molar PLI

Ba 1.0 7.3 x 10-8 -5.14 15.4

Cd 0.01 8.8 x 10-8 -7.05 10.3

Cu 1.0 1.6 x 10 5 -4.8 6.2

Cr 0.05 9.6 x 10-7 -6.02 6.0

Fe 2.0 3.6 x l05 -4.45 2.6

Pb 0.05 2.4 x 10-7 -6.62 9.9

Mn 0.2 3.6 x 10-6 -5.44 10.37

Hg 0.002 1.0 x 108 -8.00 5.3

Ag 0.05 4.6 x 10' -6.33 16.5

Zn 5.0 7.6 x 105 -4.1 7.6

Table 5 lists the solubility relationships for copper. Figure 2 shows how the formation of soluble
hydroxide complexes results in an increased solubility of copper at pH values above neutral. The
addition of soluble carbonate species (Figure 3) results in further increase in the solubility of total
copper at neutral pH and above.

Table 5. Constants of Solubility Eaui ibria for Copper.

Formula Log K (25°C)

CuO(s) + 2H+ = Cu+2 + H20 7.65

Cu+2 + 30H = Cu(OH)3 15.2

Cu+2 + 40H = Cu(OH)42 16.1

Cu2(OH)2CO3(s) + 4H+ = 2Cu+2 + 3H20 + CO
2

14.16

Cu+2 + CO; = CuCO3(ag) 6.77

Cu+2 + 2CO3 = Cu(CO3)2 10.01

Cu+2 + e' = Cu+ 8.8

CuS(s) = Cu + S -36.1

Cu2S (s) = 2Cu+ + S -48.92

Under anaerobic conditions sulfides generally limit the solubility of metals. Figure 4 shows the
limited solubility of copper with the total concentration of sulfides of 10'4 Molar.

Some metals, whose solubility is large with respect to hydroxides or oxides, may still have limited
solubility in natural waters due to the formation of salts of other anions. Two examples are lead car-
bonate and silver chloride (Table 6). With 10'3 Molar total carbonate species (Figure 5), the soluble
lead concentration at pH lis reduced from approximately 33,000 mg /t to approximately 0.13 mg /t. Like-
wise with 20 mg /s of chloride ion present the soluble silver concentration is reduced from many grams
per liter to 0.03 mg /s (Figure 6).
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Table 6. Constants of Solubility Equilibria for Lead Carbonate
and Silver Chloride.25

Formula KSP (25°C)

PbCO3(s) = Pb2+ + co 1.5 x 10-13

AgC1 (s) = Ay+ + Cl- 2.8 x 10-10

Adsorption

Heavy metals can further be removed from water by adsorption onto the surface of soil particles.
A Langmuir adsorption isotherm describes the equilibrium relationship between the concentrations of ions
in solutions and the density of these ions adsorbed on the surface of a solid. Commonly the quantity
of adsorbed material increases with increased concentration. A typical Langmuir Adsorption isotherm
for Cupric ion and Providence Silt is shown as Figure 7.

Langmuir Adsorption isotherm can be linearized by plotting 1 /qe vs. 1 /C. The linearized form of
the data for copper is shown as Figure 8.

Model

A model is proposed to describe the long -term interactions of heavy metals and soils in the reuse
of wastewaters for irrigation and groundwater recharge (Figure 9).

Heavy metal concentrations in the water at the surface can be determined by mass balance, taking
into consideration flow rates of wastewater, precipitation and evapotranspiration and
the concentrations of metal in the wastewater. Equilibrium solubility chemistry can be used tu calcu-
late the amount of metal precipitated and filtered in the upper soil and to determine the soluble metal
concentration available for adsorption. Downflow through the soil to the groundwater table can be
treated as flow through a column. The metal concentration of the goundwater can be calculated by mass
balance.

The advantage of preparing such a model is that data that can be obtained in a short time on a
small sample (eg. adsorption isotherms) can be used to predict the long term effect of the application
of heavy metal containing wastewaters to the land. A predictive model of heavy metal -wastewater -soil
interactions would be useful in deciding such questions as:

1) Should a particular wastewater be reused?
2) Should heavy metal removal be required of wastewaters in treatment plants prior to reuse?
3) Which soil types are suitable for groundwater recharge by wastewaters containing heavy metals?
4) What is the useful life of a groundwater recharge area?
5) What concentration of heavy metals is expected in fields irrigated with wastewaters containing

heavy metals?

Conclusions

Based on a review of the literature and of solubility and adsorption chemistry the following con-
clusions can be made concerning the fate of heavy metals when wastewaters are applied to the land for
irrigation and groundwater recharge.

1) An appreciable amount of heavy metals are removed in conventional wastewater treatment.
2) Additional removal of heavy metals is effected where advanced wastewater treatment processes

(chemical coagulation, sedimentations and filtration) are used.
3) Initial removal of heavy metals in wastewaters applied to land is probably by chemical preci-

pitation and filtration.
4) Additional removal of heavy metals is accomplished by adsorption on soil particles. Fine soils

are a better adsorption media than coarse soils.
5) A mathematical model could be prepared using equilibria solubility and adsorption chemistry,

groundwater flow theory, and mass balances to predict the long term fate of heavy metals in
wastewater applied to the land.
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WASTEWATER REUSE- HOW VIABLE IS IT?
ANOTHER LOOK

by

William L. Chase and James Fulton

ABSTRACT

Even though the Phoenix Metropolitan Area is more fortunate than other areas of the
desert southwest because of the dependable Salt and Verde River supplies, they still
have water problems. The Central Arizona Project (CAP), which will bring water from
the Colorado River, will help those problems. But the CAP will not eliminate them.
Improved water resource management will be required to bring water supply and demand
back into balance. A key element of any successful water resource management program
must be wastewater reuse. The communities are studying reuse through their 208 water
quality program and while they are discovering that many opportunities exist they are
also discovering that there are also many problems to be solved.

STUDY BACKGROUND

EXISTING WASTEWATER PLANNING

Wastewater management in the Phoenix urban area developed in a rather haphazard
fashion as the communities grew. In the early 1960's there were a number of treatment
plants around the area in Mesa, Scottsdale, Tempe, Phoenix, Tolleson, Gilbert, Chandler,
Avondale, and Buckeye, to name a few. These treatment plants were later consolidated
into a fewer number by the late 1960's, through the construction of the multi -city
treatment plant at 91st Avenue. At present there are treatment plants at Tolleson,
Mesa, Avondale, Chandler, and the City of Phoenix 23rd Avenue plant, as well as the
multi -city 91st Avenue plant, which has a capacity of 90 million gallons per day (MGD).

The reuse of wastewater in the valley developed in a rather haphazard way and in
reality developed as a matter of opportunity rather than by grand design. Some reuses
currently taking place are:

(1.) reuse for the Buckeye Irrigation District in the western area,
(2.) reuse for farming from the Mesa and Chandler plants,
(3.) reuse for support of habitat along the Salt and Gila Rivers by

the Game and Fish Department,
(4.) reuse for turf irrigation in Fountain Hills and from the Tolleson

treatment plant, and
(5.) reuse for golf course watering in Carefree.

The biggest planned reuse is the Palo Verde Nuclear Power Station, which has an
option or contract to purchase 125 MGD of effluent to cool the power plant. In all,
the contracted commitments equal about 180 MGD. Within certain of the contractual
commitments there is a provision for the cities to retain the effluent in order to
solve any domestic water shortages. What exactly defines a water shortage is a matter
for future decision. However, it would appear that there is a substantial volume of
water available to assist in the long -term water supply needs of the Phoenix Metropoli-
tan Area.

The authors are respectively: 208 Project Manager, Phoenix Urban Study, U. S. Army
Corps of Engineers, and Office Manager, Phoenix Office of Stevens, Thompson and
Runyan, Inc.
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EXISTING WATER RESOURCES

In order to assess the value of reuse in the Salt River Valley, we have to look at
the current water situation in the valley. The Phoenix Metropolitan Area is more for-
tunate than some parts of the desert in the southwest, with the Salt and Verde Rivers
supplying a dependable source of surface water. This source from the Salt and Verde
Rivers is controlled by the Salt River Project and supplies approximately 830 MGD.
However, the total consumptive use in the Salt River Basin is approximately 1,400 MGD,
which results in a groundwater over draft of approximately 570 MGD. This over draft is
causing the groundwater table in some areas of the valley to drop approximately 10 feet
per year.

This mining of the groundwater is also causing a change in the historical direction
of flow of the groundwater through the valley. Originally the groundwater pretty much
followed the existing channel of the Salt River as well as the ancestral channel
through Chandler and the Gila Indian Reservation. However, this has been reversed in
certain areas, particularly in the southeast and the west where depressions have oc-
curred in the groundwater due to pumping. A recent study for the U. S. Army Corps of
Engineers indicates that there could be changes in the quality in the west and south-
east areas due to low quality water being drawin into the depressions. The Central
Arizona Project (CAP) will alleviate the problem somewhat, but how much no one really
knows, since the final allocations have not been made. However, the Arizona Water
Commission projects a continued groundwater over draft even after the CAP is built.
Therefore, unless something is done, the situation is going to get worse rather than
better, and that's where wastewater reuse and better water resource management comes
into play.

208 WASTEWATER PLANNING

WASTEWATER TREATMENT ALTERNATIVES

One of the preliminary objectives in looking at wastewater collection and treatment
in the Phoenix Metropolitan Area was to identify the most cost effective solution. In

order to do this, a large number of alternatives were developed, analyzed, evaluated
and screened. Initially forty collection and treatment alternatives were looked at.
These were then cut down to twenty, looked at in more detail, and then six were select-
ed approximately 9 months ago for more detailed analysis. This detailed analysis,
which has just been completed, looked at different methods of treatment such as con-
ventional treatment vs. land treatment; looked at alternative collection systems;
looked at optimizing the existing collection system; looked at different methods of
handling sludge collection, treatment and disposal; and looked at different reuses.
The cost analysis of the six alternatives is presented in Table 1. Basically this
analysis shows that collection and treatment at a regional treatment plant provides
the least cost solution. However, there are some other factors to consider and one of
them is reuse and its value to the community.

TABLE 1. ALTERNATIVE

Alternatives

SYSTEM COSTS

Present Worth
Millions of Dollars

(Capital + O &M)

One Plant System- Alternative 1 $ 84.48

Two Plant System- Alternative 1 88.85

Two Plant System- Alternative 2 90.17

Three Plant System- Alternative 1 100.05

Three Plant System- Alternative 2 100.54

Four Plant System- Alternative 1 106.40

THE NEED FOR WASTEWATER REUSE

Each of the communities in the Phoenix Metropolitan Area must ask itself a basic
question. Does the community have enough water for its future needs? If the answer is
yes, then wastewater effluent may be something that they just have to getrid of; or
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it may be something which they can sell to reduce their treatment co=ts or they can use
to provide water for recreational facilities. However, if the answer is no, then it's
a different ball game. Wastewater effluent then becomes a means of augmenting their
existing domestic water supply. This can be done in two ways; (1) by trading waste-
water effluent for additional sources of domestic supply or, (2) by using the waste-
water for park or other turf irrigation, thereby freeing higher quality water for
domestic use. As yet there is no real dollar value that can be attributed to a source
of water that previously did not exist. For communities in the Salt River Valley there
is no additional source of water after the Central Arizona Project is completed. Al-
though costs are important in many areas, they should not be the overriding factor in
determining which reuse options should be pursued for further analysis. The most im-
portant factor is whether the reuse option can supply an additional source of water to
the community or reduce its use of existing sources of water. Table 2 shows the evalu-
ation of the major reuse options in the Phoenix Metropolitan Area. In reviewing Table
2, there are a number of interesting facts that can be noted relative to the major re-
use options identified for the Phoenix Metropolitan Area.

First is the potential maximum demand of the reuse and the estimated available flow
by the year 2000. As can be seen, the demand far exceeds the available flow.

Next there is the treatment level required for the various reuse options. This
treatment level varies from basic secondary treatment, which is suitable for restricted
agriculture, such as growing cotton and alfalfa, to advanced waste treatment, AWT I
which is suitable for unrestricted agriculture, through advanced waste treatment,
AWT III which is a level required for use in recreational lakes to preserve health and
prevent algal growths.

The costs associated with these various reuses are identified in the table, shown
as dollars per acre -foot and are the costs incurred for the level of treatment over
and above that generally required for the area, which is secondary plus disinfection;
plus the cost of transmission from the proposed treatment plant site to the proposed
reuse option site. Also shown in the costs is the cost for using conventional treat-
ment and the cost for using a land treatment system. In most instances, the cost of
using land treatment is cheaper than the cost of using conventional treatment, and in
some cases there is even a saving over and above the secondary and disinfection cost
for the area.

It should be noted however, relative to land treatment, that there are many un-
answered questions as to whether it is in fact a viable method of treatment for the
area. As yet there are no full scale operating plants in the area to have a history of
consistency and reliability with the process. Also there are some questions as to the
impact of the treatment process on groundwater and questions relative to the consis-
tency and reliability of the process. Another fact relative to land treatment is that
it is extremely site specific and no land treatment system can be installed until a
soil survey is done and a pilot plant operated on the site. Therefore, there are some
questions about the type of treatment to be used relative to the reuse options.

Also shown in the table are the estimates or assessments of the reuse systems on
groundwater quality and quantity. These assessments are based upon the work done for
the U. S. Army Corps of Engineers relative to groundwater conditions and travel in the
eastern portion of the Phoenix Urban Area.

One of the most important questions is the impact of the reuse option on local
needs. The various reuse options were rated as follows:

(1.) A trade of effluent which would increase available domestic supply
was rated very good (VG),

(2.) an option which reduced consumption was rated good (G),
(3.) an option which reduced the cost of treatment for the community was

rated fair (F), and
(4.) an option which provided for a water use which previously did not

exist was rated poor (P).

Relative to the health and community impacts, most of the options were rated good
(G) since there were no defined problems with reuse. However, for the Rio Salado and
Indian Bend Wash systems, where the reuse was going to be utilized in recreational
lakes which would have partial body contact they were rated poor (P), since there is
no guarantee in such a system that you would not have full body contact and there is
no guarantee that problems would not exist. The Bogle Farm option was rated as fair
(F) since there is a possibility that the canal used for transportation of the effluent
could also be used as a source of water for irrigation of lawns and parks, however,
that problem appears minor.
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TABLE 2. EVALUATION OF MAJOR REUSE OPTIONS
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2. Cost reductions from conventional treatment due to the cheaper land treatment costs
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OTHER PROBLEMS TO BE SOLVED

Over and above these considerations there are many other problems that must be
considered. First of all, relative to trading; how much should they trade? Is it
one gallon for one gallone two gallons of effluent for one gallon of domestic quality
water? How willing are the Gila and Salt River Indian Communities to accept the idea
of trading? The flows indicated are for maximum conditions, but as everyone knows, the
seasonal demand for irrigational water varies tremendously and the flow from the waste
treatment plant is constant. Therefore, the problem of surplus wastewater flow in
winter must be considered. This problem brings up the question of groundwater recharge
since that would be an ideal use of "off season" flows. Should groundwater recharge be
utilized in the Phoenix Urban Area? What are the long -term or short -term impacts of
such a reuse?

Another problem to be considered is the EPA funding. The recent 1977 amendments to
the Water Pollution Control Act indicated that priority should be given for the use of
innovative technology and that land treatment and reuse were identified as being inno-
vative even though they are years old. They also indicated that there would be an
increase from 75% to 85% for the federal share of the cost of building innovative pro-
jects. Also, in their definition of cost effective, EPA would be willing to look at
costs that go 15% or so above the least cost solution if innovative approaches were
used.

Another problem is the question of transportation or transmission of the wastewater
effluent. In the Salt River Valley there are numerous irrigation canals which trans-
port irrigation water around the valley. Some of these canals are used as a source of
water for domestic water treatment plants. Use of these canals for transportation of
effluent to be traded would have to be handled carefully to insure that there is no
wastewater effluent discharge upstream of the water treatment plants.

A final problem to be considered, assuming that the communities decide to go with
these specific reuse options, is that there should be more than one reuser available
for the effluent, since long -term commitments must be made by the reusers to use the
wastewater effluent. Short -term, meaning five to ten years, would not be adequate to
insure reliability to the system. Nothing would be worse than having a city construct
an upstream treatment facility and then discover that there is no place to put the
effluent.

SUMMARY

The question of reuse in the Phoenix Urban Area is not an easy one. There are many
problems to be solved but there are also many advantages to a well planned reuse sys-
tem for the area. Communities making this decision should not be looking at it in a
short -term perspective. It is a long -term solution to long -term problems. The commu-
nities are going to have to decide which reuses are viable, what level of treatment is
required for those reuses, and how much they are willing to pay for additional sources
of water. Those questions are not easily answered, especially when there is not a
generally accepted agreement on the seriousness of the long -term water shortage in the
Salt River Valley.
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WASTEWATER EFFLUENT - AN ELEMENT OF TOTAL WATER RESOURCE PLANNING

by

James D. Goff, P.E.1

ABSTRACT

Wastewater reuse options for the Phoenix area include: agricultural irrigation, fish and wildlife
enhancement, ground water recharge, industrial processing and coiling water, recreation, cooling water
for power generation stations, and exchanging effluent for additional water supplies. Consideration is
given to effluent reuse potential as a commodity to exchange for water suitable for domestic water sup-
ply. This exchange would result in yet additional reuses of the water as title to the effluent could
be assured by contracts and agreements.

INTRODUCTION

Background.

In Arizona, water is a scarce and valuable commodity. Therefore, the reuse and conservation of
this resource takes on a particular significance. The first record of recycling of treated wastewater
in Arizona was in the 1920s at the Grand Canyon. Water was obtained from springs at the bottom of the
Grand Canyon and at times the domestic water supply was in short supply, therefore, recycling and con-
servation was a necessity. The railroads serving the Grand Canyon used steam locomotives, and treated
wastewater was used by these railroad engines. In addition, the high quality effluent was also used in
the lodges to convey domestic wastes to the treatment plant.

Recent reuse applications.

More recent examples of effluent utilization include the City of Prescott which irrigates the
Antelope Hills Golf Course with effluent from the municipal wastewater treatment plant. The City of
Tucson has sold effluent to cotton growers. A planned community near Scottsdale, Fountain Hills, was
planned to reuse wastewater by turf irrigation for use on golf courses and greenbelts.

Phoenix area reuse.

Around 1932, Phoenix constructed its first modern wastewater treatment plant near 23rd Avenue at
the Salt River. The effluent was discharged into the Salt River, which was normally dry. Downstream
agricultural interests soon started diverting water from the river bed to use for agricultural purposes
and several still follow this practice today.

The Phoenix Water and Sewers Department has been interested in wastewater reuse for almost half a
century. As the City of Phoenix and other communities grew, the far -sighted thinking of the community
officials recognized that wastewater would someday be the largest single water source. The wise use of
this water resource is a major factor in solving the water supply needs for Metropolitan Phoenix. In

the Phoenix Metropolitan area there is a definite potential for the direct reuse of municipal waste-
water. Several agreements and contracts presently exist for these purposes. Various other reuse op-
tions are being studied by the Corps of Engineers in conjunction with the 208 wastewater management
planning effort currently being conducted by the Maricopa Association of Governments.

EFFLUENT REUSE OPTIONS

Agricultural irrigation.

The utilization of wastewater effluent for agricultrual irrigation purposes is feasible in the
Phoenix Metropolitan area. There are presently in excess of 200,000 acres (80,940 hectares) of agri-

1Senior Engineer, Boyle Engineering Corporation, Phoenix, Arizona, 85016
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cultural land, and at an average irrigation use rate of 5 feet (1.5 meters) per year, there is a poten-
tial demand for over one million acre -feet (1234 x 106cubic meters) or irrigation water annually. There
are a number of water districts located within the Phoenix area which operate groundwater supply systems
and distribute appropriated surface water in the urban and agricultural areas. The State has establish-
ed rules and regulations controlling the use of effluent from wastewater treatment plants for a variety
of uses including agriculture. Effluent which has received at least secondary treatment can be used
for: irrigation of fibrous or forage crops not intended for human consumption; irrigation of orchard
crops by methods which do not result in direct application to the fruit or foliage; and watering of
farm animals other than producing dairy animals.

If the secondary treatment is followed by disinfection, the uses permitted by the State are: irri-

gation of any food crop where the product is subjected to physical or chemical processing sufficient to
destroy pathogenic organisms; irrigation of orchard crops by methods which involve direct application;
and watering of producing dairy animals. Effluent that has received secondary treatment followed by
tertiary treatment plus disinfection can be used for irrigation of food crops which may be consumed in
their raw or natural state. A discussion of various possibilities follows:

The reuse of wastewater for agricultural use is not without its logistical problems, since the pat-
tern of flows discharged from treatment plants is in disparity with agricultural needs. The diversion of
water to irrigated agriculture is not constant during the year. Rainfall, temperature, and type of
crops grown cause variations. There will often be times when the treatment plant effluent will be dis-
charged elsewhere if the treatment plant is intended to supply one hundred percent of irrigation needs.
The portion of effluent not directly taken for crops could be surface stored in lakes for later use, ar-
tificially recharged to underground storage, wasted down a watercourse, or otherwise utilized. Con-

duits for conveyance, pumping stations, storage reservoirs, and like aspects relating to effluent trans-
portation use and disposal must be studied for economic feasibility when definite offerings are made to
contract for the wastewater.

It is a difficult task to pinpoint and identify specific locations where highly treated effluents
can be discharged and accepted without interfering with present water supply uses and facilities. For

instance, delivering effluent into the Arizona Canal would create some problems since this canal is on

the major raw water source for two Phoenix water plants and soon to be built Glendale water treatment
plant. Perhaps a discharge point downstream of the Glendale plant location would be an acceptable lo-
cation, or the Southern Canal below the Val Vista Water Plant location.

The Roosevelt Irrigation District has an agreement with the City of Phoenix to use a maximum of
20,000 acre -feet (25 x 106 cubic meters) of effluent annually for "unrestricted" agricultural use. The

agreement stipulates that the City must provide additional treatment to the secondary effluent, consist-
ing of percolation and subsequent pumped withdrawal, so as to produce reclaimed wastewater suitable for
unrestricted agricultural use. It should be noted that problems with power cost of pumping the re-
claimed water have risen, and this agreement has not, to date, been implemented. This agreement does,

however, set a local precedent and the use of reclaimed wastewater for unrestricted irrigation contains
some important implications. One such implication is that if a sufficient quantity of reclaimed water
could be produced in a quality suitable for "unrestricted" agricultural use, then existing canal net-
works could deliver water downstream of water treatment plants, and they can be an economical and avail-
able means of transporting the effluent to the application sites. This distribution method would allow
the effluent to be more widely distributed, lessening the problem of seasonal demand fluctuations. The

final consideration concerning the agricultural use of municipal wastewater effluent is cost. The cost

to the user for reclaimed wastewater, including all power, transportation and other related costs, must
be competitive with other available waters in the area or it will not be purchased.

Recreation.

Treated municipal wastewater can, under certain conditions, be successfully used for recreational
purposes. The Phoenix area offers many opportunities for recreational reuse of effluent. Leisure

World, a planned development community, has a 15 -acre lake which presently is supplied water mainly from
wells and surface run -off, however, ultimate plans call for the lake to be fully supplied by municipal
effluent. The lake is used primarily for aesthetic purposes and also serves as an emergency reservoir
for fire protection. The lake has been in use for about three years. The proposed Rio Salado Project,
which would be located in central Phoenix, would create numerous recreational lakes and impoundments
along the course of the Salt River. Many of these impoundments could be kept filled either partially

or totally with municipal wastewater effluent. The community of Sun City, located northwest of

Phoenix, presently operates 63 acres of aesthetic and recreational lakes, offering a further potential
for effluent reuse. Further opportunities for municipal wastewater effluent reuse are application to any
of the natural dainage -ways in the area including the Upper and Lower Indian Bend Wash, the Cross -cut
Canal, and the Agua Fria, Gila, New and Salt Rivers.

Cost must, of course, be a consideration in recreational reuse of effluent. On a site -specific

basis, additional treatment, land acquisition and development, and operation and maintenance costs must
be considered. Public acceptance of a recreational lake using wastewater effluent is a factor that
must be weighed on a site -specific basis.
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Fish & Wildlife Enhancement.

The use of reclaimed wastewater for fish and wildlife enhancement is very closely related to recre-
ational reuse and much of the same criteria is applicable. Man -made lakes created for recreational pur-
poses can also be stocked with fish to expand the use of the body of water to include fishing as a means
of recreation.

Turf Irrigation.

Extensive use is currently made of wastewater effluent on golf courses and parks throughout the
area. The following six areas in Metropolitan Phoenix utilize wastewater effluent to irrigate parks,
greenbelts, and golf courses: Apache Wells, Carefree, Fountain Hills, Leisure World, Williams Air Force
Base, and an area served by Sonny Boy Sewer Company. As an example of howthe use of effluent could effect
savings in domestic water Sun City Water Company reports that water usage for park areas, lakes, and
public areas is equal to the amount of water used for domestic purposes. A study conducted by the Uni-
versity of Arizona Agricultural Experiment Station on the Consumptive Use of Water by Crops in Arizona
has determined that Bermuda grass, the most prevalent turf in the Phoenix area, has a seasonal consump-
tive water use of 43.5 inches (110 centimeters) between mid April and mid October.

The Arizona Department of Health Services regulations for use of wastewater effluent require that
secondary treatment and disinfection be performed prior to irrigation of golf courses, cemetaries or
similar areas; and secondary and tertiary treatment plus disinfection be provided to effluent used to
irrigate school grounds, playgrounds, lawns, parks, or other areas where children are expected to con-
gregate or play.

Industrial Cooling Water.

It Is estimated that by the year 1980, industry nationwide will utilize 75,026 million gallons
(283 X 10n liters) of water daily and consume about 6,126 million gallons (23 X 10' liters) per day.
This represents seventeen percent of all the nation's water requirements and six percent of all con-
sumption. A major portion of this water is used for cooling purposes for which, in many cases, potable
quality is not necessary. An average of sixty -six percent of the total water used by industry nationally
is for cooling. There are; however, only a few industries located in the Phoenix Metropolitan area that
utilize large amounts of potable water for cooling purposes.

Industrial Processing Water.

Approximately one -third of all waters used by industry nationally is used as process water. Process

water in selected industries is often required to be of higher quality than domestic potable water.
Tertiary treatment processes such as lime coagulation, clarification and settling, followed by sand fil-
tration, could provide needed treatment. In addition to the variations in quality requirements, quan-
tity also varies substantially from one industry to another. Water requirements for industry are often
related in one form or another to the product being produced.

The use of reclaimed secondary effluent, exclusive of further treatment, for major industries in
Phoenix could entail the construction of many miles of additional pipelines and pumping stations to
transport the reclaimed water to the point of use. In addition, internal plant piping would have to
accommodate the use of non -potable water in some processes while preventing cross connection with the
potable water necessary for other operations. Industrial process use of effluent could become feasible
only when: the industry is located reasonably close to the treatment facility; the quality of the ef-
fluent is acceptable to the industry; and the total cost of the effluent, including transportation and
possible additional treatment is comparable with other available water sources.

