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Preface

Arizona and other southwestern "sunbelt" states are experiencing an unprecedented rate of
population growth. The impact of this growth on the region's ecology and economy are intimately entwined
with the availability of water resources. Ultimately, regional water use must achieve a steady -state
balance with renewable water resources available to the region. Failure to achieve this balance may have
severe ecological and economic consequences. There have been many examples of over developing arid lands
throughout history; great civilizations have declined as a direct result of development beyond the
sustaining capacities of dependable, renewable water resources. Advanced technology and still relatively
abundant energy supplies are encouraging development at a rate not previously possible, thereby
heightening the danger of unwitting overextension. In the short run, land development can be continued
at the expense of the large fossil groundwater deposits that characterize much of the Southwest. In many
other respects, our southwestern culture could be supported in adverse times by the resources of other
regions, but this is not necessarily true in the case of water. The achievement of a stable equilibrium
between population and water supplies will require accurate evaluation of resources and development of
knowledge for their judicious use.

The research papers presented in this volume are indicative of significant effort toward
achieving these goals through research activity in water management, public education with respect to
water resource problems, assessment of existing and potential water resources, and importantly, the
continuing pursuit of improved water research methods. While this years call for papers did not specify
subject categories, most of the papers fell naturally within the following classifications: management
and conservation of water resources, including a study of public perception of water problems; impact of
water quality and methods of its determination; water resource surveys and exploration, including surface
and groundwater, seawater, and the harvesting of rainwater; and finally, analytical techniques used in
the estimation and measurement of water resources. Four additional papers represent important areas of
water -related research: the value and importance of Arizona's wetlands; the effects of surface plant
cover and soil invertebrate populations upon water infiltration; the movement of earth fissures in
response to rainfall; and the hydrologic effects of the practice of topsoiling for coal strip mines. Two

of the papers are presented here as abstracts.

The 30 papers contained in this tenth volume of Hydrology and Water Resources in Arizona and the
Southwest were presented at the annual meetings of the Arizona Section of the American Water Resources
Association, held at the MGM Grand Hotel in Las Vegas on April 11 and 12, 1980. The meetings were held
jointly with the Hydrology Section of the Arizona- Nevada Academy of Science. These conferences are
intended to enhance communication among various groups and individuals involved in research related to
water in the Southwest. Persons interested in participating in the activities of the association may
contact the Executive Secretary for information on section activities and membership.
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IMPACTS OF A NEW WATER RESOURCES MANAGEMENT PLAN
FOR TUCSON, ARIZONA

by

R. Bruce Johnson
Tucson Water

ABSTRACT

Major events during the summer of 1974 led to the beginning of a new, progressive
program of water resources management for the City of Tucson. Critical supply short-
ages during the 1974 peak demand period brought into sharp community focus the need to
reassess the previously existing philosophy of meeting continually increasing demand
for water with extensive capital construction.

An analysis of the impacts resultant from unmanaged peak demands, increased water
level declines, potential land surface subsidence, projected increased operational
costs and changes in water quality led staff and consultants to formulate and recom-
mend the "Beat the Peak" program. A new philosophy on basin -wide groundwater with-
drawals was implemented along with additional programs designed to evaluate the effect
of our continued dependence on local groundwater sources. The results of this new
management approach have been impressive. Per capita water consumption has been vol-
untarily reduced, total groundwater pumpage has been reduced and the potential for
land surface subsidence is being actively evaluated resulting in direct benefits to
Tucson Water and the customers it serves.

INTRODUCTION

Prior to the summer of 1974, the prevailing water service philosophy of the then
Department of Water and Sewer had been to anticipate, and meet, the unmanaged peak
demand requirements of the system by increased capital expenditures for expansion of
the water system. The peak demand period of the summer of 1974 however proved to he
one of the driest and hottest periods on record in Tucson. The City well system proved
to be incapable of consistently meeting the prolonged peak demand periods the result
of which were localized disruptions in service and chronic low pressures throughout the
system. The experience of that summer convinced the staff of Tucson Water and their
engineering consultants to evaluate and reassess the original service philosophy re-
garding meeting future unmanaged peak demand requirements.

In recognition of the need to reduce the high capital costs associated with meet-
ing unmanaged peak demands, Tucson Water staff and consultants formulated and recom-
mended a "Beat the Peak" program in the summer of 1977. This program was designed to
manage these peak demand water use conditions. This voluntary program has proven to be
a major success and has become one of the primary factors in the new water resources
management plan which has resulted in substantial reductions in peak summer water use
as well as reduced per capita water use by the single family residential user class
supplied by Tucson Water.

POPULATION GRO'WTU FACTORS

The City of Tucson is situated in south central Arizona in what is geographically
termed the northern extent of the Sonoran Desert. As a result of this Tucson enjoys a

relatively mild climate with cool, mild winters ilnd generally hot summers. Mean mini-
mum temperatures during the wnter range from 30F to 33 F while during the summer
temperatures often exceed 100 F. It is the water use associated with these summertime
temperature extremes which create our peak demand water requirements.

Precipitation plays a minor role in terms of climate relief from the semi -arid
environment surrounding Tucson. In fact precipitation is so minimal throughout
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the Tucson area that it is not adequate in providing a source of surface water suffi-
cient to meet the needs of our service population. Tucson annually receives about 10
inches of precipitation with approximately one -half of this amount occurring during the
winter months. With the recognition, however that the average annual evaporation rates
for the Tucson area range from 60 to 70 inches it becomes readily apparent that rain-
fall alone will not provide an adequate source of supply. Due in part to the minimal
rainfall and the extreme variability in its occurrence, Tucson Water develops its
entire supply from local groundwater sources. In that regard it is one of the largest
municipalities in the United States to do so.

Collectively the positive factors of climate, recreational opportunities and local
scenic beauty have combined to foster a phenomenal growth rate for the area. Tucson is
now one of the fastest growing communities in the United States.

Table 1 has been prepared to show recent historic population figures as well as
population projections for the Tucson Water service area to the year 2000, assuming an
average annual growth rate of three percent.

TABLE 1

TUCSON WATER SERVICE AREA PROJECTIONS

(1)

End of Pima County
Year Population

1978 502,700
1979 521,300
1980 539,800
1985 606,300
1990 655,500
1995 727,100
2000 818,600

(2)
Retail Service

Population

427,295
443,105
458,830
515,355
557,175
618,035
695,810

(3)
Active

Services

115,485
119,758
124,008
139,285
150,588
167,036
188,057

(1) From Arizona Department of Economic Security May, 1979.
Adopted by PAG September 27, 1979 through the year 2000.

(2) Assumed to be 85 percent of County population.
(3) Assumed to be 3.7 persons per active retail service.

WATER USE PATTERNS

The patterns of water use for several of the various user classes supplied by
Tucson Water are seasonal in nature. Water utility records indicate that water use
during the winter months tends to be generally low and relatively constant while the
summer months experience larger demands which usually peak in direct response to air
temperatures and local precipitation patterns.

To analyze the overall impact which these fluctuating demands have on the opera-
tion of Tucson's water system it is necessary to establish and verify the peaking
factors appropriate to our system. Table 2 shows the tabulation of the ratio of aver-
age daily pompage to the peak day pumpage for the most recent 10 years of record for
the Tucson Water utility.

TABLE 2

HISTORICAL AVERAGE AND PEAK DAY PUMPAGE

Fiscal Year Average Day Pumpage ('1G) Peak Day Pompage (MG) Peak /Average

70-71
71-72
72-73
73-74
74-75
75-76
76-77
77-78
78-79
79-80

54.1
57.8
60.1
75.4
67.6
70.0
60.5
59.4
60.8(1

61.

110.2
112.3
118.8
130.4
115.2
117.6
131.1
112.1
113.8
110.0(")

(a) Extrapolated based upon first six months. (b) Summer 1979
2

2.04
1.94
1.98
1.73
1.70
1.68
2.17
1.89
1.87
1.80



An analysis of the data presented in Table 2 indicates the ratio of peak day pump -
age is around two. Historically, the ratio of peak day pumpage to the average daily
winter pumpage has been between three and five. It is anticipated that the peaking
factor of two for the ratio of peak day pumpage to average day pumpage will decline
somewhat as the demand management program "Beat the Peak" receives a wider acceptance
and understanding by the service population.

Similarly, a review of past ratios for the average day of the peak month to the
average day of the year indicates a relatively constant relationship. Figure 1 illus-
trates this by a comparison of the peaking characteristics of the Water Utility for the
year 1928 and 1978, a 50 -year time span.

Although the actual quantity of groundwater pumped during 1928 was significantly
less than that produced during 1978, the peaking factor for each year is remarkably
consistent. Also note in each year the peak monthly water usage occurred during the
month of June with a secondary peak period in September. This fact is interesting in
that lifestyles are now quite different than they were in 1928, and there has been a
tremendous growth in both the Water Utility service area and the population served.
The relationship between the average day of the peak month to the average day of the
year, however, remains very close to the value of the 1.5 as presently used by the
Tucson Water Planning Division.