Groundwater Recharge.

In the Phoenix Metropolitan Area there are at least two examples of controlled groundwater re-
charge with effluent. The City of Mesa Wastewater Treatment Plant discharges its effluent ostensibly

for agricultural irrigation. A major portion of this effluent, however, percolates into the ground.
The Arizona Public Service Ocotillo Power Generation Station, in turn, pumps this effluent from the
ground for use as cooling water in the plant. As it passes through the soil and is pumped by the gen-
eration station, the effluent has received sufficient treatment to be adequate for the generation sta-

tion's cooling system needs. Another example of controlled groundwater recharge in the Phoneix area is

at the 23rd Avenue Wastewater Reclamation Project. The effluent is imparted to the groundwater aquifer

by the use of several recharge basins. The Roosevelt Irrigation District has contracted with the City

of Phoenix for the future pumping of this groundwater for "unrestricted" agricultural use. The deple-

tion of quality groundwater reserves in the area is a constant problem, and every effort must be made to
return good quality water to the ground. Engineered, controlled recharge with municipal wastewater ef-

fluent is certainly a feasible alternative.

Cooling for Energy Production.

The highest feasible reuse option for municipal wastewater effluent is in the area of cooling water
for the production of energy. Approximately 35 miles west of the Multi- Cities Wastewater Treatment
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Plant, effluent is scheduled to be used as condenser cooling water in the Arizona Nuclear Power Project
(ANPP) which is presently under construction.

A study was made by the ANPP of the availability of the quantity and quality Of groundwater in the
area. The high volume of water needed coupled with the possibilty of subsidence and the lowering of
the water table led to the search for an alternative dependable source of water. The search naturally
looked to the City of Phoenix wastewater effluent, which is a large, dependable source of water of re-
latively good quality. It is estimated that the total amount of make -up water needed per year will be
25,266 acre -feet (31 X 106 cubic meters) per generating unit or a total of 75,800 acre -feet (94 X 106
cubic meters) per year for three units. All of this water can be supplied from the Phoenix Metropolitan
Area Wastewater Treatment Plants.

The practicality of using treated wastewater effluent for this purpose becomes most apparent when
the quantity required is considered. The generation station will ultimately use an estimated 75,800
acre -feet (94 X 106 cubic meters) of cooling water annually. The ANPP plans to use the total contracted
amount of effluent of 140,000 acre feet (173 X 106 cubic meters). The use is projected to be for ad-
ditional generating units at the Maricopa County generating station site or possibly other sites. The
generation station requires this water on a continued, assured basis. For this reason, and due to its
relatively close proximity to the Phoenix Multi- Cities Wastewater Treatment Plants, the use of muni-
cipal wastewater effluent for energy production cooling purposes becomes the most logical and feasible
option for effluent reuse in the Phoenix area.

In the cooling cycle of energy production, the water will be totally consumed or evaporated and
the only by- product will be the solids which will be collected in evaporation ponds. A further con-
sideration would be the possiblity of providing some interim, non -consumptive use of the effluent prior
to its arriving at the ANPP site. The Multi- City -ANPP agreement allows contractual sale of effluent by
Phoenix and to other parties, provided appropriate recapture provisions are included to enable ANPP to
obtain the effluent as their needs dictate. The Roosevelt Irrigation District contract is an example
of such interim sale.

TRADE /EXCHANGE OF EFFLUENT

Trading Wastewater For Water Supply.

The large quantities of wastewater presently available and likely to be available in the future
makes this the largest potential. Such a program, however, will take coordinated planning and supple-
mentary funding, as well as the cooperation from several agencies. Without this cooperation, this
alternative may not be possible at all. Several elements will have to be included and agreement reached.
As an example, to trade effluent for water used by agriculture; the following actions and conditions
are minimal:

(1) Quality must be acceptable to State and County Health Departments for intended use and
acceptable to the Salt River Project (and irrigators). Upgrading of quality will probably be
necessary.

(2) Agreement as to the discharge (receiving) point.

(3) Agreement as to quantity of deliveries and dates (schedule monthly and seasonally).
(4) The exchange for potable water must have the provision to use the potable water anywhere off -

project without restriction similar to the rights of use of the effluent.
(5) The Salt River Project Operating Agreement or Water Contract would require modification to

provide for accounting of water credits.

(6) Construction of upgrading facilities including the pumping station and force main if needed.

It is possible that an agreement and trade for effluent could be worked out between the Multi-

Cities and Salt River Project for discharge into the Grand Canal near its heading at about 40th -48th
Street or some closer canal location. The Grand Canal is the only major canal in the Phoenix area that does
not deliver water to a water treatment plant. Care should be exercised in the plans to discharge even
disinfected and treated effluent into locations upstream of water plants. The Salt River Project and
all the municipalities in the Valley have to be involved in any such alternative that might be developed.

A similar alternative might be arranged between the Salt River Project and the St. John's Irriga-
tion District with upgraded 91st Avenue Plant effluent. The St. John's Irrigation District lies south-
east of Avondale and has head works and canals near 91st Avenue. The district diverted water in the
early days from the flowing Salt River before upstream dams were built. Now most surface water diver-
sions have been replaced by wells operated by the Salt River Project, and is essentially Project water
exported off -project. The St. John's District use about 10 MGD.

The Roosevelt Irrigation District (RID) obtains water from several wells as part of a commitment
made by the Salt River Project many decades ago to furnish water for use outside the "Project ". The
impetus given to this arrangement was a general water logged condition of the soil in the Phoenix area.
Drainage wells were drilled and operated for the purpose of lowering the water table, and canals were
built to carry this water away and for use on lands outside the Salt River Project. The Roosevelt
Irrigation District continues to operate these wells but isl.imited contractually to 145,000 acre feet
per year as averaged over any 5 -year period. There is a possiblity for an exchange agreement whereby
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the City of Phoenix would furnish upgraded effluent to
the RID and in return the RID were to agree to

cease pumping Salt River Project groundwater for off -project use in like amounts. The Salt River Pro-

ject would then agree to allow the City of Phoenix to pump Project water (including groundwater) to

areas served "off- Project"

An examination of most of the contracts between Phoenix, the Multi- Cities, and the purchasers of

effluent, (ANPP and RID) reveals a provision that the Cities have the right to recapture such effluents

out from under" the contractual obligations, during times of water shortages and for the purpose of

solving domestic water shortages. These provisions have been made publicly for the past 15 years and

documented in several recent reports.

The primary and most important purpose in the management of wastewater effluent is planning the

use of a commodity that can be utilized to enhance the Phoenix and other municipalities' long range

public water supply. It is good water management policy to use wastewater flows to solve the valley's

future water supply problems. Studies that involve water balances indicate wastewater will have to be

utilized as part of the total water picture. If new uses are initiated for wastewater, then the water

shortage will be even more severe.

The Exchange Concept.

The Salt River Project has long standing commitments
permitting exportation of water for irrigation.

Therefore, it appears logical to use the treated wastewater effluent in an exchange arrangement. The

Exchange concept is the substitution of treated wastewater for "fresh" water in irrigation practice with

"fresh" water credit being given for the wastewater.
The exchange wastewater could be used for on-

project or off -project. Exchanges would not necessarily be confined only to export commitments;

wastewater deliveries could be made for agricultural purposes within the Salt River Project boundaries

as well. Export commitments are on the order of 2000,000 acre feet per year. By the year 2000, as

much as 300,000 acre feet per year of wastewater can be expected to flow to valley treatment plants. The

exchange concept, of course, implies an existent control
of wastewater and "fresh" water by different

entities; in this case the Salt River Project has the export
commitments and control of the Salt -Verde

surface waters; the Maricopa Water District has control of the Agua Fria surface water; and the cities

of the Valley Multi- Cities Agreement collect and treat the wastewater.

CONCLUSIONS

Municipal wastewater effluent is a resource, and controlled reuse can be planned in the interest of

increasing the future public water supply. Close cooperation is needed among all who would participate

in this concept. Wastewater collection and treatment has traditionally been characterized as a local

responsiblity. Because of the economics of construction and operation of treatment facilities, this

characterization has begun to change to a more regional concept. Wastewater, when treated adequately,

can become a future water supply by exchange agreements. The exchange concept is the substitution of

treated wastewater for "fresh" water used in irrigation practice with "fresh" water credit being given

for the use of wastewater. The exchanged wastewater could be used on- project or for off -project com-

mitments; the exchanged "fresh" water could also be used both on- project and off -project.
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CURRENT AND FORECASTED WATER CONSUMPTION
PATTERNS OF ARIZONA SECOND -HOME OWNERS'

by

M. E. Bond and Robert H. Dunikoski

The literature on recreation and leisure -time research has shown a growing demand for recreation
homes and second homes. These trends are very applicable to Arizona, especially in the nondesert, high-
er elevation areas of the state.

Second -home owners are water users. Their demands affect the allocation of scarce water among al-
ternative uses; water consumption also creates a waste water problem for the second -home areas and the
areas immediately adjacent to the second -home locations.

The purpose of this paper is to present selected findings from a larger study conducted during 1974-
1976 for the Eisenhower Consortium for Western Environmental Forestry Research. The larger study, enti-

tled THE IMPACT OF SECOND -HOME DEVELOPMENT ON WATER AVAILABILITY IN NORTH CENTRAL ARIZONA, was an empiri-
cal examination of the number of second homes in the study region along with an analysis of the water
consumption patterns of second -home occupants. The findings of the study have relevance for a broad

range of persons interested in water research and water resources management.

THE INCIDENCE OF SECOND HOMES

Numerous definitions are found in the literature for second homes. Some definitions allow only

permanent physical structures; others allow mobile structures that have property improvements. For this

study related to North Central Arizona, a liberal definition was used. In general, included are resi-

dences established by families for the purposes of recreation and /or leisure -time activities.

The incidence of second -home ownership is a rapidly growing trend in the United States. In a 1967

study conducted by the National Forest Service and the U. S. Bureau of the Census, approximately 1.7 mil-

lion second homes were identified. The 1970 Census of Population had a question relating to the owner-

ship of second homes. At that time, 2.9 million second homes were identified. The most current esti-

mates for 1975 were that 4.2 million second homes existed in this country.

The growth of second homes owned by residents of Maricopa County, Arizona (Phoenix) is similar to

that recorded nationally. In 1976, approximately 19,000 households in Maricopa County owned a second

home. In 1966, only 7,000 second homes were owned by Maricopa County households. The change represents

a 171.4 percent increase over the 10 years, and it outpaced the total growth of Maricopa County popula-

tion. Total households in the same period of time grew at a slightly smaller figure of 101.3 percent.

While an estimate of the number of second -home owners in Maricopa County exists, there were no esti-

mates for the number of second homes located in North Central Arizona prior to the original research re-

lated to this paper. A major objective of this research was to develop such an inventory. For the year

1975 the Arizona Department of Revenue records were accessed. At that time approximately 10,545 second

homes in Coconino, Gila, Navajo, and Apache Counties were identified. The study presents an inventory

of those second homes by assessor maps which allowed a further analysis by hydrolic basin. In an attempt

to determine a growth rate, another time period inventory was necessary. Because Arizona Department of

Revenue records do not date back to 1967 in a usable format, another methodology was required to develop

an inventory for that period. Through the use of detailed maps prepared by the National Forest Service,

a count of structures in areas known to consist of second -home development was accomplished. Approxi-

mately 5,519 second homes were identified from the inventory. Based upon trends identified both from

1The research was supported in part by the Forest Service, U. S. Department of Agriculture, through

the Eisenhower Consortium for Western Environmental Forestry Research, and is published as an Eisenhower

Consortium Journal Series Number 25.

The authors are respectively, Professor of Economics and Director, Bureau of Business and Economic
Research; Research Specialist, Bureau of Business and Economic Research.
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the two inventories and from data provided in the annual study, Inside Phoenix, estimates have been de-
veloped for the total number of second homes in the study area. ÄTsô, through forecasting, it is antic-
ipated that by 1980 the number of second homes will increase to 15,800 and by 1985 the figures should
increase to 21,200.

Data relative to the incidence of second -home ownership by Maricopa County residents is shown in
Table 1. Also, data relative to the change in second homes in North Central Arizona are presented in
Table 2. Finally, the trend forecasts for North Central Arizona second homes is presented in Table 3.

TABLE 1

NUMBER OF HOUSEHOLDS IN MARICOPA COUNTY
OWNING A SECOND (VACATION) HOME IN ARIZONA

Year
Percent

Households Households
Total

Households

1976 4 19,000 477,000
1975 5 23,000 461,000
1974 4 18,000 450,000
1973 4 17,000 430,000
1972 4 15,000 387,400
1971 3 10,000 339,000
1970 3 10,000 320,600
1969 3 8,000 281,200
1968 3 8,000 258,700
1967 3 7,000 241,000
1966 3 7,000 237,000

Source: Inside Phoenix by Phoenix Newspapers, Inc., Phoenix,
Arizona, various issues 1966 -1976.

TABLE 2

ESTIMATED FUTURE SECOND -HOME INVENTORY

1975 10,545

1980 15,800

1985 21,100

Source: Prepared by authors.

TABLE 3

SECOND -HOME INVENTORY IN SELECTED COUNTIES OF ARIZONA
1967 and 1975

County 1967 1975

Coconino 1,106 1,749

Gila 1,532 2,953

Navajo 413 2,594

Yavapai 2,388 3,249

Total 5,519 10,545

Source: Bureau of Business and Economic Research,
College of Business Administration, Arizona State
University, Tempe, Arizona, 1977.
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WATER CONSUMPTION ESTIMATES

Empirical estimates of the water consumption by second -home owners in the study area were developed
from sampling. Initially key water companies, serving the second -home areas, were identified. Once

water company cooperation was obtained, then second -home metered water records were surveyed on a random
sample basis. Data were collected on a monthly basis and converted to a quarterly basis in order to ob-
tain water consumption estimates by season. Quarter I was defined as the three -month period, March
through May; Quarter II was defined as June through August; Quarter III the autumn months of September
and October and Quarter IV was December through February. There was a great deal of quarterly variance

by area. These variances show the heavy seasonal nature of second -home occupancy. They also show that
water management (waste water management) must plan for the seasonal peaks. Records from the 747 sam-

pled households are summarized in Table 4.

TABLE 5

AVERAGE SECOND -HOME QUARTERLY WATER CONSUMPTION
BY SURVEYED WATER COMPANIES, 1974

(Data in Hundreds of Gallons)

Area /Sample Size

Quarter I
March,
April,

MAY

Quarter II
June,
July,
August

Quarter III
September,
October,
November

Quarter IV
December,
January,
February Yearly County

Pinewood -75 11.25 136.40 74.60 8.35 230.61 Coconino

Pinetop Estates -24 68.25 129.50 77.17 24.83 299.75 Navajo

Lakeside Seven -30 14.93 71.40 53.40 25.13 164.87 Navajo

White Mountain -63 0* 143.24 59.76 4.48 207.48 Navajo

Lakeside 17 -53 20.87 67.25 37.49 12.83 138.43 Navajo

Christopher Creek -

54 41.98 67.30 27.35 0.48 137.11 Gila

Strawberry I -93 43.96 91.71 42.00 18.93 196.59 Gila

Willow Lakes Estates -
51 123.04 232.39 170.60 118.70 644.72 Coconino

Yavapai Mobile
Homes -23 98.49 216.38 188.62 99.17 602.66 Yavapai

Cottonwood -132 28.52 48.40 27.99 15.29 120.19 Yavapai

Blue Hills Farm -25 79.41 245.76 176.93 72.54 574.65 Yavapai

Thunderbird Meadows -
29 86.03 243.12 170.49 86.67 586.31 Yavapai

Overgaard -44 24.73 65.23 45.61 17.68 153.25 Navajo

Lakeside 5 -31 10.65 43.29 25.68 10.52 90.13 Navajo

Strawberry II -20 62.60 115.30 56.80 32.60 267.30 Coconino

All Areas -747 40.13 111.69 67.40 28.40 247.63

*Data were not available.

Source: Survey data, Bureau of Business and Economic Research, College of Business Adminis-
tration, Arizona State University.

In addition to the seasonal pattern, the average annual consumptions are also shown in Table 4.
While the average of all 747 second homes showed an annual consumption of approximately 25,000 gallons,
the variance was considerably sharp from one second -home area to another, i.e., annual average consump-
tion varied from a 9,000 gallon low in one Lakeside area to a 64,000 gallon high in Willow Lake Estates.

Assuming that there were 10,545 second homes in the study area as identified and assuming that on
the average, water consumed was 24,760 gallons per year, then total consumption for the area would have
amounted to 263.6 million gallons per year or approximately 809 acre feet. This consumption totals ap-

proximately 1/200 of one percent of the total water consumption throughout the state of Arizona under

normalized conditions. If one were to exclude water consumed by agriculture in the computations, water
consumed by second homes equals approximately .24 percent of the total municipal and industrial usage.
These figures indicate that the usage of water by owners of second homes is very small when compared to

the total water usage throughout the state.
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WASTE WATER ESTIMATES

Second homes are not only consumers of water from the state's valuable water supply; second homes
are also producers of waste water that enter the environment immediately affecting the second -home
areas. Although the examination of waste water produced by second homes was not a direct objective of
the study, it was important enough for estimates to be included in the analysis. Visual inspection of
the study area yields a low incidence of lawn, flower, and garden usage for water. Thus, a relatively
high proportion of total water consumed is believed to result in waste water. Estimates in the litera-
ture show a waste water range of 86 to 96 percent of total water consumption. Assuming that an average
of 90 percent of the gross water consumption results in waste water, the average second home in the
study area would directly produce 22,500 gallons of waste water per year. This figure was particularly
seasonal with nearly 50 percent of this volume expected to occur during Quarter II, of June- August.
Second homes, then, are not only consumers of water but they are producers of waste water in great vol-
ume on a particularly seasonal basis.

WATER CONSUMPTION AND WASTE WATER FORECASTS

Forecasts have been developed for 1980 and 1985 second -home water consumption and waste water pro-
duction for the study area in North Central Arizona. Basically, linear forecasts were used. The ratio-
nale for the linear forecasts was as follows. Timothy D. Hogan in his study, Second -Home Ownership in
Northern Arizona, A Profile and Implications for the Future, found that approximately 90 percent of the
second homes in Northern Arizona had indoor plumbing. Moreover, approximately 89 percent of those homes
had baths. Thus, for the future it can be anticipated that most second homes will be similarly equipped.
The incidence of retrofitting of nonplumbed second homes is also expected to be low during the next few
years. Finally, water consumption patterns should follow a similar seasonal pattern as revealed in the
earlier tables.

Utilizing the projected number of second homes, and assuming that the average annual consumption
remains constant, then the demand of second homes for water in the second -home area in 1980 would be
395,000,000 gallons or 1,211 acre feet. By 1985 the figure would rise to 527,500,000 gallons or 1,618
acre feet. These forecasts are shown in Table 5.

TABLE 4

SECOND -HOME WATER DEMAND FOR STUDY AREA

Year
Number of Average Annual

Second Homes Consumption
Gallons
(000) Acre -Feet

1975 10,545 25,000 263,625 808.67

1980 15,800 25,000 395,000 1,211.67

1985 21,100 25,000 527,500 1,618.10

Source: Developed by authors.

The waste water proportion for the future should also remain in the 85 to 95 percent of water con-
sumption range. Waste water proportion increases that could be attributed to a greater incidence of
plumbing will be partially offset by factors that could decrease household consumption, such as expected
smaller sized households.

OVERVIEW

In the aggregate, there appears to be little reason for concern about continued growing second -home
development in Northern Arizona. Total water consumed and hence waste water generated are a very small
proportion of the state total.

Yet on a disaggregated basis, attention needs to be focused on counties and smaller political
areas. There are scarce water areas in the state. Where surface water rights are not available to
second homes, then water can only be furnished from the water table. In many areas, second -home growth
will add to current and forecasted overdrafts.

Moreover, the modern trend is for second homes to become more clustered. This occurs because of
second -home developments (lot sales) and for reasons of cost sharing on common amenities. Concentration,
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however, creates potential problems such as environmental carrying capacity for waste water and related

occupancy concentration problems.

The literature is virtually nonexistent regarding water planning for second homes in Northern Ari-

zona. While we hope these conclusions add new information on second -home inventories, water consump-

tion, and waste water generation, we also recognize there is a serious need for more data. Planners,

developers, and other officials could profit from better data relative to second-home concentrations,

local area water inventories, and environmental carrying capacity for waste water.
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SALVAGING WASTED WATERS FOR DESERT -HOUSEHOLD GARDENING

by

Dwayne H. Fink and William L. Ehrler

INTRODUCTION

Newcomers to our Southwestern deserts are struck by the obvious incongruity between the brown,
barren open country and the green -garden, oases -like cities. Commensurately, the local media preach
daily of impending water shortages; yet the cities belie the message with their extravagant use of
water on lush landscapes, fountains, pools, lakes, etc. Seemingly, water conservation is talked of
much, but practiced little.

Nevertheless, there are a number of significant reasons why cities should slow the flow of the
precious liquid. In this paper we look critically at yard -watering using treated city water. We

look at several alternative, (presently mostly wasted) sources for supplying that irrigation water;
and, finally, we consider a number of horticultural plants which probably would be adaptable to the
"new irrigation schedule."

Economics alone may someday force us to stop using treated city water for irrigating yards.
Currently, water is treated and delivered to the Phoenix householder for as little as 3001000 gal.
Three ft of such water for irrigating the 0.1 -acre vegetated portion of a typical city lot costs only
$30 annually. One can't excite much enthusiasm for water conservation with such prices. But costs

are rising: some outlying communities are already paying 60c to $1 /1000 gal for pump water. At such
prices, irrigation water could cost $1,000 /acre /yr or more ($100 for our typical city lot) and these
prices will surely increase as water tables decline, electricity costs rise, and new, more costly
water sources are developed. There also are cities (Schroeder, 1977) which must survive on hauled

water, which runs $10 to $20/1000 gal. So, direct costs alone can force conservation.

Added to these direct water costs are indirect costs. Summer yard watering causes severe

seasonal peaking of our water treatment facilities. Figure 1 shows the monthly water demand at

Phoenix and Prescott for 1977. The summer peaks are 2 to 2 1/2 times minimal winter use -- the
latter primarily being for rather stable household and industrial usage. Water treatment plants

normally are purchased with bonds, paid for with taxes, rather than directly through the water bill.
Summer water peaking concomitantly further aggravates summer electric peaking; so, indirectly, we pay

for water peaking through higher electric bills. Another indirect cost which relates to our story is
the elaborate storm -drain systems installed to remove excess runoff from the streets -- or the flood
damages which result when such drainage systems are absent or inadequate.

Also, the specter of drought always exists. For many western city dwellers, drought became
stark reality in 1977 as they were forced to drastically cut back household consumption and essen-
tially stop watering yards. What happens then to cherished trees and shrubs?

There also is a certain conservation ethic involved. How high does (or should) yard watering

rank on the use -priority list of this only partially renewable resource. Yard watering constitutes

an almost completely consumptive use of water. Furthermore, there is an associated loss of other non-

renewable resources: (1) water- treatment chemicals spewed out on the ground -- and the energy to

produce them; (2) energy for pumping water; and (3) energy to build and maintain facilities to meet

peaking requirements.

The objective of this study was to determine if sufficient water could be salvaged by a typical,
desert, urban -householder from normally wasted sources associated with his /her lot and household to

adequately irrigate a garden and orchard. If enough could be so saved, irrigation with treated city
water would be unnecessary, and summer peaking at water treatment plants could be practically elimin-

ated. Thus, water and energy would be saved, and hopefully, costs reduced. Furthermore, our gardens

would let our householders eat better, and keep physically and mentally fit and recreated --
admirable benefits all.

Contribution from Science and Education Administration, Federal Research, U. S. Department of Agri-

culture. The authors are Soil Scientist and Research Plant Physiologist, respectively, U. S. Water

Conservation Laboratory, 4331 East Broadway, Phoenix, Arizona 85040.
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Figure 1. Total water consumption by Phoenix and Prescott by
month for 1977.

METHODS

We hypothesized a 2000 ft2 house (3300 ft2 total roof area) on a typical one -fifth acre lot in
three cities having climates similar to Phoenix, Tucson, or Prescott, Arizona, and calculated the
amount of water available for yard watering, provided that: (1) only rainfall was available;
(2) rainfall- runoff from covered areas associated with or adjacent to the lot was salvaged (roof,
street, alley, etc.); (3) gray -water from the household was utilized; (4) a portion of the lot was
waterproofed to concentrate the runoff on the untreated portion; (5) various combinations of the above
were utilized to increase the amount of available water. Calculations for Phoenix and Tucson were
made for both the with- and without -pool cases; for the Prescott area, only the without -pool case was
considered.

Annual precipitation values used for the three cities selected in this study were: Phoenix, 7;
Tucson, 11; and Prescott, 18 in. Differences are due primarily to elevation: Phoenix, 1,000;
Tucson, 2,400; and Prescott, 5,400 ft. The rainfall distribution for these three cities is divided
about equally between the intense convective thunderstorms of summer and the gentle, low- intensity
rains of winter. Summer rains predominate at the eastern edge of our Southwestern desert and winter
rains at the western and northern edge. Rainfall variations are extreme, and ultimately, may be the
determining factor controlling which plants survive and which perish. Without irrigation, little can
be grown; particularly in Phoenix and Tucson, where creosote bush would be the predominant shrub with
some intermixed cactus at Tucson. Natural vegetation at Prescott is predominantly chaparral and oak
woodland.

Figure 2 is a diagram of the lot and associated rainfall- runoff areas and Table 1 shows the sum-
mation of total, runoff, and runon areas for both the no -pool and with -pool lots. The precipitation

Table 1. Summation of total, runoff and runon areas for the
typical residential lot.

LOT

No pool

Pool (20 x 30 ft)

AREAS

TOTAL RUNOFF

ft2

11,400 6,300

10,800 6,800
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Figure 2. Diagram of the typical city household lot used here
to calculate the amount of salvageable water.

runoff -contributing areas are the roof of the house, driveway, sidewalk, and one -half of the street

and alley abutting the lot. The pool reduces the total area of consideration for the lot, but the
associated decking adds slightly to the runoff area. Runoff efficiency for all water -harvesting

areas was assumed to be 100%.

Average household water use per person per day, and per family (5 members) per year are shown in

Table 2 (Arizona Water Resources, 1977). Total "gray- water" includes household gray -water from bath,

laundry, dishes, and cooking, plus a small amount of miscellaneous outside water used for washing cars,

etc. Gray -water could be made available for yard watering if a double plumbing system were built

into the house.

Table 2. Total average household water use and amount of gray -water
available for yard irrigation (Arizona Water Research Project
Information, No. 18, Nov. 1977).

I. Home use (assumes no yard watering)

gpcdl/ gpf /
A. Inside

1. Toilet 30 54,750
2. Gray -water 40 73,000

B. Outside miscellaneous 10 18,250

C. Total usage 80 146,000

D. Total "gray- water" 50 91,250

II. Available water ft

A. No pool 2.39

B. With pool 3.05

1/ gallons /capita /day

2/ gallons /family /yr (5 members)
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For purposes of planning and calculation it was assumed that: (1) such use of "wasted" waters
was technologically and legally feasible; (2) the lot was sunken and leveled so as to hold and evenly
distribute the water; (3) all water from all sources was completely conserved in the soil- water -storage
profile, i.e., no tank storage, and no water was lost by deep percolation or runoff away from the lot;
(4) all the available water was utilized on the lot for growing horticultural and vegetable plants.

RESULTS

Precipitation

The average yearly water directly available from precipitation for watering our city lot in the
three cities is shown in column A of Table 3. Of course, the amount of available water is the same
whether the lot has a pool or not. Gardens in our three cities can not be maintained on precipitation
alone.

Table 3. Average yearly salvageable water available for irrigating a typical city household lot from
direct precipitation, runoff from covered areas, and household gray- water.

City Pool

Direct
Precip.

A

Water Source

Covered 1/ Gray- ?/
Areas Water

B C A +B A +C A +B +C
in. ft

Phoenix No pool 7 0.58 0.72 2.39 1.30 2.97 3.69
With pool 7 0.58 0.99 3.05 1.57 3.63 4.62

Tucson No pool 11 0.92 1.14 2.39 2.06 3.31 4.45
With pool 11 0.92 1.56 3.05 2.48 3.97 5.53

Prescott No pool 18 1.50 1.85 2.39 3.35 3.89 5.74

1/ Assumes 100% runoff from roof, driveway, sidewalk and 1/2 of alley and street abutting the lot.

2/ Based on a 5- member family.

Water Harvested Off Covered Areas

Column B of Table 3 shows how much water can be made available by harvesting the precipitation
from the covered areas associated with the lot. The amount of runoff is substantial -- ranging from
about 3/4, to 1, to nearly 2 ft for the three cities, respectively. If there is a pool on the lot,
slightly more water is available (off the decking) to apply to substantially less growing area.

When the amounts of water from direct precipitation and runoff from the covered areas are combined
(column A + B, Table 3) we see that Prescott has over 3 ft of available water, Tucson 2 to 2 1/2 ft
(depending on pool), and Phoenix only 1 1/2 ft. Three ft of available water should support most horti-
cultural trees and shrubs (Erie et al., 1968) and most summer vegetables. Our Prescott home gardener
thus should have sufficient water for most plants. Our Tucson gardener should be able to have a winter
garden (most winter vegetables require 1 1/2 ft of water (Erie et al., 1968) provided he can store
some water in the soil from the previous summer rains; possibly he can grow grapes and even some
drought -tolerant nut and fruit trees. The Phoenix gardener still wouldn't have enough water from these
two sources to adequately water his yard; he could, however, concentrate the runoff on some portion --
say the front or back yard only.

Gray -water

Gray -water contributions for yard watering (column C, Table 3) are substantial: about 2 1/2 and
3 ft for no -pool and with -pool yards, respectively. The contribution should be nearly the same for
equal sized households, regardless of city. Gray -water alone from such a household should nearly
adequately irrigate our 0.1 -acre lot. Conditions become even more favorable when precipitation is
included (column A + C, Table 3). Available water ranges from 3 ft at Phoenix to nearly 4 ft at
Prescott. Lots having pools get commensurately more water since the runon area is reduced.

128



If all three water sources could be gleaned, i.e., direct precipitation, runoff -covered areas,
and gray -water (column A + B + C, Table 3) our lot would be amply watered in Phoenix (3 1/2 to 4 1/2
ft) and excessively watered in Prescott (6 ft). Certainly water would no longer be a limiting factor
for our householder's garden and orchard. The lot could be adequately irrigated without using any
purified city tap water.

Water Harvesting Off Treated Portions of the Lot

If neither gray -water nor runoff from covered areas were used or adequate, our householder could
harvest the precipitation off a portion of his lot to irrigate the remainder. Table 4 shows how much
water would be available with increasing proportions of waterproofed lot area. Proportions refer to
the soil portions of the lot not covered by house, pool, etc.; therefore, available water as calcu-
lated here is the same for both the no -pool and with -pool cases. The advantage of a higher rainfall
is evident: much less lot area need be waterproofed at Prescott than at Phoenix to obtain enough
water. Only 1/2 the soil area was required at Prescott to get 3 ft of available water, whereas nearly
3/4 of the soil of the Tucson lot, and even more of the Phoenix lot need be treated to obtain that
much water.

Table 4. Average yearly salvageable water available for irrigating
a typical city household lot from direct precipitation and
water harvested off treated portions of the lot.

Water source

Treated portion 1/

City Pool 0 1/4 1/2 3/4
ft

Phoenix: no pool 0.58 0.77 1.16 2.32

with pool 0.58 0.77 1.16 2.32

Tucson: no pool 0.92 1.23 1.84 3.68

with pool 0.92 1.23 1.84 3.68

Prescott: no pool 1.50 2.00 3.00 6.00

1/ Portion of uncovered lot treated for water harvesting: assumes

100% runoff efficiency. Values for the zero treatment are from

direct precipitation.

Figure 3 shows the available water when we combine precipitation, runoff from covered areas, and
runoff from waterproofed portions of the remaining lot area. We can quickly determine how much lot
area need be treated to get a prescribed amount of water. For example, at Prescott, no lot area need

be treated to get 3 ft of water, at Tucson about 1/4 the soil surface must be waterproofed, and at
Phoenix about 1/2.

Similar calculations could be done for any location, any size lot and any combination of wasted
water sources; all that's needed is some measure of the rainfall and the amount of household gray -
water, and the relative lot areas involved. Some adjustment would have to be made for runoff
efficiency, since water -harvesting treatments rarely yield 100% (Fink and Frasier, 1977). For

example, asphalt and wax treatments commonly yield about 90% runoff, and concrete, 60 to 80 %.

The biggest unknown, of course, is the rainfall variability (both amount and frequency). At

Phoenix, for example, yearly rainfall since the 1870's has varied between 3 and 20 inches (Green and
Sellers, 1964), and there have been periods of from 6 to 9 months with little more than a trace of
precipitation. Such variability could seriously limit the type of plants that could survive, much
less produce, if limited to local rainfall and rainfall- runoff. Parsimonious application of gray -
water at such times could keep the plants alive and producing. Of the sources listed, gray -water is

the most reliable, both in regularity and quantity. Of course, on -lot tank storage could also be
added to smooth out rainfall vagaries, but costs of the tank and associated pumping would seriously
erode any economic advantage of the "wasted waters" system.

Adaptable Plants

We restricted ourselves here to food -producing plants, divided them into perennials and annuals,
and tried to reason what physiological properties would best ensure survival and production. We

believed that the perennials must be extremely drought tolerant to survive extended dry periods, must
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Figure 3. Salvageable water from precipitation, covered and treated
portions of a typical city lot in three Arizona cities,

be deep rooted to exploit soil- stored water, and should fruit early in the season before the soil
moisture stored from winter rains was exhausted. These plants possibly would then enter a semi-
dormant state until summer rains began.

Annuals (vegetables) were divided into low desert and high desert types. In the low desert
regions vegetable gardening probably should be limited to the winter season. Winter vegetables, of
course, are frost tolerant, have a low consumptive water requirement, and are quick maturing. Low
temperatures in the high desert preclude winter gardening. It seems logical that the summer vege-
tables selected for the high deserts should be early maturing and /or drought -tolerant to survive the
period between depletion of winter soil moisture and advent of summer rains.

Table 5 is a list of fruits, nuts and vegetables that might best work for this gardening scheme.
Certain of the fruit and nut trees (carob, date palm, fig, grape and olive) have been grown in arid
environments for centuries and are renowned for their drought tolerance. Others, such as apricot,
peach and almond have been considered (Cohen, et al., 1968) but little is yet known of their drought
tolerance, or water consumptive use. Any of the cold -tolerant vegetables should grow in the winter
garden. Two early maturing perennial vegetables worth considering are asparagus and Globe artichoke.

SUMMARY

Cheap, plentiful water at the tap keeps our Southwestern city landscapes green and lush. But
what would happen if water prices markedly increased, or severe drought struck, or for some other
reason yard watering was prohibited? Would grass and trees die, and home gardening cease?

We have demonstrated that homeowners in our Southwestern desert cities probably could maintain
their gardens and orchards by using only presently wasted water from direct precipitation, runoff
gleaned from covered areas associated with the lot (roof, sidewalk, street, etc.), household gray -
water, and runoff from portions of the lot treated for water harvesting. These sources could be used
singly or in combination to obtain the required amount of water. The actual amount available will
depend on the precipitation, runoff and runon areas, runoff efficiency of the contributing area, and
the number of people in the household. A number of horticultural plants are suggested that should
best fit such an irregular irrigation scheme.
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Table 5. Horticultural plants for a southwestern- desert garden if
irrigated only with salvageable waters.

I. Fruits, nuts vines (estimated 2 to 3 ft water requirement)

Apricot Olive

Carob Peach

Date Palm Plum

Fig Pomegranate

Grape
Jujube
Loganberries
Nectarine

II. Winter vegetables for low desert

A. Annuals: October to March (1 to 1 1/2 ft water requirement)

Beet Kale

Broccoli Kohlrabi

Brussels Sprouts Leek

Cabbage Lettuce

Carrot (leaf)

Cauliflower (head)

Chard Mustard

Chinese Cabbage Onion

Collards Parsnip

Dandelion Peas

Endive Radish

Garlic Rutabaga
Shallot

Spinach
Turnip

B. Perennials: (estimated 1 1/2 to 2 ft water requirement)

Artichoke
Globe (harvest May -June)

Asparagus (harvest March -April)
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EFFECT OF ALGAL GROWTH AND DISSOLVED OXYGEN ON REDOX POTENTIALS IN
SOIL FLOODED WITH SECONDARY SEWAGE EFFLUENT

by

R. G. Gilbert and R. C. Rice

ABSTRACT

Algal growth and oxygen evolution at the soil -water interface of soil recharge basins intermit-
tently flooded with secondary sewage effluent (SSE) produced diurnal fluxes in dissolved oxygen (DO)
in the SSE and redox potentials (Eh) in the SSE and the surface soil of the basin. The maximum daily
DO -% saturation in the SSE during flooding ranged from 30 to 450 %, depending on the length of flooding
and seasonal effects of temperature and solar radiation. Diurnal cycles of Eh in the SSE and the top
0 to 2 cm of soil indicated that oxygen production by algae and bacterial nitrifying and denitrifying
reactions at the soil -water interface are occurring daily for limited periods during flooding and that
these reactions might contribute to the net -N removal and renovation of SSE by soil filtration.

INTRODUCTION

Land application of wastewater has been shown to be an effective method for renovation of second-
ary sewage effluent (SSE) (Bouwer et al., 1974; Lance et al., 1976). The Flushing Meadows Project in
the Salt River bed near Phoenix, Arizona has demonstrated that a high -quality renovated water suitable
for unrestricted irrigation and recreation can be obtained with a rapid infiltration system (Bouwer et
al., 1974). Soil chemical, physical and biological reactions have proven effective in removing most
of the suspended solids, BOD, fecal coliform bacteria and phosphate from SSE applied at the rate of
100 m /yr. Also, management criteria were established for maximizing hydraulic loading that removed
about 30 percent of the nitrogen applied in the SSE. Therefore, the feasibility of enhancing nitrogen
removal by such high -rate land disposal systems is a primary factor governing their acceptance and
usefulness.

Denitrification proceeds in soil only when three conditions are met: (1) NO3 -N must be produced;

(2) NO -N must move into reduced zones; and (3) organic carbon must be present in the reduced zones as
an enefgy source for denitrifying bacteria (Lance and Whisler, 1976). Since nitrification of the
NH4 -N in the SSE must occur before denitrification can proceed, then it is essential to locate those
regions in the soil -water system during flooding and drying cycles, where nitrification (aerobic
process) and denitrification (anaerobic process) can occur in the system simultaneously. These bio-

logical processes have been shown to occur simultaneously at the start of each dry period in the top
15 cm of soil (Gilbert et al., 1974; Engler et al., 1976). Oxygen entered the top 15 cm of the soil
profile by mass flow, as the water infiltrated through the soil to the groundwater table. Thus, nitri-

fication proceeded immediately in the surface soil of the basin, but the high BOD and retention of
water in the surface organic sediments and matrix of algae restricted oxygen diffusion into the lower
soil depths. This caused reduced microsites to persist in the surface soil where conditions were
favorable for denitrification. When flood periods started, not much of the NO3 -N that remained in the
soil profile at the end of the dry period would be denitrified, since NO -N was rapidly leached into
lower zones of the soil profile, where organic carbon was limiting and redox potentials (Eh) indicated
NO -N was stable. However, during each flooding period, Eh decreased rapidly at 2 cm only and diurnal
cycles of Eh occurred that were apparently caused by the growth and activity of algae which increased
the dissolved oxygen concentration of the SSE in the soil basin. Therefore, since nitrifying activity
may be associated with the growth and activity of algae, our objectives were to investigate the effects
of algal growth on dissolved oxygen and Eh in soil basins flooded with SSE and to locate and character-
ize those regions in the soil -water system, during flooding periods, where microbial processes and
environmental conditions were favorable for denitrification and N- removal from the SSE.

The authors are respectively, Research Microbiologist and Agricultural Engineer, U. S. Water Conserva-
tion Laboratory, Science and Education Administration-FR, U. S. Department of Agriculture, 4331 East
Broadway, Phoenix, Arizona 85040.
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PROCEDURE

Basin No. 1 at the Flushing Meadows Project was selected as the experimental site, because it has
remained a bare soil basin throughout the operation of the system. The surface soil material in the
basin consists of about 150 cm of a fine loamy sand underlain by coarse sand and gravel layers to a
depth of 75 m. Flooding and drying cycles of 14 days each were used, that maximized hydraulic loading
and produced N- removal rates of about 30 percent (Bouwer et al., 1974), and the water table below the
soil basin rose from about 3 to 2 m deep during flooding.

When the SSE arrived at the basin area from the treatment plant, it had the following average
nitrogen contents: organic -N, 1.0 mg /1; ammonium -N, 25.0 mg /1; and nitrate -N, 0.5 mg /1 (Lance and
Whisler, 1972). Generally, the content of suspended solids is higher in the sewage effluent during
the winter (50 -75 mg /1) than during the summer (10 -20 mg /1).

Redox potential (Eh) measurements were made with platinized platinum electrodes referenced to a
calomel electrode in a salt bridge that was connected to a pH meter (Linebarger et al., 1975). A
strip chart recorder and timing device scanned the redox electrodes once each hour. The redox elec-
trodes were constructed from No. 22 platinum wire (Whisler et al., 1974). Duplicate electrodes were
placed in the effluent water 15 cm above the soil surface, on the soil surface, and to soil depths of
2 and 15 cm. Readings of individual redox electrodes and the mean of duplicate redox readings were
plotted and evaluated.

Dissolved oxygen (DO) measurements were made with an 02 -probe attached to a submersible stirrer
placed in the basin during flooding. The 02- probe, when positioned in the effluent water, was about 2.`.
cm from the soil surface. DO concentrations were recorded continuously for the entire flooding period
with a single channel recorder. After determining the water temperatures, the percent 02- saturation
was calculated.

Thermocouples were positioned at +60, +15, 0, and -2 cm, relative to the soil surface, to measure
air, water, and soil temperatures. Thermocouples were scanned once every hour and temperatures were
recorded with a multi -channel recorder.

Solar radiation data were obtained from the U. S. Weather Bureau Station located at the airport
in Phoenix, Arizona.

RESULTS AND DISCUSSION

The effects of algal development and related seasonal influences of temperature and solar radia-
tion on dissolved oxygen (DO) concentration in soil basins flooded with secondary sewage effluent
(SSE) are summarized in Fig. 1. Algae developed on the soil surface during each flooding period in
the highly eutrophic SSE. But during each drying period the matrix of algae on the surface dehydrated
and decomposed into a thin, broken, greyish layer of residue. The soil basins were actually like
shallow oxidation ponds (30 an deep) during flooding and the suspended solids were never so high that
solar radiation would not penetrate through the water to the soil surface. In the winter the water

and the soil surface were heated by the solar radiation and the water temperatures were usually
higher than the air temperature, especially the daily minimum temperatures. The development of algae
and onset of diurnal fluxes of DO were delayed in the winter, because of lower temperatures and shorter
day lengths. The primary producers in the winter were mostly benthic algae that developed a complete
matrix covering the entire surface of the soil basin during each flooding period. After 5 to 7 days

of flooding, the net 02 production by these algae caused diurnal fluxes of DO with 02- saturation peaks
ranging from 98 to 182 percent.

In the summer, the primary producers were both planktonic algae in the SSE and benthic algae on
the soil surface. The temperatures and solar radiation were 2 to 2.5 times greater in the summer.
There was no delay in net 02 production and large diurnal fluxes of DO saturation peaks ranged from
187 to 440 percent after the first day of flooding. The net 02 production by the planktonic algae in
the SSE exceeded the 02 utilization of the heterotrophic consumers and decomposers during the first 5
to 6 days of flooding. During the last 7 days of flooding, the 02- utilization of these heterotrophic
organisms associated with the fully developed benthic algae and organic sediments produced diurnal
fluxes of DO with saturation percentage maxima and minima ranging from 225 to 440 and 6 to 14,
respectively.

It was apparent from these results (Fig. 1) that an environment suitable for nitrifying bacteria
and nitrification was present daily near the soil -water interface, and within the algal matrix,
especially during the summer. Previous results (Gilbert et al., 1974) have shown that nitrifying
bacteria populations were highest in the surface 0 to 15 cm of soil at the end of each flood period
and that the organic sediments and surface soil directly below the algal matrix became highly reduced
during flooding, because of the high rates of 02 utilization by heterotrophic decomposing organisms,
mostly bacteria. Therefore, any nitrate -N and /or nitrite -N forming in the surface oxidizing zones
and flowing through these lower reducing zones would be removed by heterotrophic denitrifying bacteria
(Gilbert and Miller, 1978; Graetz, et al., 1973).
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Figure 1. Effect of algal development and related seasonal (winter and
summer) influences of temperature and solar radiation on
dissolved oxygen concentrations in recharge soil basins
flooded with secondary sewage effluent for 14 days.

In order to characterize the oxidizing and reducing zones in the soil basins flooded with SSE,

redox potentials (Eh) were measured continuously and related to the diurnal fluxes of DO (Fig. 2).

During flooding, infiltration rates decreased as the suspended material in the SSE was deposited on

the surface of the soil basin and the algae continued to develop within and on the surface of the

accumulated sediments. These circumstances altered the fixed position of the redox electrodes, rela-

tive to the biologically active soil -water interface,
especially at the surface and 2 -cm soil depth.

Therefore, the results presented represent only the specific day during a winter (10th day) and sum-

mer (7th day) 14 -day flood period that best illustrated the diurnal patterns of Eh in the system,

especially at the soil surface and at the 2 -cm depth.

Eh as a factor was not directly involved in nitrification or
denitrification, but at least

theoretically, it was the best quantitative measure for determining if the environment was favorable

or unfavorable for nitrification or denitrification. The chemistry of submerged soils was reviewed

(Ponnamperuma, 1972; Baas Becking, 1960) and,generally, environments with Eh >200 mV are oxidizing

and <200 mV are reducing. The stratification of Eh at the soil -water interface of submerged soils was

reported for irrigated agricultural soils (Patrick and DeLuane, 1972; Sheard and Leyshon, 1976), for

eutrophic and oligotrophic lakes (Buttner, 1953; Graetz et al., 1973), and for swamp -marsh soils

(Engler et al., 1976). Their results showed that when aerobic soils are submerged, the surface Eh

(300 to S00) differs only slightly from the flooding water. However, below the oxygenated surface

layer, which is only a few millimeters thick, the Eh drops sharply and may be strongly negative.

Our results for soil basins flooded with SSE were similar and demonstrated that diurnal cycles of

Eh in the SSE and to a soil profile depth of 2 cm, but not 13 cm, are associated with daily fluxes of

DO in the SSE (Fig. 2). Diurnal Eh fluxes in the soil are superimposed on Eh values that are

decreasing during 14 days flooding (Gilbert et al., 1974). The course, rate and magnitude of the Eh

values and fluxes in the soil are dependent on the type and amount of organic matter, the nature and
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Figure 2. Diurnal fluxes of dissolved oxygen and redox potentials in
soil basins flooded with secondary sewage effluent on a
selected winter and summer day.

content of electron acceptors, temperature, and the duration of submergence. Since nitrate -N is known
to stabilize Eh at about 200 mV in denitrifying environments (Bailey and Beauchamp, 1971; Ponnameruma,
1972), then nitrate -N or nitrite -N formed by nitrifying bacteria in the oxidizing zones associated
with the benthic algal matrix was denitrified and probably caused the diurnal cycles of Eh in the
surface sediments and the top 2 cm of soil. In the summer, the Eh at 2 cm was consistently higher
and the nitrification -denitrification processes were greater, because of the higher temperature and
greater amount of solar radiation.

SUMMARY AND CONCLUSIONS

In conclusion, our results have indicated that nitrification, which must occur before denitrifica-
tion can proceed, was associated with the growth and development of algae on the surface of the soil
basin during each flooding period. The daily activity of algae produced diurnal fluxes of DO and Eh
that induced conditions favorable for nitrification. Subsequently, the nitrate -N and /or nitrite -N
formed would be denitrified, while infiltrating through the reduced zones of the organic sediments and
surface 2 cm of soil. Therefore, during flooding periods these biological processes that control
N- removal are occurring in a diurnal manner, because of the daily photosynthetic activity and DO
production by algae in the soil basin; and the magnitude of these diurnal biological processes was
greatest during the summer, because of higher temperatures and longer photoperiods, which induced
greater rates of respiration and photosynthesis.
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THE EFFECTS ON WATER QUALITY BY MINING ACTIVITY IN THE
MIAMI, ARIZONA REGION

by

Don W. Young and Robin B. Clark

ABSTRACT

Intensive strip and leach mining activity within a confined region usually causes
environmental impacts both on the land and on water quality. Adverse water quality
effects could be realized long after any mining activity has ceased due to the contin-
uous leaching by precipitation of contaminants from spoils piles and leach dumps. The
Miami, Arizona region is unique in its surface and subsurface hydrology. Two unconnect-
ed aquifers underlay the region with both serving as domestic (private and municipal)
and industrial (mining) supply sources. The shallow floodplain alluvial aquifer is
hydraulically connected to surface drainage from mine tailings and leach dumps. Several
wells drawing from this aquifer have been abandoned as a municipal supply source due to
severe water quality degradation. Water quality in these wells varies directly with
precipitation indicating a correlation between surface drainage over and through tail-
ings and leach piles. Expansion of spoils dumps into natural recharge pathways of the
deeper Gila Conglomerate aquifer has raised concern that this aquifer may also be sub-
jected to a long term influx of mine pollutants. Questions have also been raised con-
cerning the potential effects of a proposed in situ leaching operation on the water
quality of the conglomerate aquifer.

PHYSIOGRAPHIC SETTING

The Miami -Claypool area lies in the southern portion (Township 1N, Range 15E) of
Gila County, Arizona, approximately 96 miles due east of Phoenix, Arizona (see Figure 1).
The region is historically made up of copper mining communities such as the Town of
Miami (population 3,394), which date back to the late 1800's.

The project area lies in the basin and range province, in the physiographic unit
of Arizona described by geographers as the mountain region. The Miami -Claypool area is
located at approximately 3,400 feet above mean sea level in a northeast -trending trough
of the Pinal Mountain range. The highest point in the range, Pinal Peak (7,848 ft.),
lies 10 miles to the south, and the towns are enclosed by stream -dissected mountainous
topography on all sides. The topographic configuration of the northerly side of the
Miami -Claypool valley has been modified by extensive mining operations and their con-
sequent tailings dumps and leach piles on the slopes. Slope modification as a result
of tailings accumulation is shown in Figure 2.

Surface water drainage on the surrounding watersheds is typified by a high density
of well -incised first, second, and third order channels which carry runoff into Bloody
Tanks Wash. Slopes of the tailings which form much of the northerly runoff -bearing
surface of the Bloody Tanks Wash watershed are deeply incised and virtually devoid of
vegetation.

The region is underlain by two aquifers (Shallow Floodplain Alluvial and Gila Con-
glomerate) which historically, and at present, serve as the principal sources of mun-
icipal, industrial and private domestic water. No other viable aquifers are known
within the substrata of the region.

DESCRIPTION OF IN SITU LEACHING PROJECT

In situ leaching is conceptually a simple process. By way of example, an ore body
lying beneath the surface is penetrated by two or more cased and cemented wells. Leach

solution (in this case 2 -4 percent sulfuric acid) is pumped down an injection well where

The authors are respectively, Hydrologist III and Natural Resource Manager II, Arizona
State Land Department, Water Rights Division, Phoenix, Arizona.
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it is forced under high pressure through the ore body dissolving out the mineral de-
sired. The leachate containing the dissolved mineral is then pumped out of the other
recovery well(s) to the surface where the mineral is extracted employing one of several
electrochemical techniques. The leachate is then returned to the injection well to be-
gin the cycle again (see Figures 3 and 4). Sometimes explosive and /or hydrofracturing
techniques are employed to "rubbleize" the ore body prior to leach solution injection,
to open up fractures through which the solution can more easily flow.

GEOLOGIC STRUCTURE AND GENERAL GEOLOGY

The geologic structure of the project area reflects a system of northwest -trending
mountain ranges and faults. There are also numerous faults showing a northeasterly
trend. Surface water drainage patterns exhibit a strong fault alignment.

The Miami Fault (Figure 2) divides two major structural blocks: the Globe Valley
block to the east, and the Inspiration block to the west of the northeast -trending
fault line. Both blocks are dissected by intersecting faults and contacts, many of
which are expressed on the surface, and can be delineated on satellite and high altitude
aircraft imagery.

The two major rock units in the project area are the Pinal Schist (pcpi) and the
Gila Conglomerate (Qtg). The Pinal Schist, which forms the basement of the area, is of
Lower Precambrian age, related in time sequence to the Vishnu Schist formation of the
Grand Canyon. Outcrops of Pinal Schist and Schultze Granite make up the dominant rock
type exposed in the Pinal Mountains to Sleeping Beauty Peak area. The Gila Conglomerate
is an extensive valley fill material of late Pliocene to Pleistocene age, made up of
poorly sorted alluvium of Pinal Schist origin. The upper Gila Conglomerate contains
materials from other local granitics uncovered by erosion. Exploration drilling in the
Bloody Tanks Wash area has shown the Gila Conglomerate to exceed 4,000 feet in thickness
(Peterson, 1962).
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Figure 1: MAP OF MIAMI -CLAYPOOL AREA, ARIZONA
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The Gila Conglomerate rests on basement which is cut by considerable faulting and
fracturing, and was degraded by vigorous erosion prior to deposition of the conglomer-
ate. Faulting continued during the deposition of conglomerate, with evidence of dis-
placement and deformation in most exposures.

Alluvium in the area is made up largely of detritus from the Gila Conglomerate,
with contributions from local granitic porphyry and mineralized schist. Recent erosion-
al activity is cutting through these alluvial deposits to the deeper Gila Conglomerate.
This sequence is well exposed along Bloody Tanks Wash, which drains the project area
into Pinal Creek (Peterson, 1962).