SEASONAL WATER USE

The data plotted on Figure 1 illustrates the seasonal variability in water use
for the Tucson Water Utility as a whole. During the months of December, January and
February, water use is at its lowest point of the year. With the coming of summer,
however, water usage climbs to the peak demand period which is usually experienced
during the month of June with the peak day of the year generally occurring between
June 20 and July 10. However, not all water users demonstrate the extreme seasonal
fluctuation in usage as shown by the systemwide averages plotted in Figure 1.

An analysis of average daily water usage for each of the five principal customer
classes served by the Water Utility indicates that each user class has a varying
impact on any given peak demand period.

Shown on Figure 2 is the metered water usage for individual customer classes
served by the Water Utility during 1979. While each user class (excepting Duplex -
Triplex) displays the pronounced seasonal trend of maximum water use during the summer,
each user class exhibits its own unique peaking factor. Figure 2 demonstrates that by
far the largest proportionate share of any peak water use condition, can be ascribed
to the peak demand of the single family residential user class. As a result, reduction
of peak water use by this class would have the greatest impact in reducing the immedi-
ate need for providing increased system capacity to meet peak demand periods.

PEAK DEMAND WATER USE

That the greatest proportion of water required during peak demand periods occurs
outside the home is shown in Figure 3. The estimated monthly volume of sewage flow
relates principally to that quantity of water which supplies inside household uses
such as bathing, laundry, dishwashing, etc. Historically, metered sewer flows tribu-
tary to the treatment facilities have shown little increase through the summer months
(May through September) indicating that it is outdoor water use which is the primary
contributing factor to our peak demand periods.

For the single family residential user group, this corresponds to the watering of
lawns and decorative plantings, and it is this segment of water use which has been
significantly changed by the implementation of the "Beat the Peak" demand management
program.

"BEAT THE PEAK"

Early in 1977, the consultant firm of Black and Veatch, together with the Water
Utility staff, initiated a study of the potential effects peak management programs
might have on various capital improvement programs required to meet anticipated peak
demand requirements. Developing two demand projections, Black and Veatch (1977)
demonstrated that a properly coordinated demand management program could significantly
lessen the need for immediate system expansion. Results could be realized in reducing
projected increases to rates then in existence as well as forestalling the need for
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additional capital construction to meet larger use conditions. Rate payers would be
the direct beneficiaries of such a program.

With no peak management program it was projected that the required well system
capacity would be 200 million gallons (757,576 m') per day by 1983. If a reduction of
25 percent in the outdoor water use could be effected on the peak day, well capacity
requirements could be reduced to 166 million gallons (628,434 m3) per day. Further,
projections assuming no reduction in peak demands indicated the need for a substantial
increase in system well capacity prior to 1979.

Providing for the additional well system capacity as required in these projections
would have involved a massive capital spending program. Additional supplies were best
obtained from Avra Valley some 12 miles (19.35 km) west of Tucson and separated from
the City by the Tucson Mountains. Black and Veatch (1977) estimated a six -year capital
improvement program at a cost of $140 million for projected needs based on the status
quo. By effecting a 25 percent reduction in peak outdoor watering demands, the re-
quired capital program was estimated to cost only $100 million. Under these circum-
stances, the City of Tucson initiated a public information and education program
entitled "Beat the Peak."

The program was initiated with public appearances by the Mayor and City Council -
members on June 1, 1977, prior to the anticipated peak demand period of the summer
season. The essential elements of this program consist of voluntary outdoor watering
on alternate days based upon customer street address and date and a voluntary limita-
tion of outdoor watering between 4:00 p.m. and 8:00 p.m. Excellent media coverage of
the program was afforded by daily news reporting of reservoir levels, total pumpage,
and per capita consumption during June, July and August compared with similar system
parameters experienced during the same time periods for the previous year.

That the "Beat the Peak" program continues to be a success is evidenced in Figure 4
which provides a comparison between 1974 and 1979 metered water usage for all customer
classes in the aggregate and the single family residential class, individually. In

1974 the total single family residential usage amounted to about 66 percent of the
total system water use. For the total system, average daily water use during the peak
month went from 100 million gallons in 1974 to 83 million gallons in 1979, while the
average daily water use during the peak summer months for the single family residential
class continues to show a twenty -three percent reduction over the same time period.