The primary materials of the Conglomerate are diorite, schist, and quartzite frag-
ments averaging less than one foot in diameter, but with some occurrence of boulders of
10 -20 feet.

The Gila Conglomerate is cut by many small faults, striking in varied directions,
which are a result of compaction of the formation. Faulting in the Gila Conglomerate
is significant in its effects of impeding and directing flow of groundwater.

Groundwater occurring in the Gila Conglomerate aquifer is a product of precipi-
tation runoff, mainly in spring and early summer, from the surrounding mountain water-
shed. The igneous- metamorphic rock complex of the Pinal Mountains is nearly imper-
meable, allowing movement of groundwater only in fractured areas. The conglomerate
fill is reported in USGS research to be sufficiently "tight" in some locations as to
deliver almost no flow to wells penetrating the formation (Hazen and Turner, 1946).

EXPLANATION

Alluvium, Qal; talus, Qt; basalt, QTb; Gila conglomerate, QTg; dacite. Td;
Whitetail conglomerate, Ta; dia base, db; Naco limestone, Pn; Escabrosa
limestone, Me: Martin, limestone, Om; Troy Quartzite, Et; basalt, p6h;
Mescal limestone, ',Cm; Prippiag Spring quartzite, garner conglomerate at
the base, pods; Pioneer formation, Scanlan conglomerate at the hase, peps;
Ruin granite, perg; and Pinal schist, pepi

FIGURE 2: GENERAL GEOLOGIC PLAN OF THE MIAMI -CLAYPOOL AREA SHOW-
ING MAJOR FAULTING AND ENCROACHMENT OF TAILINGS ONTO
THE EXPOSED GILA CONGLOMERATE (from Reed, 1975).
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It is unlikely that there is direct hydrologic connection between the fault zones
in the Pinal Schist and Schultze Granite formations and the Gila Conglomerate aquifers.
Further, the major fault zones, with their associated clay formations, may form a
nearly impervious barrier to underflow of water.

HYDROGEOLOGY OF THE MIAMI -CLAYPOOL AREA

Based on an aquifer pump test performed on Arizona Water Company Well No. 6, a

drawdown curve was plotted which yielded an estimated K (hydraulic conductivity) for the
Gila Conglomerate aquifer of 0.75 gallons per day per square foot (gpd /sq. ft.). This

value is in agreement with the report written by Harshbarger (1976) who estimated a K

value of 1.0 gpd /sq. ft., or less, and indicates that on the average the conglomerate
aquifer is consolidated and tight.

This estimate of low hydraulic conductivity is further supported by the theory
that minor fractures within the Gila Conglomerate and the Pinal Schist are effectively
forced closed at the depths we are considering (1900 -2000 feet) by the sheer weight of
rock above. According to the equation for fluid velocity between parallel plates

V
Ap

b2AL 3» (Rouse, 1950),

whereGlp/ 0 L is the pressure gradient, 2b is the width of fracture andpcis fluid vis-
cosity, it follows that as b becomes smaller the flow velocity through the fracture is
reduced by the square of the size reduction (holding all other variables constant).
Since hydraulic conductivity K =V /I, and quantity Q = KIA, where I is the gradient and
A the area, it stands that if K decreases with depth, the possible quantity Q of leach -

ate that could be forced any substantial distance through minor fault lines is greatly

limited.

Pressures due to hydostatic loading could be 150 -200 pounds per cubic foot per
foot of depth, thereby effectively reducing b by several orders of magnitude due to

distortion of the rock itself. Proper placement of collection /monitor wells in the
operations phase of in situ leaching will effectively prevent escape of leachate from

the hydrofractured ore body, since the K of this zone would be greater than that of
the surrounding base rock.

However, well logs indicate that the conglomerate is not homogeneous (nor isotro-
phic) throughout its entire depth and that several semi -perched water lenses occur at
varying depths throughout. These lenses are probably connected by natural recharge
pathways to the surface water system of the surrounding watershed, and since the con-
glomerate does outcrop in the vicinity of existing and proposed mining activity it is

of the utmost importance that this aquifer be adequately monitored.

WATER QUALITY ANALYSES OF THE MIAMI -CLAYPOOL AREA

Considerable amounts of water quality data for the Miami /Globe region were obtain-

ed from various sources (USGS, State Health Department, Arizona Water Company, Arizona
Water Commission, Occidental Corporation, and Arizona State Land Department). These

data were evaluated from two perspectives: 1) the spatial distribution of ground water
quality within the region, and 2) the temporal migration of groundwater pollution with-

in the region.

Two water quality monitoring wells (MW -1 and MW -2) were established by Oxymin in
the shallow alluvial aquifer underlying Bloody Tanks Wash. These wells, both 101 feet
deep and 40 and 55 feet depth to water, respectively, are located 2500 feet down grad-

ient from the in situ leaching site, and slightly up gradient from Arizona Water Com-

pany well number 2 (see Figure 1). Monitor wells MW -1 and MW -2 have been sampled on a

weekly basis from May 14, 1976 up to and continuing through the present time. These

samples were analyzed by BC Laboratories of Bakersfield, California, an independent

testing facility. These data are considered representative of the present water quality
within the shallow alluvial aquifer when compared to chemical analyses from Arizona

Water Company wells numbers 1, 2, 3 and 4. According to State Land Department records,
these wells draw from the shallow alluvial aquifer underlying the region.

On May 11, 1976, the Arizona Department of Health Services conducted an investi-

gation of point pollution sources along a reach of Bloody Tanks Wash from above the

Oxhide Mine to the highway bridge below the Bluebird Mine. These data appear to be the
only surface water quality information available for Bloody Tanks Wash; however, it was

sufficient for comparison of surface and groundwater conditions.
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A trilinear plot of cations and anions of the aforementioned well and surface water
analyses provides evidence that the waters of the shallow alluvial aquifer throughout
the area are common with surface water flowing in Bloody Tanks Wash.

Arizona Water Company wells numbers 8, 10, 11, and 12 plot considerably differently
on trilinear paper and show agreement with Harbarger (1976) that the water in the Gila
Conglomerate, from which these wells draw, is a sodium- bicarbonate type, as opposed to a
calcium -sulfate type found in the shallow alluvial aquifer.

+ + ++
Plots of selected ions (SOq NO3, Cl K Na , Cu , and pH) from MW -1 and MW -2

over the period of time from 5/19/76 to 8/26/77 show severe fluctuations in concentra-
tions and correspondence between the highs and lows of the various chemical species. An
attempt was made to correlate quality parameters of the shallow alluvial aquifer with
discharge in Bloody Tanks Wash.

No stream discharge data is available for Bloody Tanks Wash, so local monthly pre-
cipitation records were obtained from Miami Copper Company, an official Weather Service
gaging station. A plot of these data, when compared with the ion concentration data
above, indicates that the high chemical concentration peaks correspond to periods of
high rainfall (and therefore, assumed high stream flow) with an approximate forty (40)
day lag, which is a realistic delay considering the composition of the alluvium and well
depths. This would substantiate that surface runoff from the considerable amount of
leaching dumps and mine tailings in the area (Figure 2) is infiltrating directly into
the shallow alluvial aquifer, and is appearing approximately 40 days later in the wells.

Although historic groundwater quality data is fragmented, examination of Arizona
Water Company wells and other analyses covering the period from August 1949 to present
(Tables 1 and 2) indicates a trend toward poorer water quality possibly due in part to
the substantial increase in surface mine tailings and leach piles over which surface
water must flow prior to reaching the streambed and /or to direct point source pollution
from tailing ponds and other sources. The chemical content of the waters of Bloody
Tanks Wash and the shallow alluvial aquifer is indicative of what one would expect to be
associated with mine wastes.

DATE.

8 -9 2 7 -312 3 -201 8 -9
1

5 -212 10 -231 2 -4 4 -2
2/ 2 -9 1/3/1949-' 1956u- 1962, 1964- 1964 -/ 1966- 1969 - 1976===

Ca 75 156 238 85 236 160 169 472

Mg 23 68 42 14 0 34 7 59

Na 40 25 30 65 159 33

Cl 35 16 26 55 24 12 21

HCO3 88 83 98 68 34

CO3 0 0 0 0 0

SO4 210 540 660 230 450 355 680 1490 148

F .5 .6 1.12 0.6 0.6 0.5 0.5 0.7 1.1

NO3 28 11 60 1 3.0

SiO3 17.3 27.0 23 10

Fe 0.5 .245 .15 0 .05 0 0 1.1

Mn .06 .05 .75.

Cu 5.0 1.8 .05 1.98

Cr .01 .01

As .01

TDS 450.0 918 1113 478 863 930. 1118 2101

P -A1k 0.0 0.0 0 0 0 8 0 0

M -81k 72.0 68.0 48 44 80 140 56 28

C -Hard 187.0 390.0 590 422 1181

Mg -Hard 95.0 280.0 0 28 243

Total Hard 282.0 670.0 670 270 590 500 450 1424 '210

pH 6.45 6.3 6.3 6.5 5.8 7.1

Lab No. 73563 127846 109403 11C342 114153 1784

TABLE 1. -- SUMMARY OF CHEMICAL ANALYSES FOR ARIZONA WATER COMPANY WELL NO. 1

(All constituents in milligrams per liter)

1/ Arizona State Health Laboratory

2/ Arizona Testing Laboratories

3/ Rainwater Entering Well
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7 -31 8 -16

DATE 195627 196117

Ca 142 122

Mg 25 21

Na 40

Cl 32 33

HCO3 98

CO3 0

SO4 430 335

F 0.2 .48

NO3 31

SiO3 34

Fe .05 .05

Mn .05.

Cu

Cr

As

TOS 814 709

7 -Alk 0.0 0

M -Alk 80 92

Ca -Hard 354

Mg -Hard 104

Total Hard 458 395

pH 7.6

Lab No. 127848

8-2117 6-21 10-2317
1962- 1963- 1964 -

67 82 114

11 9 20

21 34 57

12 22 31

68

o

183 220 280

0.4 0.2 0.4

8 37

26

0.1 0 0.8

.05

0.05

.01

.01

417 461 675

0 0 2

38 56 118

204

36

215 240 370

6.6

572 108541

TABLE 2. -- SUMMARY OF CHEMICAL ANALYSES FOR ARIZONA WATER COMPANY WELL NO. 2

(All constituents in milligrams per liter)

1/ Arizona State Health Laboratory
2/ Arizona Testing Laboratories

Waters drawn from the alluvial aquifer by Arizona Water Company well numbers 3 and
4 greatly exceed U.S. Public Health (USPH) drinking water standards and are usable for
domestic purposes only when mixed with waters drawn from the Gila Conglomerate aquifer,
or with waters imported from elsewhere. Wells number 1 and 2 have been abandoned for
municipal supply purposes due to high pollutant levels.

Analysis of chemical and well log data for Arizona Water Company well numbers 6, 7,

8, 9, 10, 11 and 12 indicates these wells all draw from the Gila Conglomerate aquifer
and produce between 40 -110 gpm. Although water quality varies somewhat from well to
well, it is generally much better water than that found in the shallow alluvial aquifer.
There is insufficient data at this time to effect thorough spatial and temporal distri-
bution analyses of water quality; however, it is suspected that the Gila Conglomerate
aquifer is also being affected to some extent by surface mine waste discharges entering
natural recharge zones. This is reinforced by the fact that mine tailings dumps are
situated directly over portions of the outcropped conglomerate as shown in Figure 2.

Some leakage between the shallow floodplain aquifer and the conglomerate aquifer
may also be occurring at various points of their contact, and /or a combination of water
from these two aquifers may be entering wells having perforations spanning both strata
or where cascading is occurring down well casings. Further data collection and analysis
would be required to substantiate this. Also, recharge of water along Russel Gulch from
the Solitude tailings pond to the conglomerate may be occurring.

Potentially the Gila Conglomerate aquifer has, and will continue to have, increas-
ingly greater importance with respect to the continued viability of the region from the
standpoint of municipal supply than does the shallow alluvial aquifer. The Gila Con-
glomerate aquifer remains the primary source of municipal water supply for the region
and its protection must be assured at all cost to maintain the continued viability of
the region.

However, there would obviously be a long term residual water quality impact due to
the continued leaching of pollutants from mine spoils by surface water even if all min-
ing activity in the area was discontinued. This impact would diminish over time (prob-
ably exponentially) to some indeterminate level, whereupon a leveling off of pollutant
input would be experienced.
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Conversely, increased mining activity, or an expansion of mines in the region,
could effect a spatial and temporal increase in pollutant influx levels. Spatial expan-
sion of pollutants would be bounded only by the expansion limitations of the mines them-
selves. Temporal migration of pollutants from spoils and leach dumps to the groundwater
would be limited by a variety of variables, such as meteorological conditions, hydraulic
and chemical character of the dumps, and stabilization practices of the spoils piles, to
name a few.

CONCLUSIONS AND RECOMMENDATIONS

1) The waters of the shallow floodplain aquifer are chronically chemically pol-
luted and exceed USPH drinking water standards. If the trend continues, the aquifer
will eventually be totally abandoned as a domestic water source unless an investigation
indicates large point source pollution influxes which can be controlled, thereby upgrad-
ing the water quality in Bloody Tanks Wash and the shallow alluvial aquifer.

2) As indicated, the Gila Conglomerate and Pinal Schist strata are highly faulted
throughout the region. It is conceivably possible that acid leachate could escape from
the ore body and bypass the collection and monitor wells through major fractures in the
Pinal Schist and Gila Conglomerate. Any leakage which did or could occur during the
early phases of Oxymin's in situ leaching project would be insignificant in amount, and
any acid leachate contacting the conglomerate aquifer would be instantly neutralized due
to the carbonate nature of the consolidating media. The injection, collection and moni-
toring wells, and the sealing thereof from overlying strata, as practiced by Occidental
appear to be adequate for protection against undetected leakage from the leached ore
body.

In situ leaching appears to be a viable alternative to cave block, open pit and
surface leaching methods, if properly planned and the necessary safeguards established.
It is conceivable that if in -place leach mining had been developed and utilized 60 or 70
years ago, much of the physiographic, ecologic, and hydrologic degradation now apparent
in numerous mining regions throughout the state would have been limited.

3) In general, the historic surface and underground mining activity within the
Miami region has contributed, and in all probability will continue to contribute, to
water quality degradation in both the floodplain and Gila Conglomerate aquifers. Some
degradation may also be associated with natural leaching phenomenon from the variety of
mineral ore -deposits underlying the region.

4) Small mining communities such as the Town of Miami typically have an inter-
woven socio- economic interdependence with large corporate mining activity. Historically,
such communities were formed and remain viable as a direct result of the mines. If the
mines permanently cease operations, then generally the towns either die, or desperately
struggle, more often unsuccessfully, to adopt a new economic base.

The town of Miami, Arizona is faced with an ever decreasing potable water supply
problem due to nuality degradation. Fortunately, the town is experiencing an almost
static growth rate thereby predicating a need for increased supply. Alternatives for
additional water supply have been investigated, including importation, treatment and
additional well fields; however, the rate base of the privately owned water company
which supplies the area would not, at present, support the required capital expenditure
to effect an alternative. Cooperative effort among the mines, the town of Miami and the
Arizona Water Company could provide the required socio- economic impetus to develop a new
viable water supply source for the town.
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WATER QUALITY OF RUNOFF FROM SURFACE MINED LANDS IN NORTHERN ARIZONA

by

James Kempf, Leo Leonhart, Martin Fogel and Lucien Duckstein

INTRODUCTION

Surface mining of coal in the West presents different hydrological problems from
mining in the more humid East. Instead of acid, increased salinity and heavy metal
contamination in runoff, along with lack of enough rainfall to sustain plant growth
for reclamation are three possible problems which could develop (Dove et al., 1974).
Natural uncertainty about rainfall must be quantified and combined with information
about salt loading in order to adequately plan reclamation efforts.

As an example, reclamation of surface mined land on Black Mesa in northern
Arizona is creating many small ponds which are fed by runoff from the surrounding
recontoured spoil. Some of these ponds are ephemeral, lasting for a few days after a
particularly heavy rain, but others have been in existence for several years, at vary-
ing water levels. The importance of these ponds to the ecological and economic devel-
opment of Black Mesa after mining is obvious. In a region where the average annual
precipitation varies from 177.8 - 609.6 mm, any accumulation of water will be of
value. However, the uses of these ponds will be severely restricted if the water
proves to be of low quality. Similarly, increases in salinity and heavy metal concen-
tration in runoff from mined lands could cause contamination of ground water and
streams.

This paper describes the results of a water quality sampling experiment on the
ponds and runoff at the University of Arizona's experimental watershed on Black Mesa.
Systems methodology, adapted from Duckstein et al. (1978) is used to model the water-
shed and the results of a computer simulation based on the model are reported.

WATER QUALITY EXPERIMENT

The Department of Renewable Natural Resources at the University of Arizona estab-
lished an experimental watershed on the J -3 mined site at Black Mesa in 1974. The J -3

mined site has a complicated reclamation history, involving several reseedings; how-
ever, the land surface has remained essentially undisturbed since the watershed was
recontoured four years ago. The watershed is approximately .022 sq. km in area and
drains directly into a small pond which usually dries out once or twice a summer.
Water within the impoundment is thus derived directly from the recontoured spoil.
Drilling into the pond bottom has revealed that seepage is minimal. Adjacent to the
mined site, a watershed of similar size and configuration, which has not been mined,
has also been monitored. For a more complete description of the J -3 watersheds, see
Verma and Thames (1974).

In August, 1977, runoff samples were taken from runoff plots number 1, 2, 3 and
4 on both the J -3 mined and unmined sites. Two water samples each were taken from the
pond below the experimental watershed and from another pond further up the road, below
the ramp. The samples were analyzed by the University of Arizona Soils and Water Test-
ing Laboratory for the following substances: dissolved phosphate, total phosphate,
soluble salts, pH, magnesium, sodium, chloride, sulfate, bicarbonate, fluoride,
nitrate and calcium.

One -way analysis of variance was performed on the water quality data, with the
four lakes as one treatment, the mined runoff samples as another, and the unmined

The authors are respectively, Graduate Research Associate, Department of Systems &
Industrial Engineering; Research Specialist, School of Renewable Natural Resources;
Professor, School of Renewable Natural Resources; Professor, Department of Systems &
Industrial Engineering; all at the University of Arizona, Tucson.
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samples as a third. Data on each of the dissolved substances was analyzed and means
were calculated for each treatment and for the entire data block (Montgomery, 1976).
The results of the water quality analysis of variance are shown in Table 1. The means
of all dissolved substances, except chloride, soluble salts, and bicarbonate, exhibited
significant differences at the .05 level. In all cases, except for nonconservative
ions (i.e., those undergoing biological cycling), the mean of the lake data is greater
than the mean of the runoff data, indicating that concentration of dissolved salts is
taking place in the lakes.

In addition to dissolved salts, analysis of soil samples from areas around
"hotspots" indicates that contamination of water bodies by phenol, cyanide, arsenic
and other heavy metals may be of concern. "Hotspots" form when carbonaeous wastes
which have been spoiled with the overburden materials have ignited spontaneously.
Venting of phenols and cyanide to the surface and oxidation of the soil have resulted
in concentration of these substances and of heavy metals in the areas around the hot -
spots. Arsenic concentrations of about 60 ppm have been measured in the coal itself,
and in soils adjacent to the vent, concentrations of 90 - 100 ppm have been measured.
Normal background concentrations in soil are between .1 - 40 ppm (Allaway, 1968).

Considering that several of these vents are located immediately upslope from the
pond on the J -3 mined site and above the pond up the road, samples of water and sedi-
ment were collected and analyzed for the purpose of determining whether contamination
may have resulted from erosion and runoff. The results of this analysis are shown in
Table 2, along with EPA standards for drinking water and some average soil concentra-
tions of heavy metals, from Miller and Koeppe (1971). On the whole, the data do not
appear to substantiate any significant threat to the quality of the impounded waters.

METHODOLOGY

A representation of the watershed -pond configuration on Black Mesa within a sys-
tem theoretic framework (Wymore, 1976) is diagrammed in Fig. 1. Random precipitation
events, in the form of a rainfall amount (KCl) and a storm duration (( 2) occur over the
watershed. Within the watershed subsystem, the rainfall is converted to runoff (X)
and the runoff picks up dissolved salt (k).

Output from the watershed, in the form of runoff and salt loading (Z) flows into
the pond. Evaporation from the pond (k) reduces the water level and causes changes in
the two pond state variables, salt concentration (KC) and pond volume (e). Since the
input into the watershed (precipitation) is random, the output from the watershed and
the pond state variables will be transformations of the random precipitation events.
Duckstein et al. (1978) use a similar model to describe phosphate loading in Lake
Balaton, Hungary.

Theoretical considerations (Crovelli, 1971) dictate use of a bivariate gamma dis-
tribution for modeling the precipitation events. Summer rainfall may be taken as a
Poisson process ( Duckstein et al., 1972) and therefore the time between storm arrivals
can be modeled using an exponential probability density function.

The Soil Conservation Service runoff equation (Soil Conservation Service, 1972)
can be used as the state transition function describing the transformation of rainfall
to runoff within the watershed:

(R-.2S
2

V (R +.BS) x AR x B (1)

where V is the storm runoff volume in m3, R is the rainfall amount, in mm., S is poten-
tial maximum infiltration, in mm., AR is the watershed area, in sq. km., and B is a
conversion constant.

Salt loading can be generated by multiplying the concentration of salt in the
runoff by the runoff volume:

Z= V x C x 0 (2)

where Z is the per event salt loading, in kg., V is the runoff volume in m3, C is the
concentration of salt in runoff (g /m ) and B is a conversion constant.

Within the pond, mass balance considerations dictate use of a difference equation
to describe the change in pond level. When no precipitation events are occurring,
evaporation removes water from the pond:
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Pn +1 = Pn - E (3)

where Pn
+1

is the pond volume at time n +l, Pn is pond volume at time n, and E is evap-
oration during time unit n.

If precipitation occurs, the pond volume is increased by runoff from the water-
shed:

Pa = Pb V (4)

where P is pond volume after an event and P is pond volume before an event. Changes
in saltaconcentration can be modeled by addikg salt loading to the salt within the
pond and dividing by the pond volume after an event:

K
(Z +(Pb x Kb))

(5)
a P

a

where P , Z, and P are as above, Kb is the salt concentration before the event and Ka
is the galt concentration after the event.

SIMULATION OF THE WATERSHED SUBSYSTEM

With Monte Carlo simulation (Fogel et al., 1976), random rainfall events can be
generated and used as input into the state transition functions for the watershed sub-
system. The resulting output can be examined for similarity to the actual watershed.

In order to determine the two parameters of the bivariate gamma distribution, 83
data points were analyzed using the maximum likelihood method. The resulting rainfall
amount parameter was .340 and the duration parameter was .020. The maximum likelihood
estimate for the exponential interarrival time distribution parameter was .186. For
the watershed model, the S parameter was set at 2.30 as a result of optimization
against a sample mean of runoff. The concentrations of dissolved salts measured in the
water quality experiment were used to generate the salt loading pdf's.

Five hundred simulated data points, corresponding to 13 years of data, were gen-
erated for analysis of the per event distributions. The method of moments was used to
estimate the parameters of the gamma distributions for runoff and loading of dissolved
sodium, sulfate, chloride, and fluoride. Figures 2A -E are plots of simulated data
histograms against the fitted pdf. A chi square test for goodness of fi4 was run on
the distributions, and in all cases, the test statistic did not exceed x'

025,511.07, indicating good fit (Hines and Montgomery, 1972).

In Table 3, statistical comparison is made between the means of data taken on the
J -3 watershed and the simulated means. The rainfall mean was calculated from the pre-
viously mentioned 83 data points, while the runoff mean was calculated using 15 data
points collected from hydrographs taken in the J -3 experimental watershed. The data
concentrations of salts were calculated by taking the product of the measured dis-
solved salt concentration and the runoff volume mean. As can be seen, none of the
test statistics exceeds t indicating that the hypothesis of equal means can-
not be rejected (Hines and Mnti mery, 1972).

In Table 4, the results of 100 years of simulated seasonal data (214 days per
season, April- October) are displayed. The seasonal data was generated by summing the
relevant quantity over the entire season:

iEl
Xi

(6)Xseas

where X is the seasonal data point, X. is the per event data point, and n is the
number Paivents in a season (Duckstein et al., 1978). Because data are available from
the watershed for only four years, no statistical comparison with the simulation is
possible.

DISCUSSION

In general, a comparison of the water in the impoundments with water quality
standards for drinking and agricultural water (U.S. Department of the Interior, 1968)
indicates that two potential problems could develop. The sodium concentration (21.5
mg /1 at Black Mesa) is at the upper limit of the recommended sodium concentration for
public water supplies (20 mg /1), but is by no means outside the range actually found
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(4 -130 mg /1, California survey in J. Am. Water Works Assn., 1969), and is well below
the 500 mg /1 limit for irrigation water set by the Department of Interior (1968). The
fluoride concentration at Black Mesa, on the other hand, is 1.15 mg /1, which is very
close to the upper limit of fluoride concentrations recommended by the U.S. Public
Health Service (1962) of 1.7 mg /1. Potential lowered water quality could develop in
the near future from fluoride contamination, especially since the simulation indicates
a yearly fluoride loading of .021 kg.

With regard to the heavy metal data, there may be some concern over certain trace
elements in the sediment affecting revegetation. For example, the state of Montana
has established "suspect" or "red flag" levels for chemical constituents in mine spoils
(Harrington, 1978). In the lake sediments, the following chemical constituents have
exceeded these levels: cadmium, lead, nickel and zinc.

It should, however, be kept in mind that these guidelines are not regulatory
standards and have been established for species common to the Northern Great Plains.
Species native to and suited for the Colorado Plateau may have significantly different
tolerances to these elements. Further, there may be some question as to the concern
over lake bottom sediments when these guidelines have been established for soils. How-
ever, the ephemeral nature of certain of the lakes indicates that sediments may be re-
distributed through wind erosion.

In order to develop further the simulation model, more data are needed. A time
series of salinity concentrations in runoff and in the ponds would allow for analysis
of variations in time. The SCS runoff equation assumes a static watershed configura-
tion, while revegetation and compaction of the spoil may actually be altering runoff
characteristics. In addition, no winter data were included, partly because the evi-
dence indicates that runoff from winter storms in the mined area is minimal (Thames
et al., 1975).

Incorporation of equations 3 through 5 into the model, simulating the pond, will
require more information on the topography of the J -3 pond and the surrounding area.
The pond receives water from other parts of the mined land, which are not included in
the J -3 mined watershed. In addition, although sporadic data has been taken on the
water level in the pond and on the size of the pond during various seasons, from aerial
photographs and other sources, no consistent measure of the size and depth of the pond
is available for validation. To evaluate equations 3 through 5, initial conditions
are required. Recognizing that collection of additional data may not be economically
desirable, a Bayes analysis could be applied to the available data (Raiffa and
Schlaifer, 1961), in order to quantify further natural and parameter uncertainty.

From the simulated results presented in Tables 3 and 4 and the results of the
water quality tests, salinity buildup in the pond appears to be occurring. However,
considering that the pond drys up for several days during the summer, certain of the
salts may become bound to the sediments and distributed by the wind, reducing the salt
concentration upon refilling. Furthermore, revegetation of the spoil may cause a re-
duction in dissolved salt loading over time. Continued monitoring of both the pond
water and the runoff thus appears to be necessary.

CONCLUSIONS

Water quality tests of the pond water and runoff on Black Mesa indicate that the
water is within Federal standards for drinking and irrigation, except for sodium and
fluoride. The simulation results indicate that salinity buildup could be expected
over time, given a minimal change in watershed configuration, with possible develop-
ment of fluoride contamination being of particular concern. Furthermore, if econ-
omically desirable, collection of more data on the ponds could be used to develop a
simulation model of the pond subsystem, along the lines of the methodology outlined in
the present paper.
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Table 1 ANOVA results for water quality tests

F.05,2,9 = 4.26 F.10,2,9 = 3.01
Means

Ion F Level of Sig. Lake Unmined Mined

Dissolved*
PO4 9.95 .05 .375 .275 .7875

Sorbed PO4* 65.58 .05 .45 3.16 1.26

Soluble Salts .3713 232.75 237. 193.95

pH* 10.86 .05 6.93 7.02 6.65

Mg 11.76 .05 8. 3.5 5.25

Na 12.14 .05 21.5 5. 5.

Cl 3.82 .10 11.5 8.25 17.9

SO4 8.369 .05 60.5 22. 15.75

HCO3 4.19 .10 97.5 152.75 84.25

Fl 23.13 .05 1.15 .195 .65

NO3 19.903 .05 .69 0 .287

Ca 8.18 .05 32. 70.5 23.

*All concentration means in mg /1 except pH and dissolved and sorbed
phosphate. Dissolved and sorbed phosphate in ppm.

Table 2 Analysis of water and sediment from Black Mesa impoundments

A. Water Quality Analysis

Watershed Phenols Cyanide As

J -3 mined 1 ppb 10 ppb 10 ppb

Ramp 1 ppb 10 ppb 10 ppb

EPA standards 1 ppb 10 ppb 10 ppb

B. Sediment Analysis

Watershed Cd Pb Cr As Ni Cu Co Zn

J -3 mined .2 26.30 36.87 .1 20.40 35.89 10. 90.46

Ramp .1 18.75 22.00 .1 1.75 24.50 10. 74.25

Average 0.06 10. 100. 6. 40. 20. 8. 50.
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Table 3

t.025,513

Source

Test for equal

- 1.96

Mean

means, simulated

Data

vs. data,

Mean

per event basis

Simulated

t0 UnitsVariance Variance

Rainfall 5.12 47.74 5.07 13.1 .023 mm

Runoff 70.19 9700. 72.3 5040. .112 m3

Na 350.90 2.43x105 362. 1.26x105 .117 g

SO
4

1544.0 4.70x106 1670. 2.73x106 1.341 g

Cl 579.09 6.61x105 619. 3.48x105 1.135 g

F1 13.69 369.03 14.5 215.00 .209 g

Table 4 Simulated seasonal results

Rainfall Runoff Na SO4 Cl Fl

Mean 203 mm 2910 m3 14.5 kg 65.2 kg 24.3 kg .579 kg

Variance 1.78x103mm2 4.66x105(m3)2 11.6 kg2 196.0 kg2 256.0 kg2 .021 kg2

Figure 1 System Model for Black Mesa Watershed and Pond

Input

Precipitation (X1,X2)

Subsystem 1- Watershed
Salt Source, (C)
Generation of Runoff, (V)

Outputi
Runoff, (V)
Salt Loading, (Z)

Input
4

Subsystem 2 -Pond
Salt Concentration, (K)
Pond Volume, (P)

Output

9

Evaporation, (E)
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Figure 2A Simulated and Fitted PDF for Runoff
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Figure 2C Simulated and Fitted PDF for Dissolved Sulfate
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Figure 2E Simulated and Fitted PDF for Dissolved Fluoride
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GEOMORPHIC FEATURES AFFECTING TRANSMISSION LOSS POTENTIAL"
ON SEMIARID WATERSHEDS

D. E. Wallace and L. J. Lane2/

ABSTRACT

Water yield studies and flood control surveys often necessitate estimating transmission losses from
ungaged watersheds. There is an imediate need for an economical method that provides the required ac-
curacy. Analysis of relations between stream order, drainage area, and volume of channel alluvium exist-
ing in the various orders is one means of estimating loss potential. Data needed for the stream order

survey are taken from aerial photos. Stream order is analyzed using stereophoto maps. Stream lengths

taken from the maps are combined with average channel width and depth data (determined by prior surveys)
to estimate volumes of alluvium involved. The volume of channel alluvium in a drainage network is dir-
ectly related to the stream order number of its channels. Thus, a volume of alluvium within a drainage
network (with a known transmission loss potential) may be estimated by knowing the order of each length
of channel and the drainage areas involved. In analyzing drainage areas of 56 -mi2 or less, 70 to 75

percent of the total drainage network length is contained within first and second order channels; yet,
these constitute less than 10 percent of the total transmission loss potential of the areas. Analysis

of stream order and drainage area versus volume of alluvium relations allows preliminary estimates of
transmission loss potential to be made for ungaged areas.

INTRODUCTION

Water needs become more critical each year in the southwestern United States. Increasing urban
demands as well as expanding industry and agriculture are putting more pressure on existing water sup-
plies. Flood prevention and control are also an inherent part of the problem. Thus, it becomes essen-

tial to be able to estimate present and potential water yield from these developing areas.

Much of the streamflow from watersheds in the semiarid Southwest occurs between July and October as
a result of intense convective storms. The channels are dry most of the year, but when flow occurs, it
is often flash flood type. Often, the infiltration rate is so high that the flow is completely absorbed
by the channel aggregate within a short distance (Renard; Burkham, 1970). These channel "transmission
losses" can be significant contributors to ground water from the higher order channels (Wallace and
Renard, 1967; Osborn and Renard, 1973).

The influence of each order channel on the transmission loss potential in the complete drainage net
is the subject of this study. We made no attempt to separate the influence of antecedent moisture or
"prior wetting" of the channels at this time; rather, we have attempted to estimate maximum loss poten-
tial.

Runoff from semiarid watersheds becomes proportionately less as area increases (Keppel, 1960). Geo-

morphic data taken from watersheds under study by the Science and Education Administration (SEA) indicate
these changes may be a means of predicting the amount of transmission losses as drainage area increases.

AREA DESCRIPTION AND PARAMETER SELECTION

The Santa Rita Experimental Range (50,000 acres), located some 30 miles south of Tucson, and the
Walnut Gulch Experimental Watershed (38,000 acres), located near Tombstone, were data collection sites
for this study (Fig 1). Both are situated on broad sloping bajadas with well -developed drainage systems.
Elevations range from 2900 to 4500 feet in the Santa Rita Range to 4000 to 6500 feet at Walnut Gulch.
Annual precipitation ranged from 10 to 20 inches in the Santa Rita Range, while that at Walnut Gulch
ranges from 5 to 18 inches.

1. Contribution of the United States Department of Agriculture, Science and Education Administra-
tion, Federal Research.

2. The authors are Research Geologist and Hydrologist, respectively. Southwest Watershed Research
Center, 442 East Seventh Street, Tucson, Arizona 85705.
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Fig. 1. Location of Walnut Gulch Experimental Watershed and Santa Rita Experimental Range.

Vegetation on the Santa Rita Range watersheds is mostly mesquite, cacti, and other shrubs, with
limited grass cover. Walnut Gulch vegetation is predominantly shrubs and varying amounts of grass, with
lesser amounts of mesquite and cacti.

Soils of the two areas are generally poorly developed over alluvial gravels and coarse sand, with
clastic materials derived from the surrounding mountains. The stream channels are filled with clay,
sand, gravel, boulders, and caliche conglomerate, with an overall average porosity of 36 percent
(Murphey, Lane, and Diskin, 1972). These highly porous reaches of channel alluvium are natural storage
reservoirs for the runoff from summer storms.

Photo -topographic maps and stereo pairs of the photos of both Walnut Gulch and the Santa Rita Area
were used to delineate individual watershed boundaries and drainage networks. A standard Horton -
Strahler stream order analysis (Strahler, 1957) was made on each area, with a first order stream being
defined as the smallest channel with a sand bottom. The individual lengths of each order segment were
measured directly from the photo- topographic maps. Stream widths were measured by field survey at the
time the depths were determined. Depth of channel aggregate in the stream -beds was determined by exca-
vating to the impermeable material in the lower order streams. When the depth became too great to dig
( >5 feet), a smooth steel rod was driven into the channel bed until we encountered the subsurface con-
glomerate. The depth driven was then scaled off the rod. For the times when the contrast between loose
channel aggregate and resistant beds was not sufficient to determine depth, we excavated by shovel or
back -hoe.
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Throughout the study, even in areas where we
felt the rod method worked extremely well, we ver-
ified it by excavating to confirm its accuracy.
In the deeper regions (fourth or fifth order chan-
nels), a portable seismic refraction unit was used
to determine the depth to conglomerate or bedrock.
This was verified by running seismic traverses in
previously drilled or known areas, and we used all
existing well log data.

DATA AND RESULTS

The relation of drainage area to basin order
is well documented (Leopold, Wolman, and Miller,
1964). Figure 2 illustrates this relation for
areas discussed in this work. In general, ephem-
eral streams in the semiarid Southwest are charac-
terized by a uniform width and depth of alluvial
fill with stream order (Figs. 3 and 4). Geologic
or geomorphic anomalies, like a large width -depth
ratio or near surface bedrock or dikes, which may
change normal drainage patterns, can cause altera-
tions in the evolutionary process. Also, order
numbers may differ due to mapping scales, although
the slope of the lines (Figs. 3 and 4) usually re-
main the same. In this case, stream order of the
mapping done from photo- topographic maps increased
by 3 to 4 orders for areas larger than 10 acres as
compared to the smallest order represented on USGS
7 1/2 minute quadrangle maps. Smaller -area maps

were naturally done in more detail, although the
resulting curves were again similar.

The area contained within the drainage net-
work (length x width of all channels) developed
within the areas studied is directly proportional
to the total watershed area. This relation was
consistent for the wide range of areas tested
(Fig. 5). An average width and depth value was
determined for each order channel and combined
with length to determine the volume of alluvium
contained within each order channel.

This total volume of channel alluvium con-
tained in the drainage networks studied is related
to drainage area, as shown in Figure 6. The rela-
tionship between drainage area, A, and cumulative
volume of channel alluvium, 4, is

V= 4.96A132 (1)

From this, the rate of change of volume of allu-
vium with changing watershed area is

= 6.19A °.32 (2)

which is a measure of how alluvium volume increa-
ses with area.

The total volume of channel alluvium contained
in the drainage nets is related to stream order,
as shown in Figure 7. The relationship between
stream order, u, and cumulative volume of alluvium,
V-, is
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dig = 11.2e0.75u (4)
du

which is a measure of how channel alluvium volume increases with higher order streams,

An essential step in expanding the results here to areas other than those studied is to determine if
the relation between and u (Fig. 7 and Eq. 3) and the relation between V- and A (Fig. 6 and Eq. 1) are
appropriate, and if so, how the coefficients in equations 1 and 3 vary within broad geographic regions.

The volume of alluvium within the drainage net can be combined with a porosity and specific yield
value to estimate the "transmission loss potential" of an area. A sampling of the channel aggregate in
the drainage net at the time of measuring width and depth of channel fill can be used to determine a
mean porosity for the area. Mean specific yield can then be estimated from porosity versus specific
yield curves (Eckis, 1934). First and second order channels, although representing an average of 70 to
75 percent of the total length of the drainage net length (Fig. 7), contain only 20 percent or less of
the total volume of channel alluvium within the drainage net (Fig. 8). Thus, the higher order channels
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have a much greater potential for abstracting runoff from flow events. For example, 47 alluvium samples

were collected during a previous survey by Murphey, Lane, and Diskin (1972). The porosity of the samples

varied from 30 to 45 percent with a mean of 36 percent and with an estimated specific yield value of 28

percent. Losses computed from two flow events in a 4.13 -mile reach of channel in Walnut Gulch were 16.5

and 17 acre -feet, or about 4 acre -feet /mile of channel. These data were from a fifth order watershed.

Axial streams in the larger watersheds tested were fifth or higher order channels. A fifth order chan-

nel, tested by Murphey, Lane, and Diskin (1972) in the Southwest, was found to be capable of transmission
losses of 7 acre -feet /mile. Using volume of channel alluvium estimates from data on Walnut Gulch Exper-
imental Watershed, we determined that fifth through seventh order or larger channels have a potential
for transmission losses to a maximum of 85 acre - feet /mile at the outlet of Walnut Gulch watershed.

The influence of the two variables, watershed area and stream order (although intercorrelated), can
be compared using the multiple regression equation

= 6.475A1,27e0,032u (5)

From this equation, we can readily determine that the influence of stream order is small as compared
with the influence of watershed area. For example, the change in volume of channel alluvium of a third
order drainage area (e°.032(3) = 1.1008) as compared with a seventh order area (eO.032(7) = 1.2511) is

small (a 0.15 change) in comparison with the change in volume of channel alluvium with increasing area.
For example, a 0.17 -miles square drainage area (third order) contained a volume of channel alluvium of
0.31 acre -feet as compared with 1275 acre -feet of channel alluvium contained within the drainage system

of a 56 -miles square (seventh order) area.

Thus, quantitatively speaking, area is dominant in the predictive equation with stream order exert-
ing little influence. However, the high correlation of channel width and depth with stream order and the
relation of drainage network area to watershed area both lend credibility to the use of drainage area
alone in the predictive equation.
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POO

Geologic or geomorphic anomalies, like an extreme width -length ratio or near surface bedrock and
dikes, may change normal drainage patterns and cause alterations in the evolutionary process. These must
naturally be taken into account when estimating channel alluvium volumes. These can often be isolated
on aerial photos and field verified later.

Changes in channel slope must be carefully considered, also. This is more difficult to evaluate
without field study. An abrupt increase in slope can change a channel with a sand and gravel depth of
alluvium of 3 to 5 feet to a large boulder -strewn channel with essentially no finer grained alluvium. A
lessening of channel slope can also cause dramatic changes in alluvium texture and volume. Drainage
may become discontinuous, creating large dump areas and sand bars, with gullies and headcutting starting
the whole cycle over again at a point immediately downstream.

DISCUSSION AND SUMMARY

The data and results presented here are an attempt to devise a workable method of estimating the
volume of channel fill or stream gravel in ephemeral drainage networks in southeastern Arizona. These
data can then be combined with average porosity and specific yield values to estimate the maximum trans-
mission loss potential for the channel networks.
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From the limited number of watersheds presently tested, watershed area proved to be the dominant
variable. As compared with the effect of the watershed area, stream order did not exert any great influ-
ence on the equations derived. However, the credibility of using drainage area alone in the predictive
equations has been enhanced by the analysis of relations existing between width and depth of ephemeral
channels versus stream order and those existing between drainage network areas versus watershed area.

We made no attempt to account for prior wetting of channels, antecedent soil moisture, or the vari-
ous changes in infiltration rates due to alluvium layering and the sealing due to colloidal material in
infiltration during and after each flow event. Also, opportunity time or duration of channel wetting
will influence the amount of loss possible from differing runoff events. Because of the inherent short
duration of flow characteristic of ephemeral runoff events, the maximum loss potential would very likely
never be reached. However, the potential for management practices, like water harvesting and recharge
enhancement within the larger channels, make these types of data extremely valuable.
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The application of this method to other land
resource areas has yet to be determined. Geologic
and geomorphic anomalies within the areas measured
have varying degrees of effect on the accuracy of
the method. Any variations within the drainage sys-
tem will necessarily detract from the accuracy of
the estimates made; thus, the value of the method
is greatly increased by any additional data avail-
able, like soil surveys, geophysical data, or any
existing well logs of the area in question. The
method is believed sufficiently accurate to use as
a tool for estimating transmission loss potential
in preliminary site evaluation and land resource
surveys.
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RAINFALL -RUNOFF RELATIONSHIPS FOR A
MOUNTAIN WATERSHED IN SOUTHERN ARIZONA

Matts Myhrman, C. B. Cluff and Frank Putman

ABSTRACT

A network of rain gauges and two recorder -equipped flumes were installed near the
head of Cottonwood Canyon on Mt. Hopkins in the Santa Rita Mountains pursuant to a
water development study for the Smithsonian Institution's Mt. Hopkins Astrophysical
Observatory. The watershed is generally characterized by steep slopes, a dense ever-
green woodland cover predominated by several species of oaks, isolated bedrock ex-
posures and talus chutes. The watershed for the lower flume site comprises about 145
acres (58.60 ha) with an elevation range from about 6775 to 8580 feet (2,065 to
2,615 m). Rainfall- runoff measurements were made during the summer and fall of 1977.
A runoff efficiency of 0.56 percent was calculated for the lower -flume watershed. How-
ever, since physical evidence of surface flow was found only in side drainages receiv-
ing runoff from culverts located along the Mt. Hopkins access road, a second calcula-
tion was made, using only the total area of contributing road surface as the watershed
area. This yielded a runoff efficiency of 27.0 percent. The latter value, adjusted
for infiltration on the slopes below the culverts, agrees well with measured efficien-
cies for compacted -earth water harvesting catchments. Based on the above, recommenda-
tons were made for developing a water supply system using the access road, modified
to increase its effectiveness, as a water harvesting system and having two surface
reservoirs for storage. A computer model was used to test the capability of the
system to meet the projected water needs of the observatory.

INTRODUCTION

At the request of the director of the Smithsonian Institution's Mt. Hopkins Astro-
physical Observatory, the authors undertook the study described herein. The request
was based on the need for additional water to meet projected growth in demand. The
existing water supply system consists of two springs in the upper part of Cottonwood
Canyon and appurtenant pumps, lines and storage tanks. Due to the seasonal nature
of the spring flows, it had already been necessary during several periods to haul
water, at an estimated cost of $0.10 /gallon, from the valley floor. Projected in-
creases in the number of staff members over the next ten years required the identifi-
cation and development of additional supplies. The study initially focused on Cotton-
wood Canyon due to its proximity to the observatory's facilities, historical record
of significant surface flow and the presence of several practicable dam sites. A

second alternative being considered at this time was the construction of a paved water
harvesting catchment on a flat area near the summit of Mt. Hopkins.

PHYSICAL SETTING

The Santa Rita Mountains, of which Mt. Hopkins is the second highest peak (8,580
ft, 2,615 m) lie approximately 40 miles SSE of Tucson. The observatory facilities,
reached by a dirt road from Amado, are located on a ridge extending SE from the main
peak at an elevation of about 7,700 feet (2,347 m). The generally south -facing slope
extending down from the summit and the generally west - facing slope extending down from
the above- mentioned ridge, form the uppermost part of the watershed for the north
branch of Cottonwood Canyon.

The portion of the watershed studied lies in the southern half of Sec. 14 and
northern half of Sec. 15 of T. 20 S., R. 14 E. (Mt. Wrightson Quadrangle, 15 minute
series). It varies in elevation from about 6,775 to 8,580 ft (2,065 to 2,615 m).

The authors are respectively, Research Assistant, Associate Hydrologist and Graduate
Assistant, Water Resources Research Center, The University of Arizona, Tucson.
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The slopes are generally steep, ranging from 50 to 70 percent, and are covered with
dense vegetation. Several species of evergreen oaks dominate the tree cover, but
alligator junipers are common along the drainages and occur occasionally on the slopes.
A variety of native grasses and shrubs occur as ground cover. Several large isolated
outcrops of the bedrock, a fractured diorite, occur on the south -facing slope below
the summit and talus chutes and rock slides constitute other non -vegetated areas. The
narrow dirt access road climbs the west -facing slope of the watershed to the facilities
on the ridge, making several switchbacks in the process. It then continues to the
summit, cutting across the watershed again near the top of the south -facing slope.
The average annual precipitation for the period 1970 -77, as measured on the ridge, was
20.26 inches (7.98 cm). During 1977, about 70 percent of this annual total fell
during the period 6/24 through 9/27.

INSTRUMENTATION AND DATA REDUCTION
,

A 3 -foot (0.81 m) H -flume (Holtan, 1962) (henceforth called the lower flume) was
installed in the stream channel at an elevation of about 6,775 ft. (2,065 m), thus
defining the lower extent of the study area. A 1.5 foot (0.46 m) H -flume (the upper
flume) was installed at an elevation of about 7,100 ft. (2,164 m). Stage recorders
at each flume were operated from 6/28/77 through 9/27/77. See Figure 1 for flume
locations.

A programmed Wang calculator was used to convert the time -stage data, read from
the recorder charts, to runoff data. Hydrographs were also plotted for each storm.
Total volume for extended periods of base flow was determined as accurately as
possible from the charts. The total runoff at the upper flume for the period 6/20/77
through 9/27/77 was estimated to be 225,760 gallons (855 m3). For the same period,
at the lower flume, the estimate was 301,660 gallons (1,143 m3).

A recording rain gauge located on the ridge at Knoll #1 was operated from 6/24/77
through 9/27/77. Six plastic rain gauges were also recorded from 6/27/77 through
9/29/77. These were located at each flume, in two places on the ridge, on the road
near the summit and at the summit. See Figure 1 for locations.

Table 1 presents storm precipitation data for the seven gauges. Combinations of
the totals for the individual plastic gauges were used in calculating average pre-
cipitation totals for the upper -flume watershed and the lower -flume watershed. These
were then adjusted downward by a fixed percentage, based on the difference between the
total for the plastic rain gauge at Knoll #1 and the total for the recording rain
gauge at the same location. These adjusted values were then used in the runoff
efficiency calculations discussed in the next section.

RUNOFF EFFICIENCY CALCULATIONS

For the initial calculations, the watershed boundaries for the upper and lower
flumes were adjusted to take into account culvert locations. The areas were then
determined by planimetry to be 74.6 acres (30.2 ha) for the upper flume and 144.7
acres (58.6 ha) for the lower flume. The runoff efficiencies for the upper and lower
watersheds were then calculated to be 0.80 percent and 0.56 percent, respectively.

Visual inspection of the side drainages after runoff events indicated, however,
that the side drainages on the south -facing slope of the watershed were contributing
no surface flow to the main channel. Only those side drainages on the west -facing
slope which received runoff from the road surface via one or more culverts appeared
to be contributing surface flow to the main stream. Therefore, an additional cal-
culation was made in which the total area of road surface on the west- facing slope
within the lower -flume watershed was considered to constitute the effective water-
shed. The road surface areas for appropriate sections of the road were determined
from extensive road -width measurements made with a distance wheel. This calculation
yielded a runoff efficiency of 27.0 percent.

A well- maintained, compacted -earth catchment at the Atterbury Experimental Water-
shed near Tucson had a measured runoff efficiency of about 35 percent during its
initial 18 months of operation. The Mt. Hopkins road surface, being continuously
compacted by traffic, certainly has an actual runoff efficiency of at least this mag-
nitude, but infiltration on the slopes between the culverts and the main stream chan-
nel would easily account for the lower calculated efficiency.
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TABLE I

STORM PRECIPITATION DATA IN INCHES FOR UPPER COTTONWOOD CANYON

Date of
Storm Mt. Hopkins
Event (Summit)

Summit
Road

Knoll*
#1
(R.G.)

Knoll **
#1

(P.G.) Wikieup
Upper
Flume

Lower
Flume

7/3/77 .76 .82 .94 .92 .90 .95 .78
7/9 -10/77 1.25 1.30 .53 .60 1.75 1.05 .77
7/11/77 1.25 .96 1.78 1.90 1.15 1.35 1.40
7/12/77 .28 .36 .36 .38 .32 .40 .40
7/14/77 1.10 1.55 .82 .90 1.30 1.30 1.25
7/18/77 .10 .10 .10 .15 .17 .10 .10
7/19/77 1.00 .96 1.51 1.80 1.60 1.20 1.60
7/20 -21/77 .13 .15 .14 .21 .15 .15 .15
7/22 -26/77 .54 .68 .52 .58 .60 .68 .92
7/28/77 .09 .07 .32 .33 .10 .15 .32
7/30/77 .03 .02 .01 .01 .01 .01 .02
8/1/77 2.00 .90 .55 .70 1.05 1.20 1.25
8/2/77 .46 .50 .20 .22 .32 .34 .40
8/8 -9/77 .34 .34 .22 .25 .27 .27 .25
8/12/77 .90 1.20 .93 1.10 .96 .94 1.05
8/13/77 .37 .59 .72 .74 1.13 .74 .55
8/14/77 .03 .05 .06 .06 .09 .06 .04
8/15/77 .10 .16 .19 .20 .15 .20 .15
8/15/77 .08 .08 .08 .09 .11 .12 .09
8/16 -19/77 .45 .44 .47 .51 .62 .68 .55
8/19 -22/77 .25 .30 .28 .30 .32 .32 .30
8/22/77 .50 .50 .34 .34 .32 .36 .50
9/2/77 .08 .06 .06 .11 .08 .10 .10
9/3/77 .40 .50 .38 .40 .42 .52 .50
9/9/77 .28 .30 .20 .21 .25 .24 .24
9/11/77 34 .38 .48 .50 .44 .48 .48
9/26/77 .38 .30 .61 .64 .40 .52 .50

Total
Precipitation 13.49 13.57 12.80 14.15 14.98 14.43 14.66

*Recording gauge
* *Plastic gauge

EFFECT OF CULVERT LOCATIONS ON WATERSHED BOUNDARIES

As the study progressed, the focus gradually shifted from Cottonwood Canyon to a
smaller unnamed drainage immediately to the south. This was prompted by the presence
in this drainage of a ready -made storage reservoir, created by the emplacement of
fill during the road -building process. By plugging the existing culvert and sealing
the upstream slope of the road fill, an effective dam could be created at low cost.
Although this new site had a much smaller watershed than that calculated for the
lower flume, simple modifications could create a contributing road surface area greater
than that for the lower flume. Since, by this time, it had been determined that area
of road surface was apparently the most important factor determining runoff, it was
decided to take advantage of this low -cost storage site.

The culvert locations that affected the watershed boundaries for this potential
storage reservoir were studied to determine how much additional road surface might
be brought into the effective watershed by blocking selected culverts. For purposes
of comparison, boundaries were determined for the watershed as it would have existed
without the road and culverts, the watershed as presently affected by the culvert
locations and the watershed as it would be if certain changes were made to incorporate
additional road area. The three watersheds were then planimetered, with the following
results: pre -road watershed, 35.5 acres (14.4 hectares); present watershed, 32.7
acres (13.23 hectares); possible future watershed, 51.3 acres (20.76 hectares). The
results indicate not only that the blocking of selected culverts would significantly
increase the size of the watershed for the proposed reservoir, but also that the pre-
sent watershed is actually smaller than the pre -road watershed. It appears that when
dealing with small mountain watersheds whose boundaries are crossed by roads, one
cannot safely ignore the effect of culvert location.
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It was also found that, by closing off certain culverts and making several other
simple engineering changes to affect drainage, the area of road surface within the
effective watershed could be increased from 1.4 acres (.58 ha) to 3.3 acres (1.2 ha)
with a concomitant increase in runoff. One long section of road surface that could
easily be added would feed directly into the proposed storage reservoir immediately
up gradient from the road -fill "dam ". The runoff efficiency of this section would
approach that for a compacted earth catchment and thus significantly increase total
runoff.