PROGRAM RESULTS

The success of the "Beat the Peak" program has been greater than either the con-
sultant or Tucson Water staff had anticipated. As a result of changed water usage
patterns total pumpage of groundwater has been reduced. Table 3 below documents system-
wide pumpage for the utility during the last several years.

TABLE 3

Fiscal
Year

ANNUAL PUMPAGE BY WELLFIELD (ACRE -FEET)

System
Total

Santa Cruz
Wellfield

Southside
Wellfield

Avra Valley
Wellfield

Interior
Wellfield

71 -72 15,178 5,030 1,449 43,282 64,939
72 -73 15,634 5,535 3,248 42,828 67,244
73 -74 16,574 7,018 5,361 55,498 84,452
74 -75 16,614 4,846 7,245 47,041 75,745
75 -76 15,031 4,919 8,715 49,916 78,580
76 -77 14,397 2,737 9,623 41,043 67,800
77 -78 14,593 2,868 9,703 39,293 66,457
78 -79 15,209 2,192 15,382 35,305 68,088

The figures presented in Table 3 indicate that system -wide pumpage for the Utility
during fiscal year 1978 -79 is comparable to that experienced in fiscal year 1972 -73
in spite of the annual growth rate of about 3 during that time frame. Although the
"Beat the Peak" program was not devised as a conservation program our service customers
have reduced their overall per capita consumption. This reduction may be explained
in part by increased awareness of the local water resource problems on the part of the
consumer and by newly adopted rate making philosophies incorporating an inverted rate
feature.
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Table 4 shows the degree to which our various customer classes as a whole have
altered their usage habits to effect the marked reduction in per capita pumpagefigures
observed since fiscal year 1974 -75.

TABLE 4

Fiscal
Year

Average Dail
Pumpage (MG)

Active
Services

Service
Population

Pumpage
Per Capita /Day

69 -70 51.2 71,241 263,592 194.2
70 -71 54.1 78,177 289,255 187.0
71 -72 57.8 84,816 313,819 184.2
72 -73 60.1 95,105 351,889 170.8
73 -74 75.4 99,604 368,535 204.6
74 -75 67.6 102,813 380,408 177.7
75 -76 70.0 105,595 390,702 179:2
76 -77 60.5 109,480 405,076 149.4
77 -78 59.4 113,105 418,489 141.9
78 -79 60.8 117,777 435,775 139.5

From the figures shown in Table 4 it can be seen that the per capita pumpage for
the system has been reduced from a high of about 205 gpcpd during fiscal year 1974 -75
to about 140 gpcpd during fiscal year 1978 -79. This reduction would be important
on its own merits considering a static service population but with the realization
that the service area population has shown an increase of 67,240 during that interval
makes the impact all the more significant.

Analysis of the data contained in Tables 3 and 4 also reveals that Tucson Water
through the success of the "Beat the Peak" demand management program has been able to
initiate the management of its presently available water resources in answer to major
concerns for land surface subsidence, cost of water production and water quality. As
developed in previous discussions by Davis (1978) and Johnson (1978) Tucson Water is
beginning a major source shift to more effectively manage its available supplies and
to prepare the system for major imported water supplies. The "Beat the Peak" program
has allowed pumpage of the interior wellfield to be reduced while pumpage from Avra
Valley has been increased. Such an option would not have been possible without a
developed alternative supply if per capita demands had continued to increase as antic-
ipated prior to initiation of "Beat the Peak."

CONCLUSION

Collectively, individual user classes have modified their usage patterns princi-
pally in their outdoor water habits. Substantial numbers of multi -family living units
and single family residences have removed lawns and plantings and replaced them with
low water use desert landscaping. Living units with these low maintenance, low water
consumption features have become prime selling points to the local real estate market
which further encourages individual users to cooperate with the program. The City of
Tucson has done much to promote the program by serving as an example. Street medians,
formerly planted in grasses and other high water use plantings, have been replaced with
attractive and low water -consuming desert vegetation. Also, the local building indus-
try has made greater use of low flow water fixtures in many new developments as well
as making these fixtures available for voluntary retrofitting at the individual home-
owners option.

The success of the "Beat the Peak" program cannot be completely ascribed to a

one time public education effort on the part of the City. The awareness of the indi-
vidual user has been enhanced by increased media understanding of the problem and
increased involvement by interested community groups. These efforts, coupled with
changes in water rate philosophies incorporating increased unit rates for water, have
done much to perpetuate customer support for the program. Deferral of capital projects
has allowed the Water Utility time to resolve numerous technical and institutional
problems associated with the establishment of a long -term water supply plan for Tucson.
The complex variables involved with such a plan are difficult to resolve. It is

believed that continuing the "Beat the Peak" management program will allow rational,
planned solutions to these problems.
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THE NORTHWEST AREA WATER PLAN - TUCSON, ARIZONA

by

Thomas M. McLean, P.E.
Tucson Water

ABSTRACT

In May, 1979,, the City of Tucson entered into contractual agreements with three
private water companies to ensure 100 year adequacy and to manage scarce water re-
sources within a large area northwest of Tucson. These agreements implemented the
Northwest Area Water Plan. The Northwest Area Water Plan provides a mechanism by
which local and imported water sources can be cooperatively managed by the City of
Tucson and local private water companies within the Northwest Water Service Area. This
plan has been developed to complement agreements for water service between the City of
Tucson and private water companies and is an integral part of those agreements. The
purpose of this plan is to identify those facilities and associated costs which pro-
vide, on a regional basis, a permanent, cost -effective water supply to new customers
within the Northwest Water Service Area.

The basic plan approach is to utilize existing local groundwater to the fullest
extent possible while maintaining local water tables at their present levels. This
will be accomplished through the planning, design, and construction of an import water
supply system to meet the base demands of customers within the Northwest Water Service
Area and the conjunctive management of local well capacity and storage reservoirs to
meet the variable peak demands and fire flow requirements.

INTRODUCTION

The City of Tucson, located in southern Arizona, is the largest community in the
County of Pima and is the second largest in the state, with a metropolitan population
of approximately 470,000 people.* The City of Tucson's Municipal Water Utility, known
simply as Tucson Water, is the major purveyor of water in the metropolitan area pro-
viding supply to 90 percent of the local population. Tucson Water's facilities cover
an area of approximately 320 square miles; however, the overall region served by the
Utility encompasses nearly 800 square miles. Additionally, numerous privately owned
and operated water companies are in existence with relatively small service areas.

The entire water supply for all water users in the region is obtained from local
groundwater sources which makes Tucson one of the largest communities in the country
to do so. The underground reserves of water are currently being overdrafted. Far
more water is being extracted than is being replenished through natural recharge. In
view of the proposed growth of the Tucson community and the diminishing groundwater
supply, cooperative management of the local resource along with careful water supply
planning becomes an imperative as well as difficult task.

It is anticipated that Tucson Water's service area will indeed grow along with
the community, perhaps ultimately to an area of over 1000 square miles. Many factors
will contribute towards this expected growth some of which are:

a. The diminishing groundwater supply.
b. The recent requirements of the Arizona Water Commission for new subdi-

vision development to demonstrate adequate supply for 100 years.
c. The Arizona Department of Health Services regulations relating to imple-

mentation of the Safe Drinking Water Act.
d. The City of Tucson's allocation of Central Arizona Project water.
e. The City's rate base and bonding capability for financing importation

projects.

*See Finure 1. 11



FIGURE 1: LOCATION MAP
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It becomes apparent, therefore, that the Water Utility will play a significant
role in the establishment of a long -term, reliable potable water supply for the com-
munity. Tucson Water engineers embarked on a long -range planning effort by selecting
a 50 -year planning horizon and utilizing population, land use, and water demand pro-
jections to begin formulating an area -wide master plan for water system expansion. A
50 -year planning scope seems appropriate since it is compatible with the useful life
expectancy of water system facilities, it is a standard approximation used by water
system design engineers, and since projections beyond this time frame not only are un-
available but much too speculative for water system sizing. This study assesses, among
other things, the impacts of various long -range supply scenarios, including the impor-
tation of Colorado River water through the Central Arizona Project.

Recognizing the importance of the water -related issues to the community, the Mayor
and Council endeavored to more definitively outline the role of the Utility by adopting
a resolution in November of 1978, which set forth official policies relating to the
provision of water service in the Tucson metropolitan area. Embodied in this resolu-
tion are certain key constituents as follows:

a. The City of Tucson shall continue to take a leadership role in the quest
for basin -wide management and cooperation on water issues. This effort
shall focus on cooperation between the various water users and agencies
of government. The City, in anticipation of the Central Arizona Project
being completed to some as yet undesignated point in Pima County, shall
continue to work in cooperation with all potential users of CAP water in
Pima County, and with all agencies of government, to facilitate imple-
mentation of the Project in Pima County.

b. The City shall encourage private water companies to financially partici-
pate in basin -wide management of water resources. This will include a
sharing in the cost of water importation from outside the Tucson Basin.