RECOMMENDATIONS FOR WATER SUPPLY DEVELOPMENT

Further investigation of this smaller drainage to the south of Cottonwood Canyon
confirmed the existence of two potential reservoir sites. With slight modifications,
the site above the road -fill "dam" could store about one million gallons (3,788 m3).
A second reservoir capable of storing about 0.5 million gallons (1,893 m3) could be
created by constructing a 25 foot (7.6 m) high dam several hundred feet downstream
from the road -fill "dam ". Bedrock outcrops and a narrow "v "- shaped cross -section at
this location make it an attractive site for a lower dam.

In light of these excellent reservoir sites, and the ease with which the road
system within this drainage could be developed as a water harvesting system, the options
being considered for Cottonwood Canyon and for a paved catchment near the summit were
abandoned. It was recommended that the two above -mentioned storage reservoirs be
constructed, with the upper reservoir serving both for water storage and for trapping
the inevitable sediment load. The spillway for this reservoir would completely bypass
the lower reservoir. In addition, a pumping system was recommended to enable water
from the upper reservoir to be trickle -filtered down the slopes into the lower
reservoir or be pumped back up into the upper reservoir if infiltration past the
upper dam should prove excessive during extended low -runoff periods.

To reduce evaporation losses, it was recommended that the lower reservoir be
covered with a monolithic sheet of floating foamed butyl rubber and that the upper
reservoir be covered with 2x2 foot (.61 x .61 m) squares of wax- impregnated poly-
styrene foam (Cluff, 1977b).

In order to create an adequate water harvesting system for these reservoirs,
recommendations were made for closing off some culverts, equipping others with simple
control structures, enlarging the ditch at the foot of the cut slope in order to
accomodate increased runoff and paving certain sections of the road. Also included in
the system would be the necessary pumps and distribution lines to move water from the
lower reservoir up to a nearby storage tank and then on up to the facilities on the
ridge.

RESERVOIR OPERATION BASED ON COMPUTER MODELING

A computer model (fluff, 1977a) was used to simulate the operation of the pro-
posed system over a 12 year period. This was done to confirm that the proposed
storage capacity would be adequate to meet projected weekly demand over the long
term and would be able to normalize the expected variation in runoff with an acceptable
amount of spillage out of the system.

The limited daily precipitation data base collected during the study for the
Cottonwood Canyon watershed was first used to calibrate the model. Parameters in
the daily rainfall- runoff relationship were adjusted to optimize the correlation be-
tween measured runoff and simulated runoff, both on a storm -by -storm basis and for
total runoff for the period. Once the model was calibrated for the Mt. Hopkins data,
a 12 year daily precipitation record from Kitt Peak was used to estimate the runoff
from the proposed, modified watershed over a similar period. The Kitt Peak record
was chosen because it matched the Mt. Hopkins annual precipitation data for 1970 -77
well in terms of average annual rainfall (20.26 for Mt. Hopkins versus 22.55 inches
for Kitt Peak, 51.5 cm versus 57.3 cm) and because its variation from year to year
closely paralleled that for the Mt. Hopkins data.

Using the Kitt Peak data for the 12 year period 1965 -76, a storage capacity of
1,100,000 gallons (4,166 m3) for the upper reservoir and a projected weekly demand of
about 9,600 gallons (36.4 m ), the model generated a spillage of 106,660 gallons
(404 m3) and a minimum storage of 77,000 gallons (293 m3). As 100 percent storage
would not be cost -effective, the size of the upper reservoir was deemed to be adequate
to normalize expected variations in runoff. The lower reservoir could then be used
solely to store potable water infiltrating from or transferred by pump from the upper
reservoir. Its size could also be considerably less than originally determined as
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the maximum potential storage. An engineering consulting firm is presently comparing
the cost for a dam at the lower site with that for a steel storage tank or tanks.

CONCLUSIONS

Several conclusions of a practical nature can be drawn from the situations and
data described above:

1. Despite the existence of steep slopes and rather extensive bedrock outcrops,
mountain watersheds characterized also by dense oak woodland and significant amounts
of exposed talus may have surprisingly low rainfall- runoff relationships.

2. In calculating the area of small, steep -sloped watersheds whose boundaries
are crossed by roads, the location of culverts should be taken into account when
determining the boundary of the effective watershed.

3. For such watersheds, the road surface may contribute a very large percentage
of the surface flow and may be easily modified to create an effective water harvesting
system.

4. When conducting hydrologic studies in order to size culverts for mountain
roads containing several switchbacks, the contributing road -surface area should be
considered, since it could well be the major source of storm runoff.
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A MICROROUGHNESS METER FOR EVALUATING RAINWATER INFILTRATION

J. R. Simanton, R. M. Dixon, I. McGowan

INTRODUCTION

Soil surface roughness of tilled soils greatly influence infiltration and runoff with the influence
varying tremendously among climates, soils, and tillage systems. Burwell and Larsen (1969) found that
roughness provided a greater accounting of infiltration variation among tillage treatments than did total
pore volume. Dixon (1975) showed experimentally that accumulative infiltration was 11 times greater for
a rough than for a smooth surface. He also determined that the rough surface infiltration rate was 13
times more than the smooth surface rate. However, the surface roughness influence on rangeland soil in-
filtration has not been clearly demonstrated.

Soil surface measurement has been studied for many years. As early as 1900, a "viagraph" was in-
vented by Brown (Hveem, 1960). This device was a straight edge, 12 feet long and 9 inches wide, and
was drawn along the road surface. The apparatus recorded on paper a profile of the surface tested, and
a numerical index indicated the sum of the unevenness. Since this first documented roughness meter, a
wide range of profile measuring devices and methods has been developed.

Kuipers (1957) developed a relief meter consisting of a board with a centimeter scale, in front of
which 20 vertically moving needles were placed 10 cm apart. The board was placed horizontally on the
soil surface, and a bar holding the needles was released, causing all of the needles to slide down until
they touched the soil surface. The heights of the needles were read from the scale and recorded manual-
ly.

A more accurate roughness meter which gave 400 readings from a 1 -m2 plot was developed in 1961
(Burwell et al., 1963). The meter had measuring pins spaced 5 cm apart, and could measure surface rough-
ness accurate to 0.25 cm. Relative pin elevation was recorded manually. Kincaid and Williams (1966)
used a similar device on 1.80 by 3.65 -m plots and took measurements every 15 cm for a total of 253 read-
ings per plot.

An automatic profile recording device, developed by Schafer and Lovely (1966), rapidly and automat-
ically made and recorded a large number of point elevation readings. With this device, a single prod
measurement was made and recorded in less than 3 seconds; however, the heights were still read manually
from data logger stripcharts. Also, the need for electrical power and relatively long set -up time made
this device cumbersome for many field locations.

Curtis and Cole (1972) devised a micro -topographic profile gage consisting of a frame holding a row
of 40 pins set 3 cm apart and arranged so they could freely move vertically. A backboard with horizontal
lines was positioned behind the row of pins, forming a grid configuration when viewed from the front.
When the pins were lowered to the surface, a curve was exhibited, which was recorded on film for later
tabulation.

In this paper we describe a microroughness meter developed to obtain numerous and accurate measure-
ments of rangeland surface microroughness and characteristics.

METHODS AND MATERIALS

This roughness meter was developed for use in multi -plot sprinkler infiltrometer studies on the
Santa Rita Experimental Range in southeastern Arizona. The meter was designed to measure soil surface
elevations and characteristics of a 1 -m2 plot.

ROUGHNESS METER

The meter (Fig. 1) consists of four basic parts: (1) meter base and pin guide, (2) pin lifting sup-
port bar and lifting mechanism, (3) 100 vertically moving pins, and (4) stripchart support guide, and

The authors are Hydrologist, Soil Scientist, and Student Aid, respectively, United States Department of
Agriculture, Science and Education Administration, Federal Research, Southwest Rangeland Watershed
Research Center, 442 East Seventh Street, Tucson, AZ 85705.
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winding mechanism. One hundred measuring pins, spaced 1 cm apart, are supported by pin guides on the me-
ter base and lifted by the pi.ln- ifting bar that is actuated by a hand crap . Each measuring pin is tip-
ped on each end with a l -cm diameter metal ball. The 100 pins are lowered simultaneously by releasing
the pin lifting bar, and hand- cranking the bar down. Once lowered, the measuring pins conform continu-
ously with the ground surface which is projected as a continuous line at the tops of the pins (Fig. 2).
This projected surface is manually traced onto the stripchart mounted behind the pins. A l -cm diameter
marking pen with a bubble level attached is used to trace a line along the pin tops onto the chart. Af-
ter a line is recorded, the pins are lifted simultaneously by cranking up the lifting bar. Different
colored tracing pens can be used to trace different plot locations on the same chart section, or the
chart can be wound forward so a new chart section is available for each plot location or transect line.

In our study, we took line readings every 10 cm parallel to the plot slope. This in effect gave us
1000 roughness point readings /m2 plot.

Figure 1. Working parts of the microroughness meter.

1. Meter base and pin guide.
2. Pin lifting mechanism.
3. Measurement pins.
4. Stripchart, guide, and winding mechanism.

mli itilltiUti odtkili,'

Figure 2. Microroughness meter and pen trace reflecting
ground surface.

The roughness meter was also used to measure plot surface characteristics which were: rock ( >2 cm);
gravel (2 cm to 2mm); bare soil (<2 mm); and vegetation litter, crown, and base. We took readings of
the characteristic touched by every fifth pin on a line, which gave us 20 characteristic points /line, or
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200 points /m2 plot.

The meter was supported above each plot surface by the plot frame, which was leveled before rough-
ness readings were taken. The meter accuracy and precision were tested on carefully formed surfaces hav-
ing a smooth and sinusoidal geometry. Three line readings over each surface were taken and analysed.

LABORATORY ANALYSIS

Roughness data, as recorded on the stripchart, were converted from analog to digital values with a
magnetic scanner board that accommodated the 1 -m long chart used for each line transect. Readings from

the scanner board were recorded directly onto magnetic tape, which was then computer -read and used with
a computer program to calculate statistics quantifying surface roughness, as will be discussed later.

SURFACE ROUGHNESS STATISTICS

Surface roughness statistics (storage and relative arc length) were determined for each plot line
and for the entire plot plane. The storage, calculated in cm2, was the amount of area along a line that
was available for water storage. The relative arc length was the ratio of the line length (total line
length traced over the tops of the measuring pins) to the horizontal line length. This was an index of

the roughness of each line.

RESULTS AND DISCUSSION

The meter performance tests indicated that the meter was accurate and relatively precise. The

smooth surface theoretically should have a relative arc length of 1.000, and a storage of 0 cm2. The

relative arc length average of three line readings over the smooth surface was 1.002, with a standard

deviation of 0.0008. The storage average was 6.56 cm2 with a standard deviation of 1.06 cm2. The sinu-

soidal surface theoretically should have a relative arc length of 1.09 and a storage of 500 cm2. The

measured average relative arc length was 1.13, with a standard deviation of 0.016, and an average storage
of 437.6 cm2, with a standard deviation of 3.2 cm2.

Depending on plot roughness, the time required to measure each plot's roughness and surface charac-
teristics ranged from 20 to 40 min. The laboratory digitization process took about 30 min /plot; computer

calculations took fractions of a second.

The meter may need to be modified when used over plots containing tall vegetation. This modifica-

tion would include lengthening the measuring pins and providing a support stand to raise the meter enough
so that the vegetation would not interfere with the meter's operation.

CONCLUSIONS

The microroughness meter is a convenient, quick, simple, and accurate means of measuring surface
roughness. The number of points taken /1 -m2 plot, the rapid means of data recording and anlysis, and the
simple method of lowering and lifting of the 100 measuring pins make the meter very useful for studies
requiring many plots and data points.

The meter was very accurate in repeating the same surface roughness measurements, but was not pre-
cise in defining the theoretical characteristics of constructed surfaces. However, these errors in pre-

cision were insignificant and due partly to surface geometry construction errors.

The roughness meter is presently being used to monitor surface changes produced during range im-
provement treatments. Regular measurements made of permanent transects in surface roughened areas are
being used to define the longevity of the roughness and changes in surface characteristics.
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SOLAR RADIATION AS INDEXED BY CLOUDS
FOR SNOWMELT MODELING

by

Douglas P. McAda and Peter F. Ffolliott

INTRODUCTION

A primary source of water for Arizona is snowmelt runoff. Inabilities to forecast
the amount and timing of snowmelt often leads to inefficient use of this runoff. To
improve prediction methods, efforts are underway to model snowmelt processes (Leaf and
Brink 1973, Solomon et al. 1976). Most of the models synthesized to date require the
measurement of solar radiation, a source of energy for snowmelt, evaporation, transpi-
ration, etc. In fact, the success of many snowmelt modeling techniques depends, in
part, upon the accuracy of solar radiation measurements.

Solar radiation measurements are not routinely available in most instances. There-
fore, an accurate means is needed for estimating this parameter from readily available
information. In the exploratory study described herein, empirical relationships be-
tween commonly obtained cloud -cover characteristics and solar radiation components
required in snowmelt modeling are presented.

DESCRIPTION OF THE STUDY

Cloud -cover imagery and solar radiation data were collected from two sites in
Arizona's ponderosa pine forests: Schnebly Hill and Alpine. Schnebly Hill, approxi-
mately 20 miles south of Flagstaff, is located at a latitude of 34' 54' north, at an
elevation of 7,000 feet. Alpine is located at a latitude of 33' 50' north, at an ele-
vation of 8,000 feet.

Solar radiation and cloud -cover have been monitored since February, 1977 at the
Schnebly Hill site. An Epply (180' pyrheliometer) pyranometer was fitted with a shadow
band of the design used by Horowitz (1969) to obtain diffuse solar radiation. Global
solar radiation was measured by a Kipp and Zonen solarimeter. An eight -millimeter
time -lapse camera (Patton et al. 1972) was set vertically to obtain cloud imagery.

In March 1977, two Lintronic Dome solarimeters were placed on the roof of the
Alpine Ranger Station. One was installed to monitor global solar radiation; the other
was fitted with a shadow band to measure diffuse solar radiation. A time -lapse camera
was set vertically at a nearby USDA Forest Service research site.

Hourly totals of solar radiation corresponding to True Solar Time were divided
into the diffuse and direct components. The measured diffuse radiation was adjusted by
shadow band correction factors; the direct radiation was obtained by subtracting the
diffuse from the global.

Cloud genera, defined by the World Meterological Organization (1956), and percent
of cloud -cover were obtained by projecting single frames of time -lapse imagery onto a
dot -grid. These cloud characterizations were averaged over one hour periods corre-
sponding to True Solar Time.

Using source data from a selected measurement period in April -May 1977 at Schnebly
Hill, preliminary results from the exploratory study were obtained and are presented
herein.

The authors are Research Assistant and Professor, School of Renewable Natural Resources,
University of Arizona, Tucson, Arizona. Acknowledgement is extended to the Rocky
Mountain Forest and Range Experiment Station (USDA Forest Service) for providing finan-
cial assistance required to conduct this study. Approved for publication as Journal
Paper No. 2842 of the Arizona Agricultural Experiment Station.
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RESULTS AND DISCUSSION

To define the empirical relations of cloud -cover to solar radiation, three regres-
sion equations were developed. These equations describe the combined hourly percent
cover of Cumulus and Stratocumulus clouds to the direct, diffuse, and global solar ra-
diation as a proportion of the potential solar radiation. The hourly potential solar
radiation imp }nging on a horizontal surface was obtained using a solar constant of 1.94
cal cm min and an atmospheric transmission coefficient of 1.0. Only those cases
where no other cloud types were observed have been used in the determination of these
equations.

The relationship of low cloud -cover to the ratio of diffuse to potential solar
radiation is illustrated in figure 1. The corresponding equation indicates an increase
in diffuse radiation as cloud -cover increases to approximately 67 percent. After that
point, additional cloud -cover results in a decrease of diffuse radiation. In general,
this result is constant with findings reported by Kuz'min (1961), which showed diffuse
solar radiation reaching a maximum at 50 to 80 percent cover for low to medium clouds,
and 100 percent cover for high clouds.

The ratio of direct (measured on a horizontal surface) to potential solar radia-
tion is related linearly to the proportion of sky covered by Cumulus and Stratocumulus
clouds, as shown in figure 2. From a maximum of 67 percent of the potential solar
radiation under cloudless skies, direct radiation decreases proportionally with increas-
ing cloud -cover to a minimum of 12 percent under totally cloudy skies.

Global radiation as a proportion of potential solar radiation is curvilineally
related (to the third power) to the coverage of Cumulus and Stratocumulus clouds, as
presented in figure 3. With no clouds, the ration of global to potential radiation is
0.70, which may be considered as the atmospheric transmission coefficient under clear
skies. For cloud -cover up to 30 percent, global radiation is reduced by less than
two percent of the value for clear skies. Greater cloud -cover amounts reduce global
radiation by progressively increasing values.

For purposes of illustration, it was useful to relate solar radiation to a limited
number of cloud types. Coverage of several cloud types at one time is common and it
has been shown that cloud types vary in their diffusion characteristics (Thompson 1976,
Twomey 1976). Furthermore, solar radiation reaching the surface of the earth is also
a function of solar elevation (Tabata 1964), which in turn depends upon the hour of the
day, the solar declination, and the latitude. Therefore, it seemed necessary to develop
multiple regressions using the various cloud types combined with solar elevation to
properly index solar radiation.

The resulting equations are:

Rglo = Ro 1

qu0.878
- 0.0456(h) - 0.297(Cu) - 0.421(Sc)2

-0.385(Cs)

r2 = 0.57r

Rdir - Ro
r

.847 - 0.0536(h) - 0.505(Cu) - 0.476(Sc)

- 0.389(Ac) - 0.135(Ci) - 0.511(Cs)]

r2 = 0.69r

Rdif = Ro L .0398 + 0.00731(h) + 0.204(Cu) + 0.225(Sc)

r2 = 0.66r

Rdir = Ro
r

.845 - 0.0533(h) - 0.482(Cu+Sc) - 0.390(Ac)

-0.158(Sc)3 + 0.197(Ac) + 0.164(Ci)

- 0.121(Ci)3 + 0.105(Cs]

r2 = 0.69

- 0.134(Ci) - 0.511(Cs)]

Rdif = Ro [0.0402 + 0.00743(h) + 0.207(Cu+Sc) - 0.140(Sc)3

+ 0.192(Ac) + 0.123(Ci +Cs) - 0.0768(Ci)]
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r2 = 0.65

where

(5)

global solar radiationRglo =

Rdir = direct solar radiation

Rdif = diffuse solar radiation

Ro = potential solar radiation

h = hour before or after solar noon

Cu = proportion of sky covered by Cumulus clouds

Sc = proportion of sky covered by Stratocumulus clouds

Ac = proportion of sky covered by Altocumulus clouds

Ci = proportion of sky covered by Cirrus clouds

Cs = proportion of sky covered by Cirrostratus clouds

Equation (1), (2), and (3) were developed from source data collected at Schnebly
Hill during the measurement period. These equations define the relationships of glob-
al, direct, and diffuse solar radiation to cloud genera and the hour before or after
solar noon. The equations include only those cloud types observed during the measur-
ement period, or one -half of the number of possible genera.

Solar declination was not significant over the measurement period; therefore,
this consideration did not enter into the synthesis of the equations. However, solar
declination may become significant over longer periods of time.

From the equations presented, it can be shown that the atmospheric transmission
coefficient does vary during the day, as the amount of atmosphere through which the
radiation is transmitted changes. Under cloudless skies, global radiation reaches a
maximum of 83 percent of the potential radiation at or near solar noon (equation 1).
At lower angles of the sun, the amount transmitted is smaller; for example, 60 percent
of the potential is transmitted at six hours before or after solar noon. Direct radi-
ation increases with larger solar elevations (equation 2). However, diffuse radiation
increases with smaller solar elevations (equation 3).

Not all of the cloud genera possess significantly different diffusion character-
istics. The regression coefficients for Cumulus and Stratocumulus clouds (equation 2)
were found to be not significantly different at the alpha level of 0.10. Therefore,
the regression model could be simplified to the form given by equation (4). Using the
same criteria, equation (3) was also simplified (equation 5).

Once relationships between cloud -cover characteristics and solar radiation com-
ponents have been more completely developed, they may be incorporated as subroutines
into snowmelt models, such as MELTMOD (Leaf and Brink 1973) and SNOWMELT (Solomon et
al. 1976). Cloud observations may then be used as direct input to predict the amount
of solar radiation that impinges upon a snowpack when actual measurements of solar
radiation are not available.

SUMMARY AND CONCLUSIONS

Over a selected measurement period, significant regression equations were devel-
oped to relate global, direct, and diffuse solar radiation to: (1) the cloud -cover
of specific cloud genera, (2) the hour before or after solar noon, and (3) the poten-
tial solar radiation. It is hoped that regression models such as these will be use-
ful in the simulation of snowpack dynamics.
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LEGAL ASPECTS OF URBAN RUNOFF DEVELOPMENT

by

Dan A. Chudnoff

The development of alternative water supplies is usually accompanied by a myriad of legal ques-
tions. In a water competitive area such as the Santa Cruz River basin where cities, farmers and mines
are competing for the same supply, any new developments could be subject to legal challenge. Events
of recent years bear this out. In a number of challenges culminating in 1976, Tucson's rights to im-
port water from the Marana and Sahuarita -Continental Critical Groundwater Areas have been limited.1
At present the city is also facing difficulties with the Pima County government over sewage effluent
ownership. The potential for urban runoff development in the Tucson area could also give us reason to
foresee future litigation between the city and appropriators on the Santa Cruz and its tributaries.

While legal expertise is generally available to city water planners, it is still necessary for
them to gain insight into how the law and hydrology differ in their approach to resolving water supply
problems, particularly the question of ownership. This study will look into how water law and its
strictures may impose on the development of urban runoff in the metropolitan Tucson area.

Hydrology and law are fundamentally different disciplines. These differences are therefore mani-
fest in their approach to the problem of water rights. More basic is their divergence in the inter-
pretation and application of the principles of the hydrologic cycle.

As viewed by scientists, the hydrologic cycle is a continuous process of mass transport, of water
moving through different states of energy, place, and time. Distinctions between the various phases of
the cycle (precipitation, runoff, groundwater, etc.) are made for the purposes of classification and
study (Piper- Thomas, Templer). The basic principles remain the transitory nature of each phase and the
interplay and interrelation within the cycle (Dolson). In recognition of this fact, the trend among
water resources planners has been to integrate the various physical phases of the water cycle into uni-
form watershed plans.

Water law, on the other hand, is concerned with defining "in absolute terms the extent to which an
individual may enjoy a right to water or the use of water" (Piper- Thomas). To achieve this end, case
law and statutory law sought to compartmentalize the different phases of water into permanent legal
categories. These categories may be based on real or supposed physical differences (Templer). Further-
more, case law cannot always recognize the interrelation between the various phases because the majority
of cases deal with litigants competing for one category of water. The difficulty of correlating legal
classification of waters to hydrologic reality becomes apparent when we turn to the phenomena of urgan
runoff and the question of its ownership.

In hydrology runoff, or surface runoff, may be classified as water which is flowing from the point
where it first reaches the earth as precipitation until it evapotranspires, infiltrates into the ground,
or enters a channel and mingles with other waters. The law, however, does not recognize runoff as a
legal classification. Instead, a number of distinct and exclusive categories are applied depending on
the specific state of the water.

The author is a graduate student in the Department of Hydrology and Water Resources, The University of
Arizona, Tucson, Arizona.

1Jarvis v. State Land Dept., 104 Ariz. 527 (1969)í, 106 Ariz. 506 (1970)íI, 113 Ariz. 230 (1976)
III. Farmers Inv. Co. v. Pima Mining Co., 111 Ariz. 56 (1974), Farmers Inv. Co. v. State Land Dept.,
Anaconda (and other mines) and City of Tucson, 113 Ariz. 520 (1976).
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Water which is flowing over the land (i.e., sheet flow) and has not reached a defined channel is
called "diffused surface water" or just "surface water." When the water reaches a defined channel it
becomes part of the stream and in Arizona falls under the category of waters that are subject to appro-
priation. Diffused surface waters are not subject to appropriation even if they are tributary to a
stream (Hutchins 1974). A third legal category, "developed waters," may also be applied to urban run-
off.

The urban planner is therefore faced with the task of correlating three distinct rules of law to
the development of this single source of water. The first rule is that of appropriation. In this re-
gard the Arizona Water Code states: The waters of all sources, flowing in streams canyons, ravines
or other natural channels...belong to the public and are subject to appropriation. "z The courts have
further defined the term "channels" to include small arroyos of intermittent flows of water such as
found throughout Tucson.3

The second rule is that of diffuse surface waters and is distinct from the law of watercourses.
At present Arizona has not decided the question of ownership. It may be inferred from a case dealing
with flood waters that a landowner has unrestricted use of diffused surface waters on his land, even
to the detriment of others. With the exception of two states, Utah and Colorado, all states permit
the landowner to reasonably divert and utilize diffused surface waters on his land.5 Utah and Colorado
hold that all waters tributary to a stream, including diffused waters, are subject to downstream appro-
priation (Ginsburg 1968).

The third legal designation that may be applied is that of developed waters. Developed waters are
new waters which prior to the work of the developer were not part of the source of supply, but are

added to a stream or other source or area by artificial means" (Hutchins 1974). In this regard, the
City of Tucson may have a legitimate claim to the new water created by urbanization and large -scale
land development that has been taking place (Holub). The city's claim to runoff water under the devel-
oped water doctrine could not include waters found in the arroyos and other waters which have historic-
ally become part of appropriated streamflow.

The brief descriptions given of the three doctrines should not detract from the complexity of the
problem of urban runoff development. In the application of any of these doctrines a number of complex
questions of fact would have to be answered. What are the legal boundaries of the very small and shal-
low arroyos that are typical of Tucson? At what point do waters cease to be diffused and become part
of a stream? One intriguing question is whether streets which have specifically been designed to serve
as stormwater drains should be defined as channels subject to appropriation.

It becomes evident that one doctrine cannot be relied upon to secure all rights to runoff. It

would also be a monumental legal task to integrate the three doctrines in one court case. There are
alternatives, however, to judicial means of obtaining title to urban runoff. Briefly, the legislature
may create a special category "urban runoff," specifically for the exclusive use of cities. The legis-
lature could also adopt the Colorado rule that all tributary waters are part of a stream and subject to
appropriation (Holub).

While only the problem of ownership has received attention, this is not to say that the planner's
problems are over when ownership is resolved. There are also legal constraints on water use. Rights
to underground storage, contamination of groundwater supplies, liability, and state and federal re-
strictions on water quality and use are a few of the legal issues that would have to be faced before a
plan for beneficial urban runoff could be a source of water for fulfilling future obligations by the
city or state to the Indians.

To prevent courtroom setbacks and delays of urban runoff development, it would be advisable for
planners to be aware of the legal issues involved and to have an understanding of the philosophy and
principles of the "lawyer's paradise and logician's nightmare" known as water law (Thomas 1955).