c. As an alternative to the future need to purchase private water companies,
a study shall be done on the feasibility of the City wholesaling water
to private companies. An example of the issues that could be studied
include contract mechanisms to enable the City to wholesale water to pri-
vate companies, which in turn would continue to be responsible for the
retailing aspects. The rate charges for such wholesale water should be
fully compensatory for the costs the City incurs in developing and de-
livering such water.

d. There shall be a system development charge for costs directly attribut-
able to new customers. This charge shall allocate the direct costs for
extension of distribution lines to new connections served by such lines,
excluding the cost of system additions which will be used in common by
old as well as new connections.

e. Charges for water utility service, insofar as feasible, shall be made in
direct proportion to the cost of securing, developing, and delivering
water to the various classifications of customers of the Tucson Water
Utility.

THE NORTHWEST AREA OF TUCSON

Throughout the 1950's and 1960's, Tucson was experiencing rapid urbanization on
its east side. There was little or no pressure to urbanize the area to the northwest
compared to that on the east side. However, during the past several years, it is
becoming more and more evident that most of the buildable land on the east side is be-
coming fully developed and growth pressures have demanded that additional land for
urbanization be made available. This development trend has now directed its focus on
Tucson's northwest side in an area also known as the Tortolita Area. As previously
mentioned, Tucson's current metropolitan population is in the vicinity of 470,000
people and is expected to exceed 800,000 by the year 2000. This type of growth rate
is placing new demands upon the vacant land on the urban fringe previously considered
rural in character.

The Tortolita Area abounds in natural beauty, which enhances its attractiveness
as an area for urban development. A new regional park has been established and
another State park is proposed, both of which add additional amenities sought by the
urban dweller. It seems inevitable, therefore, that this northwest area may be sub-
ject to dramatic land use changes in the near future.

The governing body of Pima County responded to this pressure by directing the
development of a land use plan for this area which lies directly in the path of
Tucson's expanding urban fringe. The formulation of plans and policies were guided
by four major goals:
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a. Encourage growth in eastern Pima County where it can be provided for in
an efficient manner and create the least negative impact.

b. Accommodate the expected growth in the northwest area in an orderly
manner.

c. Consider environmental constraints as primary land use determinants to
urban development.

d. Provide for an adequate mix of land uses and an efficient system of pro-
viding urban services.

Major land owners and developers began initiating their efforts with the intention
of developing large portions of the Tortolita Area thereby precipitating the formula-
tion of more detailed community land use plans such as the adopted Rancho Vistoso and
Tortolita Community Plans. An obvious, essential ingredient to the success of land
use planning is the incorporation of a plan or plans for the facilities necessary to
support the proposed development. The design and implementation of a major sewerage
facility plan soon got underway with a similar effort for water supply to follow.

THE NORTHWEST AREA WATER PLAN

The existence of some of Tucson Water's facilities and that of the Metropolitan
Water Company, a private company, supported some initial surges of development in the
northwest area. However, a large scale water supply plan for the area was not fer-
vently addressed until two major investors began actively pursuing their development
concepts. Since two of the investors held interests in significant areas of land,
they each explored the concept of forming their own private water companies to attain
various advantages foremost of which would be the ability to facilitate their individ-
ual rates of development.

The formation of a private water company in the northwest area of Tucson is not
an unfeasible proposal. A large portion of the region is a watershed drained by the
Canada del Oro River. It is possible to analyze it separately from the Tucson Basin
as a sub -basin in itself. Heretofore, the historical pumpage in the vicinity have
resulted in little discernible impact on the water table unlike other nearby wellfield
areas that have experienced much heavier withdrawals and, in some cases, severe water
level declines. Wells that are situated in the immediate vicinity of the Canada del
Oro Wash experience very good recharge characteristics due to the favorable nature of
the aquifer materials. Large scale development, however, will be accompanied by
large scale, long term water demands which is of primary concern to Tucson Water who
carries the responsibility of maintaining a regional approach to water supply plan-
ning. Not only is Tucson Water concerned with protecting the hydrologic integrity of
this sub -basin, but also with ensuring the participation of this area in the long term
solution to water supply problems.

On December 4, 1978, Foothills Water Company, representing one of the major
developers, made application to the Arizona Corporation Commission to obtain a Cer-
tificate of Convenience and Necessity to form a private water company. A portion of
the application included an area that the City had the right to serve acquired through
previous condemnation of the Citizens Utilities Water Company. The City of Tucson,
pursuant to Mayor and Council direction, intervened in the application. The City's
position was founded upon the adopted Mayor and Council water policies previously
mentioned, and the City's readiness, willingness, and ableness to provide water service
to the same area proposed by the applicant private water company.