2Ariz. Rev. Stat. Ann. Section 45- 101(A)(1956).

3England v. Ally Ong. Hing, 105 Ariz. 65(1969), City of Globe v. Shute, 22 Ariz. 280(1921).

4Southern Pacific Co. v. Proebstel 61 Ariz. 412(1944).

5See in general Hutchins 1974, C. Davis, and Malloney et al.
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WATER QUALITY PROBLEMS OF THE URBAN AREA IN
AN ARID ENVIRONMENT. TUCSON, ARIZONA

BY

Gary Hansen

1.0 INTRODUCTION

In July, 1976, the U.S. Environmental Protection Agency approved and funded a two year 208 areawide
Water -Quality Management Study for Pima County, Arizona. This study, enacted under Public Law 92 -500,
The Federal Water Pollution Control Act ammendments of 1972, charged the Pima Association of Govern-
ments (PAG) with the following tasks:

1. Identify area water pollution problems

2. Develop most effective (best) management practices to deal with
identified problems.

3. Develop management system to allow implementation of best management
practices within existing or proposed local, state and federal
government organizations.

Cost and data constraints necessitated the concentration of study on an area known as the Tucson
Urban Window. This area included some 670 sq. miles of the City of Tucson and related surrounding
Pima County land from Marana in the North, to the San Xavier Indian Reservation in the South, to the
Tucson Mountains in the West, to the Rincon Mountains in the East.

Within the Tucson Urban Window, the pollution problems were identified as:

1. Municipal and Industrial wastewater effluent.

2. Urban Stormwater Runoff

3. Landfill Leachate

4. Septic Systems

5. Construction Activity

6. Agricultural Activity

In this paper I will detail the specific problems related to the City of Tucson urban area. There-

fore, I will not include No. 6 - Agricultural Activity. I will mention, briefly, that Agricultural
Activity presents essentially no surface water pollution problem due to extensive irrigation water reuse
systems. The groundwater pollution potential exists but is identifiable only in specific areas where
the hydrologic and geologic conditions are favorable for rapid infiltration to saturated water tables,
not a commonly identified condition in the study area.

The author is a Water Resources Planner, Pima Association of Governments, 208 Water Quality
Management Program.
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2.0 URBAN WATER POLLUTION PROBLEMS

There have been essentially two different approaches to the analysis of Tucson area water quality
problems. The water pollution sources which eminate from a discrete outfall or pipe are called point
sources. These sources are easily defined and controlled, if economically and politically feasible.
The water pollution sources which come from large area land uses, where the hydrologic cycle is the
main driving force and the pollution is directly related to the extent of contact between precipitation,
surface, or subsurface waters and the particular land use are called nonpoint sources. Examples include
stormwater runoff from cities and farmland. As can be seen from their respective origins and natures,
the point sources are much easier to analyse than the nonpoint sources. This is reflected in their
depth of study in this paper. The point sources have a fairly straight forward examination approach,
the nonpoint sources require unique analytical methodologies for each type.

2.1 MUNICIPAL WASTEWATER EFFLUENT

2.1.1 Description. The largest volume of water pollution generation within the Tucson Urban are
is from the two area wastewater treatment plants (WWTP). The Roger Road WWTP discharges some 25 x 10
gallons per day of secondarily treated effluent (30 mg /1 BOD - 30 mg /1 suspended solids) into the
Santa Cruz River Bed. The Ina Road WWTP also discharges approximately 8.5 x 10 6 gallons per day to the
Santa Cruz River. The resultant 33 million gallons per day of sewage effluent flows down the predom-
inantly dry Santa Cruz River Bed and either evaporates or infiltrates down into groundwater supplies
north of the effluent outfall. Water quality analyses indicate high levels of nitrates in the ground -
waters along the river course. Downstream water users include the town of Marana, Arizona and a number
of farming operations.

2.1.2 Requirements. The Federal water quality standards for sewage effluent are for 30mg /1 BOD-
30 mg /1 suspended solids secondary treatment. The existing facilities are or will soon be meeting
these standards. A planned 77 million dollar wastewatertreatment program is projected to continue
treating Tucson's sewage until the year 2025.

2.1.3 Pollution Potential. The following points should be considered in evaluating the present
and future pollution potential of municipal effluent:

* Treated wastewater still contains a wide variety of exotic toxins not
detected by current analysis methods.

* The treatment ability of the soil for infiltrating effluent is good if properly
managed and could remove most pollutants.

* 33 x 106 gallons is a large water resource and reuse is a certainty in the future.

* A legal controversy currently involves the ownership and reuse of effluent.
Several alternatives include reuse in irrigated agriculture and copper mineral
processing operations.

2.2 INDUSTRIAL WASTEWATER

2.2.1 Description, Regulation and Pollution Potential. There are currently only six area
industrial facilities discharging wastewater to the environment. All other facilities discharge into
the municipal sewage system. All six are regulated by the National Pollution Discharge Elimination
System which issues pollution permits and regulates discharge quality and quantity. The total pollution
potential from these facilities is very small and currently effectively regulated.

2.3 URBAN STORMWATER RUNOFF

2.3.1 Description. Stormwater runoff refers to all surface waters resulting from rainfall quan-
tities which exceed the receiving land surface's ability to absorb water. This type of runoff is

unusually visible in Tucson because of the extensive use of streets as drainage paths and the subse-
quent disruption of traffic during heavy storms.

In an arid region such as Tucson, the management of all available water supplies is a matter of
primary concern to the area resident's well -being. The amount and quality of the water which annually
runs off the Tucson area and down the arroyos and river beds in the Tucson Basin is known generally to
be a fairly large volume of very poor quality water. The particular water volumes and qualities from
the various land use types within the urban window have received little comprehensive study. With

proper information, the stormwater runoff could be managed, contained within the basin for beneficial
use, and /or prevented from adversely affecting the groundwater supplies under the city.
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2.3.2 Requirements. Section 208 (2) (A, F, and H) of P.L. 92 -500 requires that the Areawide
Waste Treatment Management Program identify and control to the extent feasible nonpoint sources of
pollution from stormwater runoff.

2.3.3 Analysis Methodology. The analysis of stormwater runoff quantity and quality included the

following steps:

1. Review existing literature and data on runoff.
2. Delineate watersheds within the study area.
3. Determine land use by watershed.
4. Determine annual water runoff volumes.
5. Develop water quality loading factors by land use and estimate

water quality for each watershed.

2.3.4 Results. There are a number of key factors to be considered in evaluating the results of

the urban stormwater runoff analysis. They are:

* The Tucson urban window area has been extensively studied in previous
research by the University of Arizona Water Resources Research Center.
This previous work has enabled our study to be one of the most thorough
in the United States.

* There are such variations in rainfall and pollutant location and intensity
within the area that the resultant figures represent long term averages,
not specific storm events.

* The ability of stormwater runoff to pick up and transport pollutants is
also highly variable. In this arid environment, there is a marked
"first flush" condition where previous dry weather allows a large volume
of pollutants to build up, and the first good rainstorm runoff collects
a very high concentration of these pollutants.

* There was little study done of the more exotic pollutants such as organic
hydrocarbons from auto emissions and the presence of insecticides and
herbicides. It is a fair assumption that any urban runoff contains
these chemicals and their concentrations will increase with urbanization.

Figure 2.3 -1 illustrates the watersheds in the Tucson urban window. These are "custom- formed" to

represent alteration by human land uses (streets, drainage ditches, etc.). The land uses in each

watershed were determined by the twenty -one existing land use type classifications used by the Tucson

City Planning Department. This information was converted to a watershed classification system which
had 10 classifications reflecting basic watershed characteristics (i.e. urban areas, desert areas,
paved areas). The average annual rainfall in Tucson is approximately 11 inches, and was used in the

calculations.

Unit loading factors for each analyzed pollutant were developed from area runoff water quality
information and similar studies in other parts of the country. The factors represent the available
quantities of each pollutant which would be washed from the particular land use in an average storm year.
The variability is, as previously stated, very high, but the relative interrelationships between the
runoff pollutant loading factors and actual available material remain valid.

Table 2.3 -1 is a representative total pollution loading from the primary urbanized watersheds in

the Tucson urban window. These amounts, in tons /year, again represent long -term averages and could

vary considerably with rainfall.

TABLE 2.3 -1

Total Pollutant Loadings for Urban Watersheds
Prefix K, L, M, and N (Tons /Year)

ACREAGE TDS S.S. COD NO3 PO4

62,809 3,220 27,273 9,109 50 4
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From the data gathered on urban runoff in Tucson, the following points can be drawn:

* Thousands of tons of pollutants will be deposited annually in
area water courses.

* There will be very little change in area stormwater runoff quality over
the next 20 years.

* The largest change will be in bacteria, most probably due to increased
human and pet animal habitation.

2.3.5 Management Systems.

Existing System

1. The City of Tucson has a street sweeping program which removes dirt and
trash from area streets.

2. There is a trash removal service by the City to aid in the cleanup
of arroyos and other water courses.

3. A large volume of trash is currently allowed to be dumped into area
arroyos and river courses if on private property.

4. There is no concerted effort to control pollutants in area urban
runoff.

2.4 LAND DISPOSAL OF RESIDUAL WASTES

2.4.1 Description. The primary water pollution potential from land disposal of residuals (land-
fills) is the creation of highly toxic leachate (polluted landfill drainage). This landfill leachate
is one of the most concentrated forms of nonpoint pollution. It often escapes undetected because it
is created and moves primarily underground. Leachate is produced when large quantities of water are
allowed to enter a landfill, saturate the landfilled material, and then move out of the landfill
carrying a wide variety of dissolved chemicals. The prevention of leachate involves protecting the
landfill from intrusion by water. This means keeping water out of the top, sides, and bottom of the
landfill. In addition, the sealing of the bottom and sides of a landfill prevents the movement of
liquid wastes out of the disposal area.

A landfill monitoring program developed by the University of Arizona Water Resources Research
Center determined that leachate was being produced at two area landfills. The landfills in question
were located within the 100 year flood plain of the Santa Cruz River and, as such, subject to the
influences of river -related surface and subsurface waters.

2.4.2 Requirements. Section 208 (A) (2) (K) of P.L. 92 -500 requires "a process to control the
disposal of pollutants on land or in subsurface excavations within such area to protect ground and
surface water quality."

2.4.3 Methodology. The following tasks were performed:

1. Review literature and available data.
2. Identify and map all past and present landfills.
3. Map and review well data near landfills.
4. Determine landfill leaching potential.

2.4.4 Results. As can be seen from the Tucson Urban Window map, (Fig. 2.3 -1) almost all the
Tucson area landfills are located near existing major water courses. An analysis of the leachate
producing potential, which considered the hydrologic and geologic locations of each landfill, has
produced a ranking of landfills ranging from very safe to very hazardous locations.

Some 24 area landfills are located within the 100 year floodplain. Two of these landfills have
produced leachate, seven others have a high potential for leaching. In analyzing this data, the
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following points should be considered:

* Landfill leachate moves very slowly in comparison to surface flows,
often in the neighborhood of several feet /day or less.

* Once an aquifer is contaminated with toxic material, it will remain
contaminated for many years.

* The movement of leachate pollutants through soil has not been studied
extensively. There is enough known to predict a high degree of
attenuation (filtering) of many pollutants which slows their movement
relative to the water transporting them.

* The underground geology of the Tucson area river beds is extremely
complex and unpredictable with intermixing of permeable and relatively
impermeable layers. Water can move in many directions at a wide
variety of speeds.

* Large flood events in Tucson area water courses could easily uncover
and exhume existing landfills located in floodplains.

* Alternative hydrologically safe disposal areas and methods are available
at competitive cost.

2.4.5 Management Systems.

Existing System

Within the past year (1977 -78), the management of residuals wastes by the City of Tucson and
Pima County has taken some very comprehensive steps to control the pollution potential from area land-
fills. These steps include:

* Recognition of the problems involved in landfill location and design as they
impact water quality.

* Coordination with Arizona Department of Health Services and Pima County Health
Department to manage residuals effectively.

* Relocation of at least one potential landfill site to prevent water pollution
problems.

* Development of area residuals waste guidelines to assure continuing good
management.

2.5 SEPTIC SYSTEMS

2.5.1 Description. Septic systems most often consist of a septic tank for holding and digestion
of solid waste and a leach field for the aeration and disposal, by infiltration and evaporation of the
clarified liquid which overflows from the septic tank.

The septic tank method of sewage disposal is a very common and quite effective means of waste
treatment if properly located, installed, and maintained. In the Tucson area, the very dry normal
conditions and the lack of running surface water reduce the potential for pollution from septic systems
to a fairly low level. However, the positioning of septic systems near arroyos and other dry stream/
river courses presents the problem of infiltration of pollutants (specifically nitrates and phosphates)
to the underlying groundwater. In addition, the potential for highly polluted runoff from area with
improperly maintained septic systems presents a definite problem.

2.5.2 Requirements. Public Law 92 -500 requires that each water quality management plan include
processes to control sources of water pollution (Section 208 (b) (2) ). Septic systems, cesspools,
and seepage beds are devices for the subsurface disposal of liquid wastes, and they fall under the
purview of the Act.

2.5.3 Methodology. The analysis of the pollution potential from septic systems in the Tucson
urban window included the following steps:
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1. Review available literature and data.
2. Locate septic systems and calculate density /acre.
3. Calculate loading rates /acre of nitrogen, phosphorus, BOD, and

suspended solids.
4. Determine total present and future loading of pollutants /acre by

wastewater drainage areas of urban window.
5. Identify and evaluate septic system failures.

2.5.4 Results.

Septic System Pollution Potential. Surface Water - The following figures indicate the year
and total number of complaints about surface septic system problems received by the County Health
Department: 1975 -72; 1976 -53; 1977 -45.

Approximately 40% of all complaints proved to be not related to septic systems. Of the

remainder, the range of problems included:

* open cesspools
* overloaded septic tanks (not pumped regularly)
* broken septic tanks
* leach field overlaoding (only a few cases)

The primary problem in most cases was the lack of proper maintenance of the system. In these cases the

remedial action was pumping of the septic tank and covering of exposed cesspools. County records

indicate these were quite satisfactory solutions.

In several cases the septic tank was bypassed completely, and the sewer attached to the
central wastewater treatment plant. This was a function of the proximity of a sewer hookup.

The ability of the soils in the Tucson urban window area to accept the effluent from septic
tanks appears to be adequate in most cases. Marco Soil and Foundation Engineers perform percolation
tests for many of the septic systems in the Tucson area. They have indicated that the percolation
properties of most area soils are satisfactory for proper septic system operation although there are
wide variations in soil permeability over the entire basin. The main problem areas are places where

rock outcroppings limit vertical water movement or there are extremely impermeable underlying soils.
These areas occur most often in the foothill areas around Tucson, but can occur almost anywhere in the
basin.

Groundwater - Calculation of total effluent volume indicates that approximately 7,000 acre -

feet of effluent per year (85 gcd in 1975) is treated by urban window septic systems. According to

figures in a recent report on the Tucson area water budget (Corps of Engineers, Water Resources Study,
Element 6 - PAG -208 Work Plan) there is essentially negligible recharge from this use. These figures

are probably valid for a basin -wide viewpoint but there are undoubtably localized areas where recharge
of septic system effluent is occurring. This statement is supported by recent work done by the

University of Arizona Water Resources Research Center. Wells monitored in an area located in the Tucson

Mountain foothills due west of the Ina Road Wastewater Treatment facility indicate high concentrations
of nitrates (60 -64 mg /1) (drinking water standard = 45 mg /1). The subsurface geology in the area would

allow effluent to flow horizontally and enter wells as cascading water.

2.5.5 Management Systems

Existing System

The current health management system being used by the City of Tucson and Pima County
requires all septic tank installations to meet specific requirements for size, location, and construc-

tion. In addition, all existing systems are required to not cause surfacing waste effluent. This

system appears to be quite effective in dealing with problems of design and surface waters.

The disposal of septic system solids pumped from septic tanks is currently accomplished by
dumping of this material into a selected number of manholes in the Tucson central wastewater treatment
facility. The alternative to this method is dumping into a sanitary landfill. The problems involved

in these disposal methods include:

* The discharge to City sewage system of hazardous waste (oil, grease,
chemicals) which are not treatable by present methods and which foul

the treatment plant system.

* The discharge of liquid wastes into landfills which are not operated
to effectively handle such wastes.
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The disposal of primarily human septic waste into the central wastewater treatment facility

presents no great problems. Disposal in this manner is preferable to the landfilling of these wastes,

which would compound solid waste handling and leachate problems. However, there must be some regulation

to prevent hazardous wastes from being disposed of in this manner. Proper landfill disposal should be

utilized for hazardous wastes.

The deficiencies in septic system management includes:

* No recognition or guidelines for alternative onsite treatment methods such
as closed composting toilets, vault and haul systems, and combined grey

water /black water systems.

* Little recognition of septic systems impact on groundwater.

* Little or no efforts to coordinate septic system with central sewer systems
to reduce costs to public.

2.6 CONSTRUCTION ACTIVITIES

2.6.1 Description. Construction activities refer to all activities related to the building of

houses, apartments, businesses, roads, etc. The main activities related to potential water pollution

include land disturbance by construction and the waste materials discarded during construction.

There are several possible adverse effects on water quality from construction activities

within the Tucson urban window. These effects include the increase in sediment content of waters

flowing over soils disturbed by construction, and the addition of construction -related materials
(petroleum products, paints, etc.) to surface and /or subsurface waters near the construction site.

The water pollution effect of construction activities in the Tucson region is judged to be

relatively minor and therefore has received a reduced level of investigation. In addition, the control

of construction activity impacts is perhaps more feasible than other activities due to its limited and

closely regulated (building permit) nature.

2.6.2 Requirements. Section 208 (a) (2) (H) of P.L. 92 -500 requires:

(H) a process to identify construction activity related sources of pollution, and
set forth procedures and methods (including land use requirements) to control to
the extent feasible such sources.

2.6.3 Methodology. The analysis of the water quality impacts of construction activities within

the Tucson urban window included the following steps:

1. Review literature
2. Locate construction sites
3. Evaluate water pollution potential

2.6.4 Results. The primary pollutants from construction activities are:

1. Sediment
2. Construction wastes

Sedimentation is caused primarily by the removal, during construction, of the excavation area vegeta-

tion and naturally stabilized ground surface. Water drainage paths are disrupted and runoff volume

increases. All these factors combine to increase soil loss.

Construction wastes include all material used on a construction site which could be washed away by

runoff (petroleum products, fertilizers, pesticides) or which are discarded in an improper location

(trash, etc.).

Analysis of the pollution potential from construction activities has indicated the following important

points:

* The majority of area construction is in the foothills areas around the Tucson Basin.

* The foothills are prime groundwater recharge areas and construction in these areas

decreases recharge and increases runoff.

* The foothills are naturally unstable and subject to erosion.
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* The primary hydrological effect of area construction is increased stormwater
runoff by a factor of from 4:1 to 6:1 over natural areas.

Construction activities contribute the first step in urban runoff generation. They set the stage for

runoff management. While construction is not specifically analyzed in the urban runoff section it does
contribute a substantial portion of the suspended solids from subdivision areas as well as

increasing runoff volume.

2.6.5 Management Systems

Existing Systems

There is currently no organized management system for control of water pollutants from
construction activities. Stormwater runoff flows must be managed to prevent drainage to others
property.

3.0 SUMMARY

The primary points indicated in the PAG -208 Water Quality management plan are:

* The dependence of Tucson on groundwater and the slow cycling of the hydrologic
system in this arid urban environment reduce many water pollution problems to
insignificant levels in the short term.

* There do exist significant long -term pollution problems in the area. These

problems include urban stormwater runoff and landfill leachate, and are related
to the pollution of groundwater recharge areas and aquifer water supplies.

* There is a strong need for total water resource planning in arid urban areas which
includes planning for wastewater reuse, water harvesting, and proper management
of groundwater recharge systems.
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RISING ENERGY PRICES, WATER DEMAND BY PERI -URBAN
AGRICULTUFE, AND IMPLICATIONS FOR URBAN

WATER SUPPLY: THE TUCSON CASE

by

Harry W. Ayer anc David W. Gapp

INTRODUCTION

The research reported here estimates the impact of rising energy prices on farm profits and
irrigation water use in Avra Valley, a peri- urban,- irrigated region adjacent to Tucson, Arizona.
Estimates of the demand for water by Avra Valley farms are used to draw implications about the
supply of water for Tucson's municipal needs.

The provision of water demanded by municipal users at "reasonable" prices has long been a
problem of the city of Tucson. Tucson is the largest city in the U.S. to meet its water needs

entirely from underground sources, and the stock of underground water, built up over thousands of
years, is be'ng depleted faster than replenished in both the Tucson Basin and adjacent Avra Valley.
In areas within the Tucson Basin and Avra Valley, groundwater declines have exceeded 100 feet in the
past 30 years (Matlock and Davis, Matlock and Morin). The water problem has recently been highlighted

in Tucson by increasing water rates and political turmoil associated with water rate increases.

Tucson's water is pumped from underground aquifers of the Tucson Basin and Avra Valley. But

other important users of the underground water, the copper mines and irrigated agriculture, also
compete for this scarce resource. Pumpage in the Tucson Basin in 1975 for municipal /domestic,
industry /mines, and agricultural users was 97,300, 62,000 and 110,100 acre feet respectively (Barr
and Pingry, p. 5). Irrigated farmland in the Avra Valley, approximately 15,000 acres, pumps approxi-
mately 60,000 acre feet per year.

The law governing the extraction and use of underground water appears to permit water historically
used in Avra Valley agriculture to be pumped and diverted for Tucson's municipal use, but with restric-

tions. Municipal diversions are not to exceed 50 percent of the historical annual average amount of

groundwater pumped for crcp irrigation. If more than this amount is pumped for export to Tucson, it
is held that the neighboring farmland may suffer damages because of increased pumping depth, and that
the city may be liable (though this possibility has not been established with certainty). Since

1972, the city has purchased 12,000 acres of land in the Avra Valley at a purchase cost of $9 million

to provide water to the city.

Rising energy prices may affect farm profits in the Avra Valley and thereby the supply of water

available for Tucson's use in at least two ways. First, the demand for land and water for irrigated

farming is affected by farm profits. If farm profits are expected to decrease for several years, the
number of faros available for sale will increase, and the price of land fall below what it would be
with high farm profits. Such a situation, while unfavorable to farming, is favorable for municipal

needs. Second, the law which governs the extraction and use of groundwater may be altered in view

of changing economic conditions. Historically, agricultural interests have had considerable impact on

the formation of water law, and pressed for legislation and court rulings which favor agriculture.
The Jarvis I, Jarvis II and Jarvis III court cases are clear examples of this agricultural interest in
water rights in the Tucson area (Fleming). The connection between farninc profitability and the press

The authors are respectively Agricultural Economist, Natural Resource Economics Division, USDA,
and student -research associate at the University of Arziona. The research reported was supported by

the Natural Resource Economic Division, USDA and the National Science Foundation. Views expressed

are those of the authors, and not necessarily those of the sponsoring agencies.

The authors are indebted to Paul Hoyt, William E. Martin, Robert McKusick, and Roger Selley for
reviews of an earlier draft of the manuscript. Only the authors are responsible for remaining short-

comings, however.

1. Peri -urban agriculture refers to farming which occurs on the perimeter or periphery of an

urban area. The Avra Valley, as defined here, is bounced on the North by Marana Airpark, on the South
by Ajo Way, on the East by the Tucson Mountains, and on the West by the Tucson Compressor Station.
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for water rights which favor agriculture is not clear cut. However, our hypothesis is that should
farming become unprofitable even without further groundwater drawdown, there will be less incentive
for farmers to press for water rights which favor farming.

Rising energy prices will affect farm profits by increasing the cost of pumping a given amount
of water, and by increasing the price of nitrogen fertilizer which requires substantial energy inputs in
its manufacture. Farms in the Avra Valley may adjust to these rising prices by decreasing the amount
of water pumped and fertilizer used per acre on each crcp, shifting the mix of crops grown, or, in
the long run, ceasing to operate as an irrigated farm. These adjustments will affect the demand for
irrigation water in the Avra Valley. In the research reported here, a static linear programming (LP)
model and water -fertilizer prcduction functions relating crop yield to various levels of these inputs
are used to account for farm adjustments, including changes in water demanded. Adjustments are esti-
mated as the price of electricity in the LP- production function model is increased from 25 to 200
percent above the price of electricity in 1976.

AVRA VALLEY FARMING

The Avra Valley, situated on the northwest side of the Tucson Mountains, contained approximately
15,000 crop acres at the time of the study. The climate is hot and dry and provides favorable growing
conditions for cotton, wheat, sorghum, and barley.

Fare size in the Avra Valley is fairly large. Figures from Kelso, Martin and Mack for Pima
County were assumed to be representative of the distribution of farm size in the Avra Valley (Table 1).

Table 1. AvrE Valley Farm Sizes and Numbers

Firm Size Class I II III

Range (acres) 30 -520 520 -960 960

Average Acres 30:3 722 2639

% of Farm in Class 48 26 26

# Farms 8 4 4

Well lift depths in Avra Valley range from about 200 to 600 feet, with an average pumping lift
of 358 feet (Hathorn). A shallow lift depth of 258 feet and a deep lift depth of 458 feet are also
used in the study. Pumping costs are important; for the two principle crops of cotton and wheat, the
1976 costs of electricity for pumping averaged 18 and 25 percent, respectively, of total variable
costs (computed from Hathorn and Armstrong).

Energy costs for pumping vary not only by crop and lift depth, but also by type of energy used and
by farm size. Recent shortages of natural gas have made it attractive for farmers to switch to elec-
tricity as a power source. Therefore, pumping costs associated with an electric power source are
utilized in this study. Stults found appreciable differences in the efficiency of water use among
three farm -size classes. Small farms have greater water losses than large farms. Water use per
cropped acre as a percentage of mean water used, was estimated by Stults to be 108.5, 104.0, and 95.5
percent for Class I, II, and III faros respectively. Differences in efficiency occur because large
farms tend to have a larger proportion of their ditches lined with concrete, management expertise may
increase as farm size increases, and larger farms are usually leveled to a more optimum grade, thereby
increasing irrigation efficiency. These figures, reflecting differences in pumping cost by farm size,
are incorporated into the study.

Anhydrous ammonia, the most common source of nitrogen fertilizer utilized in Avra Valley, is an
important input affected by rising natural gas prices. The 1976 costs of anhydrous ammonia for the
two principle crops of cotton and wheat were 11 and 24 percent respectively of total variable costs
(computed from Hathorn and Armstrong). Information from the USDA (Paul) suggests that for each one
percent increase in the price of natural gas, the price of anhydrous ammonia will increase by 0.4
percent. In this study, predictions of the price of anhydrous ammonia are made with possible natural
gas price increases of 25, 50, 100 and 200 percent.