After two days of hearings before the Corporation Commission the City was approached
by representatives of the Foothills Water Company in an attempt to resolve the con-
flict outside the Commission hearing. The City, having already developed a plan for
providing imported supply to the area and alternative mechanisms for financing that
imported supply system, entered into negotiations with the attorneys for the proposed
Foothills Water Company and the Vistoso Water Company located immediately north of the
Foothills area. The negotiations focused on a method to satisfy the needs of the
private developers of the Northwest Area while furthering the goals of the City in
basin -wide management and water importation cost recovery. The existing City draft
Northwest Area Water Plan was modified by City staff and engineers for the proposed
private water companies whereby the private water companies would obtain their cer-
tificates from the Corporation Commission and utilize existing local groundwater sup-
plies to the fullest extent possible to provide interim service to their specific
water customers. The City would provide a long -term, permanent supply to the entire
northwest area via a system of pipelines and booster stations delivering imported
water from Avra Valley, the Central Arizona Project, or a combination of the two. The
Northwest Area Water Plan associated with individual contractual agreements were the
culmination of the lengthy settlement negotiations. (See Figure 2)



FIGURE 2: NORTHWEST WATER SERVICE AREA
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The Northwest Area Water Plan, jointly formulated by City and consulting water
engineers, identifies those facilities and associated costs which could provide, on a
regional basis, a permanent, cost -effective water supply to new customers within the
Northwest Water Service Area. The basic plan,is to utilize existing local groundwater
to the fullest extent possible while maintaining local water tables at their present
levels. This will be accomplished through the planning, design, and construction of
an import water supply system to meet the base demands within the Northwest Water
Service Area and the conjunctive management of local well capacity and storage reser-
voirs to meet the variable peak demands and fire flow requirements. (See Figure 3)

Consistent with the Northwest Area Water Plan, contractual agreements for water
service have been developed whereby all existing and proposed private water companies
can assure themselves of a permanent, cost -effective water supply through participa-
tion in a regional financing approach. This approach includes the formation of a
"Northwest Area Water Development Account" to accept capital contributions by all
customers within the Northwest Water Service Area set aside for construction of the
future Northwest Water Supply System and a future wholesale water rate for recovery
of each customer's share of the City's operation and maintenance costs and import
supply capital costs associated with the Northwest Water Supply System.

Major provisions of the contractual agreements themselves are as follows:

1. The City will not oppose a participating company's application for a
Certificate of Convenience and Necessity.

2. Each company will provide interim water service to its own retail water
customers.

3. Each customer will collect from each customer and pay to City a "Water
Development Fee" to be placed into the "Northwest Area Water Development
Account" for construction of the Northwest Water Supply System.

4. The value of the "Northwest Area Water Development Fee" can be adjusted
from time to time consistent with changes in the projected service area,
number of customers, and water system costs contained within the North-
west Area Water Plan.

5. The City shall initiate construction of the Northwest Water Supply System
as identified in the Northwest Area Water Plan on or before January 1,
1989, provided that 25 percent of the company's obligations to the
Northwest Area Water Development Account has been received by said
account.

6. Upon delivery of water to company through the Northwest Water Supply
System, the company will pay to the City a wholesale water rate con-
sisting of three cost components:

a. Operation and Maintenance.
b. Capital costs for imported supply to boundaries of Northwest

Water Service Area.
c. Capital cost short fall of development fees to pay debt service

on bonded portion of Northwest Water Supply System.

It is the intent of the City to collect a uniform Northwest Area Water Develop-
ment Fee from all new customers within the boundaries of the Northwest Water Service
Area whether in the certificated area of a private water company or served by the City.
New City connections within the Northwest Water Service Area are impacted in that each
are required to pay the same-water development fee as a new customer in a participat-
ing private water company. This fee has been initially established at $130 per each
new residential unit including apartment and condominiums.

No immediate budgetary impacts of the agreements on the Water Department Budget
were experienced. Funds to construct the Northwest Water Supply System will he
provided from the Northwest Area Water Development Account. Separate subsidiary
accounts were established to accept contributions from individual private water com-
panies and the City of Tucson customers. The total funds received will be considered
deferred revenue by the City water system and can be invested. The Northwest Water
Supply System funds and interest earned thereon will be considered revenue to the
Water Utility for accounting and bonding purposes.