METHOD

Production function analysis and static linear programming are used to estimate the impact of
rising energy prices on farm profits, cropping patterns and irrigation water used in the Avra Valley.
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Statistical production functions developed by Heady and Hexem for various crops in Arizona are used

to determine the profit maximizing amount of water and nitrogen to apply per acre to each crop as
energy prices are arbitrarily increased up to 200 percent above 1976 energy prices. The profit

maximizing amount of water and nitrogen to apply per acre are found by determining the amount of these
inputs which equate the price of each input to the value of the output produced by the last unit of
the input (where the marginal value product from the input equals its price).2./ The price of water

is the average cost of pumping an acre foot of water, and varies with well depth, the price of energy,
and the irrigation efficiency of different farm sizes. Well depth and farm size are accounted for in
the analysis by computing the profit -maximizing amount of water for each of 9 representative farms.
Each farm represents one of three farm sizes and one of three well depths, as previously described.
Profit maximizing levels of input use are computed for each representative farm for each of the 5
hypothetical energy price levels.

The optimum water -nitrogen levels and output estimated by the production functions, plus
variable costs and crop returns from Hathorn and Armstrong, are then used in static linear programming
models. The linear programming (LP) models provide a means to estimate the profit maximizing combi-
nation of crops to produce on each of the 9 representative farms, given certain constraints and sub-
ject to prices assumed for electricity. Constraints include farm acreage and the amount of Pima and
Upland cotton which can be grown on each farm. Since cotton is the most profitable crop grown in
Avra Valley, a cotton constraint is included to prevent all cotton solutions to the model. It is

assumed such solutions would be unreasonable in view of farmers' desire to avoid risk. The cotton

constraint is based on the proportion of irrigated land planted to cotton in 1966.31 In that year,

the government made payments to farmers for land taken out of cotton production --thus providing a
means of avoiding the risk of low cotton prices. Constraints by farm size are given in Table 2.

Table 2. Constraints by Farm Size, Acres.

American -Pima Upland

Land Cotton Cotton

Farm Size Constraints Constraints Constraints

I 303 45 89

II 722 36 213

III 2639 130 776

Crops typically grown in Avra Valley, and those used as alternatives for this study, include
American -Pima cotton, Upland cotton, wheat and small amounts of alfalfa, barley and sorghum. Models

were run for electricity prices at the 1976 level of $ .02808 per KWH, and prices 25, 50, 100 and
200 percent above that price. (By January 1, 1978, electricity prices were $ .03418 per KWH.) Other

data, primarily the costs of production and returns from each crop are based upon 1976 estimates from

Hathorn and Armstrong.

RESULTS

The short run effect of increased energy prices on water used for irrigation in the Avra Valley
is shown in Table 3. By definition, the short run allows changes to be made in the amount of inputs
used per acre and the cropping pattern, but differs from the long run in that entry and exit of farm-
land from agriculture is not considered.

Table 3 indicates that only after electricity prices have increased to over 100 percent of 1976
levels will water conserved in irrigated agriculture constitute a sizeable portion of Tucson's

2. Profit maximizing levels of water and nitrogen to apply on each acre will be less than
that determined by the production function analysis if there are constraints on the total amount of

water and nitrogen which can be applied. No constraints were assumed. If constraints in fact exist,

the conclusions of the research are strengthened rather than weakened.

3. Boster and Murtin, in their 1977 study (page 20), use this same basis for employing a
cotton acreage restriction in their linear prcgramming study of Pinal County farming. They point

out that although the restriction may be slightly low in comparison to cotton acreage actually
planted in 1976, cotton prices in that year were exceptionally high --and in the long run cotton prices
and acreages are expected to be lower.
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Table 3. Short Run Irrigation Water Use in Avra Valley.

% Increase
in Energy Price

Water Pumped Water Conserved)
(1000 AF) (1000 AF)

Water Conserved as a %
of Pumpage in 1975 from
the Tucson Basin for

Municipal /Domestic Use

Initial 57.3

25 56.1 1.2 1

50 55.4 1.9 2

100 54.6 2.7 3

200 32.9 24.4 25

municipal /domestic water needs. Water conservation per acre for all crops, as pumping costs increase,
is predicted to be relatively small. The statistical production functions upon which this conclusion

is based suggest that, in general, water used per acre decreases by less than 10 percent, even at

energy price increases of 200 percent. ?_/

Water conservation at high energy prices is caused primarily by a shift out of wheat production
on farms with medium to deep lifts. Even this water conservation effect may be overestimated in the
short run, however, because the cotton constraint within the model prevents land being diverted from
wheat to cotton production --a transition which may occur rather than allowing land to go unused.

In the long run, farmers must not only maximize returns over short run variable input costs (for
machinery repairs, fuel and oil, labor, hired service, materials), but also cover the fixed costs of
buildings, machinery, irrigation facilities, taxes and management. If returns to land and risk become

lower than could be obtained if land were sold and tpe returns put in other assets of similar risk,
land will tend to go out of agricultural production._//

Table 4 shows the returns to land and risk for each farm of a particular size and well lift
depth as energy prices are increased up to 200 percent. No appreciation in land values is assumed.
Numbers in parentheses are the percentage returrs based upon an assumed land selling price of $1000

per acre. Assuming an 8 percent return on an alternative investment, such as currently available
on long term bones, all Class I and Class II farms plus deep lift Class III farms are expected to
go out of agricultural production as electricity prices increase by ever 25 percent over 1976 levels.

Besides these, the large, medium lift depth farms show relatively low long run returns as electricity
prices increase 50 percent. At a 100 percent increase in electricity prices, all irrigated farmland
shows low or negative long run rates of return.

Water conserved as lard goes out of agricultural production will be substantial. As energy

prices increase by 25 percent and Class I, II and some Class III farms go out of irrigated agriculture,
water savings are expected to be 45,000 acre feet, or 46 percent of the 97,000 acre feet of ground-
water pumped in the Tucson Basin in 1975 to meet municipal /domestic needs (Barr and Pingry). The

current, 1978, price of electricity is already 20 percent over the price assumed in the model, and
recent estimates by Armstrcng indicate that there are only about 10,000 acres of irrigated cropland
left in the Avra Valley, down 5,000 acres from the time the study was initiated a year ago. As

energy price increases by 50 and 100 percent, and all land is diverted from irrigated agriculture,

4. Water conserved refers to the difference between irrigation water pumped at 1976 energy

prices and water pumped at the hypothesized energy price increase.

5. The statistical production functions used in this study are somewhat crude, but the best

available at the time. Current research by USDA researchers located at the University of Arizona

attempts to improve our knowledge of crop response to water.

6. In the long run, farms may increase profits and perhaps continue to operate if new energy

saving technologies, such as sprinkler irrigation systems, are adopted. For the most part, however,

these technologies are very costly and because of uncertainties of product prices and rising input
costs, it is here assumed that there will not be a shift to such technologies in the Avra Valley.

197



Table 4. Estimated Returnsl/ to Land and Risk8/ with Increasing Energy Prices:
in Land Values.

No Appreciation

Lift % Increase in Energy Price
Farm Depth
Size Feet 0 25 50 100 200

$1000 % $1000 % $1000 % $1000 % $1000 %

I 285 10 (3) 3 (1) 0 (0) -11 ( -4) -28 ( -9)

(303 Ac) 385 0 (0) -6 ( -2) -12 ( -4) -24 ( -8) -44 ( -15)

485 -7 ( -2) -4 ( -5) -23 ( -8) -36 ( -2) -51 ( -17)

II 285 57 (8) 46 (7) 34 (5) 12 (2) -29 ( -4)

(722 Ac) 385 37 (5) 22 (3) 7 (1) -20 ( -3) -68 ( -9)

485 19 (3) 2 (0) -15 ( -2) -49 ( -7) -87 ( -12)

III 285 337 (13) 316 (12) 260 (10) 182 (7) 41 (2)

(2639 Ac) 385 263 (10) 212 (8) 162 (6) 66 (3) -115 ( -4)

485 210 (8) 149 (6) 91 (3) -25 ( -1) -180 ( -7)

some 64 and 72 percera respectively of pumpage from the Tucson Basin for municipal /domestic use is
conserved in the Avra Valley.

Land prices in the preceeding estimates are assumed constant. It is likely, however, that land

in the Avra Valley will appreciate in value. Land appreciation represents a return to the landowner,
and therefore should be taken into account in computing long run returns to land and risk, and in
estimates of acreage taken out of agricultural production as energy prices increase. Table 5 gives

estimates of the rate of return to land and risk at different energy prices and at 5 and 10 percent
rates of land appreciation. It is again assumed that land will be sold and taken out of agricultural
production when the rate of return to land and risk is 8% or less. The amounts of water conserved
as energy prices increase and land is taken out of agricultural production, given assumed rates of
land value appreciation of 5 and 10 percent, are shown in Table 6. Again, the quantities of water
conserved are relatively large. At a 50 percent increase in the price of energy and an assumed 10
percent lard value appreciation, water conservation is estimated to be 22,600 acre feet, or 23 percent
of the water pumped from the Tucson Basin in 1975 for municipal /domestic purposes.

SUMMARY AND CONCLUSIONS

Relatively large amounts of water are expected to be conserved in the Avra Valley as energy
prices increase and land is removed from agricultural production. Most water savings will result
from long run shifts of land out of irrigated agriculture, rather than as a result of decreases in
water application per acre of a particular crop, or changes in crop mix. The amount of water saved

will depend upon energy price increases and land value appreciation. As an example of the amount

7. Numbers in parentheses are the percentage returns to land and risk if land prices are
assumed tc be $1000 /acre. Land prices of $1000 per acre are probably conservative. Although few
Avra Valley farms are bought and sold for agricultural production, Tucson has recently purchased
former farmland for near $1000 per acre, and the mines have purchased former farmland for $2000
per acre (Armstrong). If the price of land is $1,500, the estimates of percentage returns shown
above should be divided by 1.5.

8. Returns to lard and risk are total farm receipts-total variable costs - fixed costs
including a management fee. More specifically:

Total variable ccsts = costs of machinery repairs, fuel and oil; labor; hired services; and materials
(Hathorn and Armstrong).

Fixed ccsts including management = costs of building depreciation, insurance, repair and interest on
investment; concrete ditches depreciation, repair and interest on investment;
machinery and equipment depreciation and interest on investment; real estate
and personal property taxes (excluding wells); irrigation well and equipment
depreciation and interest on investment; and a management fee. Except for
the management fee, costs are computed from Buster and inflated to 1976
values using the same price indices used by Buster. The management fee, which
is considered to be the opportunity cost of management or the approximate
cost of a hired manager, is assumed to be $18,000 based on Armstrong.
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Table 5. Estimated Percentage Returns to Land and Risk wjth Increasing Energy Prices: Land Assumed
to Appreciate by 5 and 10 Percent Respectively._!

Lift
Farm Depth
Size Feet

0

% Increase in Energy Price

25 50 100 200

5 10

Land Value Appreciation -%

5 10 5 10 5 10 5 10

I 285 8% 13% 6% 11% 5% 10% 1% 6% -4 1

(303 Ac) 385 5 10 3 8 1 6 -3 2 -10 -5

485 3 8 0 5 -3 2 -7 -2 -12 -7

II 285 13 18 11 16 10 15 7 12 -1 6

(722 Ac) 385 10 15 8 13 6 11 2 7 -4 1

485 8 13 5 10 3 8 -2 3 -7 -2

III 285 18 23 17 22 15 20 12 17 7 12

(2963 Ac) 835 15 20 13 18 11 16 8 13 1 6

485 13 18 11 16 8 13 4 9 -2 3

Table 6. Estimated Water Conserved with Increasing Energy Prices: Land Assumed to Appreciate
by 5 and 10 Percent Respectively.

% Increase in Energy Price

25 50 100 200

% Land Value Appreciation

5 10 5 10 5 10 5 10

1000 Ac Feet Water Conserved 34.7 17.2 41 22.6 51.7 35.6 57.3 52.0

Water Conserved as % of Pumpage in
1975 from Tucson Basin for Municipal/
Domestic Use 36 18 42 23 53 37 59 54

of water expected to be conserved, the estimates indicate that if land values appreciate at 10
percent and energy prices increase by 50 percent over their 1976 levels, some 22,600 acre feet of
water will be conserved, an amount equal to 23 percent of the amount of water pumped from the Tucson
Basin in 1975 to meet municipal /domestic demand.

Increasing energy prices result in long run losses to Avra Valle'agriculture. While these

losses may harm those in agriculture anc' closely related industries,- // Tucson's economic position
may be helped. First, there will be more water available. Second, the price which the city must pay

9. See Table 4 for methods of computation and sources. Land prices assumed to be $1000 per

acre. If land prices of $1500 per acre are assumed, the percentage returns are a few percentage
points below these shown.

10. The number of people who may temporarily loose employment is relatively small. The total

number of workers invclved in Avra Valley farming is estimated to be less than 200 people (Armstrong).
Even if two people are employee in related industries to service each one employed in agriculture- -
almost certainly an overestimate- -the initial loss of 200 agricultural workers would imply a temporary

loss of at most 600 jobs in total. These job losses would likely be absorbed rather easily in the

Tucson economy. The Tucson metropolitan population is approaching 1/2 million, and during the next
5 years Tucson is expected to be one of the fastest growing city in the U.S. (Arizona Daily Star).
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for farmland, in order to gain control of the underlying Water; should be diminished, ceterus paribus,
and the quartity of farmland for sale increased. And third, it is hypothesized that with fewer people
involved in irrigated agriculture, legal conflicts between competing users will be diminished.
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MANAGEMENT ALTERNATIVES FOR SANTA CRUZ BASIN GROUNDWATER

By

Kennith E, Foster*

ABSTRACT

Combined urban, agricultural, industrial and mining groundwater withdrawal from
the Santa Cruz River Basin exceeds natural aquifer replenishment by 74,000 acre -feet
annually. Four ameliorative water management alternatives are presented singly and in
combination with one another. These alternatives are importing Colorado River water,
exchanging treated effluent with mining and agricultural interests for groundwater,
interbasin water transfer, and retiring farmlands for groundwater rights. These man-
agement philosophies are applicable to most economically emergent urban areas in arid
and semiarid regions.

INTRODUCTION

Abundant sunshine and water scarcity are two factors common to all of Arizona.
During an average year Arizona receives about 80 million acre -feet of water from rain
and snow, of which some 2.3 million acre -feet are captured in surface water reservoirs
or as aquifer recharge. It is estimated that people in Arizona use about 4.8 million
acre -feet of water per year. Thus, the approximate two million acre -feet received
through precipitation each year must be augmented by pumping about 2.5 million acre -
feet of water from groundwater reservoirs which, in essence, constitute finite supply
sources.

THE SETTING

The Santa Cruz River Basin (Figure 1) has several groundwater districts, and the
total drainage area contains about 2,240 square miles. Structurally, the Santa Cruz
Valley is a typical example of the Basin and Range physiographic province of the
Southwest United States. Northward trending mountain ranges border the broad,flat
alluvium -filled Valley (Figure 2).

NATURAL RECHARGE

Matlock and Davis (1972) calculated annual aquifer recharge in the Tucson- Sahua-
rita districts to be about 55,000 acre -feet during 1960 -1969. The Arizona Water Com-
mission (1975) estimated natural recharge in the Upper Santa Cruz Basin to be 65,000
acre -feet per year (AFY). The Tucson Comprehensive Plan (1975) places recharge rates
in the Basin at 65,000 AFY, the figure which will be used in this paper.

CURRENT WATER USE

Agriculture. Matlock and Davis (1972) estimated the average agricultural consumptive
water use on approximately 15,000 irrigated acres in the Santa Cruz Basin, excluding
the Cortaro District, to be 46,000 AFY in 1972. Mining company demand for water is
leading to retirement of agricultural land, however, for water rights. Since 1970,
over 8,000 acres (Armstrong, 1977) in the Santa Cruz Valley have been retired from pro-
duction through mining company purchases. Less than 1,800 acres of irrigated cropland
remain in the Basin adjacent to the City. South of Tucson along the Santa Cruz River
only about 6,800 acres of cropland remain, principally in pecan trees. Water use in
the Basin today for agriculture is estimated to be 30,000 AFY, assuming a consumptive
water use of 3.5 acre -feet per year.

* Associate Director, Office of Arid Lands Studies, University of Arizona, Tucson, AZ.
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Mining. The Santa Cruz Basin contains five major open -pit copper mines plus a sixth
mine under development. It is estimated that 400,000 tons are mined daily in the
Valley under full production. Approximately 200,000 tons of sulfide- copper ore are
processed through the mills (Jett, 1973). The remainder is either overburden (150,000
tons assumed) or stockpiled for oxide- copper ore leaching (50,000 tons assumed). The
ores have copper content of about 0.5 percent or 10 pounds of copper per ton of ore.

Water use by mining activities was estimated in 1975 to be 45,000,000 gallons per
day (Tucson Citizen, 6 August 1975). An estimated 210 gallons of water per ton of ore
are consumed in mining and flotation concentrating processes. Ore grades now mined
average about 0.5 percent copper as compared to 1.0 percent in 1960. Assuming a cop-
per content of 0.5 percent, 20 gallons of water per pound of copper are consumed. An
increase in water consumption in 1977 is attributed to greater water use for mine dust
control and the need to mine more tonnage because of lower grade ore. On daily and
annual bases, average water consumption amounts to 139 acre -feet per day or 50,735 AFY,
assuming 200,000 tons of mined ore per day. These water consumption figures are based
on the assumption that no aquifer recharge occurs through tailing ponds.

Municipal, private, industrial. The Water Resources Division of the Tucson Water and
Sewers Department estimates current urban and recreation groundwater withdrawal to be
80,000 AFY (Brooks, 1977). The Tucson metropolitan area obtains approximately 60,000
AFY of water from the Santa Cruz River Basin and 20,000 AFY from Avra Valley. Of this
amount, 43,000 AFY are consumptively used and 37,000 AFY are returned to the sewage
plant for treatment. The treated water is discharged into the Santa Cruz River and
eventually recharges the aquifer; however, most of this recharge occurs outside the
City's pumping influence and does not constitute significant abatement of local water
level declines. The 80,000 AFY thus are considered to be depleted in this paper.

SANTA CRUZ RIVER BASIN WATER BALANCE

The Santa Cruz River Basin water balance is a function of inflow (natural re-
charge plus underflow) and outflow (pumping plus underflow).

Inflow. Inflow into the Basin. consists of two components: natural recharge and under -
flow into the Basin from the Santa Cruz River.

Values for these components are estimated to be as follows.

1. Natural recharge
2. Underflow

TOTAL

65,000 AFY
2,000 AFY

67,000 AFY

Outflow. Inflow is assumed to equal outflow; thus current depletion from pumping is by
agricultural, mining, and municipal sectors in the Santa Cruz Basin and is estimated
to be as follows:

1. Agriculture
2. Mining
3. Municipal

THE DILEMMA

30,000 AFY
51,000 AFY
60,000 AFY

TOTAL 141,000 AFY

Current water use is exceeding natural recharge to the aquifer by 74,000 AFY. As

a result, groundwater levels in the Tucson and Sahuarita -Continental districts have
fallen significantly. During 1947 -1965, water levels in the Tucson District have fal-
len more than 100 feet in some areas. The maximum decline at one site was 172 feet.
During 1947 -1969 wells in the Sahuarita -Continental District declined one -to -three feet
per year. For the six -year period (1969 -1975) average annual declines of six -to- twelve
feet are common. Total water -use requirements in the Basin will reach 195,000 AFY by
1985 and 265,000 AFY by 2000.

MANAGEMENT ALTERNATIVES

Various water resources management alternatives to reduce groundwater level de-
clines in the Santa Cruz Basin have been discussed by several researchers and govern-
mental agencies during the past 20 years. Among alternatives most frequently discussed
are: 1) importing water from the Colorado River; 2) exchanging municipal sewage ef-
fluent with mines or farms for their fresh water rights; 3) interbasin transfers of

204



water; 4) retiring farmlands for water rights; and 5) implementing a combination of
alternatives.

ALTERNATIVE 1: IMPORTING WATER FROM THE COLORADO RIVER

Projections are that 100,000 AFY of CAP water will be available to the Tucson area
by 1985. Plans call for the City of Tucson to receive 50,000 AFY, leaving 50,000 AFY
to be divided between the mines and farms.

By 1985 water use in the Santa Cruz River Basin will total 195,000 AFY; the
groundwater overdraft will exceed natural recharge by 130,000 AFY, The 100,000 AFY of
CAP water will almost alleviate the overdraft if all CAP water were kept within the
Basin. This may not be the case, however, because some agricultural water will be
diverted to agricultural users outside the Basin, thus leaving a deficit. By 2000,
water use in the Santa Cruz River Basin is expected to increase, and CAP deliveries
will decline, leaving a larger deficit.

ALTERNATIVE 2: EXCHANGING MUNICIPAL SEWAGE EFFLUENT WITH MINES OR FARMS FOR THEIR
FRESH WATER RIGHTS

Mines. Some 37,000 AFY of Tucson's groundwater pumpage recharges aquifers after pas-
sing through primary and secondary sewage treatment. This recharge is projected to
reach 65,000 AFY by 2000. Historic reuse of effluent has been agricultural interests
north of Tucson out of the portion of the Basin from which Tucson withdraws water.

A possible alternative would be to pipe the effluent to the mines for use in par-
tially meeting their milling process needs. Thus, the mines would reduce pumping from
the Basin aquifers. Tucson, in turn, could withdraw that amount not pumped by the
mines in meeting its needs, and there would result a net reduction of groundwater pum-
ping by the City.

Farms. Most Pima County agricultural areas are west of Tucson in Avra Valley, a sepa-
rate groundwater basin.

Cluff and DeCook (1974) suggested establishing a metropolitan -operated district to
provide waste water to irrigate farmland in the Avra -Marana area (Figure 3). Exchan-
ging City waste water for groundwater would be a viable alternative to Tucson's present
practice of purchasing farmland and retiring it to acquire groundwater rights. By
2000, the City could pump up to 65,000 AFY of groundwater in Avra Valley if the farms
used the effluent and reduced their pumping by a similar amount.

'°"""" '"
kYi

"0`

AURA VALLEY - MARANA REGION NEAR TUCSON, ARIZ ONA.

',
.,r.

EXP, ANATION

RI. MI, .m.O 0x05 cx0ux0w.,t61 011114.rt0 1N4, ® ..,v ,,,x

FIGUR¢

WASTE WATER FOR IRRIGATION OF FARMLAND
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ALTERNATIVE 3: INTERBASIN TRANSFER OF WATER

Since the early 1970s the City of Tucson and the mines have purchased and retired
more than 18,000 acres of irrigated farmland. About 10,000 acres of this land are in
Avra Valley, west of Tucson. Once purchased, the City of Tucson established a well
field and now transfers about 20,000 AFY, about 25 percent of Tucson's annual demand.
Plans call for Tucson to pump up to 40,000 AFY from Avra Valley by 1985 which would re-
duce groundwater withdrawals in the Santa Cruz Basin.

Farms within Avra Valley are using 120,000 AFY to meet water -use requirements, and
as a result, water levels also are declining in this area because of insufficient re-
charge.

ALTERNATIVE 4: RETIRING FARMLANDS FOR WATER RIGHTS

The present policy of the City of Tucson and the mines is to purchase and retire
farmland to obtain its water rights. This policy has been in effect a number of years.
About 10,000 acres of farmland in Avra Valley have been retired by Tucson. Mining
interests also have been purchasing farmlands for water rights, especially south of
Tucson in the Santa Cruz River Basin. About 8,000 acres of farmland have been retired
by mine purchases.

The Arizona Supreme Court restricted City pumping to an average of 2.4 acre -feet
of groundwater per acre of farmland retired. Assuming this to be an average ground-
water pumping amount for the mines as well, almost 43,000 AFY are being diverted from
agricultural use by the City and mines.

In 1973, 41,000 acres were still under cultivation in the Santa Cruz and Avra
valleys. Assuming retirement of all but 6,000 acres of this acreage during a 10 -year
period, an additional 84,000 AFY of groundwater could be diverted for City and mining
use by 1985.

SYNTHESIS OF ALTERNATIVES

Possible inputs and transfers to the Basin, are listed below.

Source Alternative 1985 Amount (AFY) 2000 Amount (AFY)

Natural recharge - 65,000 65,000
CAP import 1 75,000 40,000
City effluent exchange 2 50,000 65,000
Interbasin transfer 3 40,000 40,000
Farmland retirement 4 84,000 84,000

TOTAL 314,000 294,000

Estimated Basin demands are listed below.

Sector 1985 Demand (AFY) 2000 Demand (AFY)

City of Tucson
Mines
Farms

100,000 170,000
75,000 75,000
20,000 20,000

TOTAL 195,000 265,000

DISCUSSION

Water distribution within the Santa Cruz River Basin never has had the benefit of
a long -range plan. Ironically the City of Tucson was sited near the Santa Cruz River
because in the late 1800s it was a perennial stream and served as the local water
supply.

Combined water uses clearly are exceeding the natural recharge rate. Unless some
combination of the four alternatives is implemented groundwater levels will continue to
fall.

The CAP, discussed in Alternative 1, is under construction. The possibility of
Colorado River water being diverted to central Arizona becomes ever -increasing. It

appears that by 1985, however, Alternatives 2 and 4 may not be implemented totally,
thus retired Avra Valley farmland will supply only the 40,000 AFY described in Alterna-
tive 3. If this happens 1985 demands for 195,000 AFY cannot be met with CAP, inter-

206



basin transfer and natural recharge waters. These sources total 180,000 AFY, 15,000
AFY short of a balance.

As demand for groundwater increases by 2000, some water -use trade -offs must occur.
At this time it appears that the trend to purchase farmland for water rights may lead
to widespread farm retirement as discussed in Alternative 4. This Alternative would
permit diverting the entire CAP allotment into the Basin for non -agricultural users.
Should this occur, Alternatives 1, 3, and 4 plus natural recharge would provide
229,000 AFY by 2000.

Waste water use by the mines by 2000 (Alternative 2) may become a reality as new
techniques are found to minimize copper and molybdenum losses. This Alternative also
would provide for an effective use of the effluent within an area where Tucson and the
mines have extensive well -field development.

It should be noted that the outcome of Indian water rights litigation could pro-
duce considerable impact on striking a groundwater use balance in the Santa Cruz Basin.
The Papago Indian Tribe irrigated 800 acres in its San Xavier District during 1975.
Applying the 3.5 acre - feet -per -acre consumptive use figure for irrigated agriculture to
the 800 acres shows that an additional 2,800 AFY are being consumed. If litigation
restores and protects the Tribe's water rights in the Santa Cruz Basin, the Papagos
could elect to put another 9,000 acres of arable land under irrigated cultivation.
Employing current practices to irrigate this additional acreage would demand 31,500
AFY of groundwater, slightly more than all agricultural groundwater use in the Basin
today.

CONCLUSIONS

No simplistic approach can be used to formulate sound water management policies.
Instead, the economic, political and physical aspects of developing water resources
must be considered thoroughly. Water policy based upon an efficient approach is pos-
sible in the physical and economic realms, but much additional definition will be
needed to apply the same concept to the political realm. Probably the most important
variable contributing to the success of any water management policy is characterizing
social well- being; yet this is precisely the variable that appears to be the least
understood.

The tendency to "do something" quickly in response to preceived water management
problems without a serious consideration of the entire water supply- demand system must
be resisted. However, the need for making short -term policy decisions in arid envi-
ronments is self- evident; those decisions were made in the past initially for self -
preservation and later for economic returns.
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