Since the time frame for initiating the construction of the Northwest Water
Supply System is January 1, 1989, provided 25 percent of the system cost is available
at that time within the Northwest Area Water Development Account, the City's maximum
capital obligation to be bonded could he 75 percent of the total system cost. At
today's estimated costs of $3,687,765, the City's maximum obligation could be as high
as $2,800,000. This could impact the bonding capacity of the City Water Utility as
well as bond coverage. It is anticipated that revenues from new connections in the
Northwest Water Service Area, supplemented by revenues from wholesale water charges,
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FIGURE 3: CONCEPT OF NORTHWEST AREA WATER SUPPLY SYSTEM

17



will offset the City's cost of debt service on any bonds issued after January 1, 1989
to cover the difference between the Northwest Water Supply System costs and the
revenues received into the Northwest Area Water Development Account.

A cooperative atmosphere existed among the representative engineers and attorneys
during the joint preparation of the Plan and the associated contractual agreements.
Concepts as well as draft agreements were coordinated with the Southern Arizona Home
Builders' Association and all participating parties were supportive of the agreements.

The agreements for water service with the Foothills, Vistoso and subsequently
the Metropolitan water companies provide the frame wör,k for a regional approach to
water supply planning and management. It is anticipated that similar agreements with
other private water companies in the Northwest Water Service Area will be forthcoming.
The establishment of a uniform water development fee for the Northwest Area will pro-
vide the framework for similar development fees in other portions of the metropolitan
Tucson area. Separate water development fees will be recommended for adoption into
the water utility cost recovery system. These will be determined upon finalization
and adoption of land use plans by Pima County.
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HYDRAULIC MODELING FOR CAPITAL IMPROVEMENTS PLANNING

by

Stephen E. Davis, P.E.
Tucson Water

ABSTRACT

The Tucson Water Department has developed a long -range water master plan utiliz-
ing a computerized hydraulic modeling system from which to determine size and phasing
of major water capital improvements. Alternative water sources and amounts were mod-
eled under a fifty -year peak demand condition. Nodal pressure, pipeline headloss, and
reservoir drawdown results were evaluated against pre -set standards to determine the
optimal solution to the supply- demand balance.

A mid -range demand condition for 1990 was modeled subsequent to the modeling of
the 2030 planning horizon to incorporate a major domestic water source change. Sizing
of new facilities will he based upon the long -range solution. Phasing of capital im-
provements will he based upon existing system deficiencies, rate and spatial distri-
bution of growth, delivery date of new imported surface supply, and the availability
of funds for water project construction.

INTRODUCTION

The City of Tucson water system was purchased from private owners on July 24.
1900, for 5110,000. The original City of Tucson Water Works consisted of 11 wells,
one pumping plant, a redwood flume, cast iron mains, and 625 customers paving an aver-
age of 42.110 per month. During World liar 11, residential growth exceeded growth of
the city limits, resulting in the development of large numbers of privately -owned
water companies serving individual subdivisions. A systematic purchase of these com-
panies and an aggressive annexation program resulted in growth or the City Water Uti-
lity to 57,1100 accounts by 1963.

Today the City provides water to 4511,0011 people through 122,000 active metered
services both inside and outside the corporate limits. Tucson hater operates a series
of l' small, isolated water systems, and a large, integrated central system. The sole
source of supply is pumped groundwater from 200 active wells having Pumping levels
ranging from 50 to 5011 feet. Water is pumped via 135 booster stations to fourteen
pressure zones having elevation differences of 105 feet each. Because of the large
number of wells and service elevation difference the system is very energy intensive
with the annual 53 million energy cost approaching 25 percent of the total operation
and maintenance budget.

In 1971. Tucson Water purchased an efficient computer program for the solution of
steady state flows in water networks to assist in the analysis of deficiencies in its
complex water system. Basic features include:

a. 'the use of Newton's method for solving a system of simultaneous
nonlinear equations:

h. .1 loop- oriented ne'twor'k to reduce the number of equations to he solved;

c. Automatic loop numbering that produces a handed symmetric matrix with
conseq,la'ent reduction in computer memory requirements; and

d. The requirement of a minimum amount of input data 1Lpp and Fowler 19701."

Technical staff of the utility have been compiling extensive data bases on the
Pity's 1101 3"0 /IIR computer for Ilse' by the Epp- Fowler program in selective modeling of
any desired subsystem of the Tucson Water service area. l'he ultimate goal is to
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utilize data logging,Epp- Fowler results, and decision -making criteria to operate water
system facilities in real time such that costs are minimized and efficiency is opti-
mized. Although this goal has not yet been attained, a primary benefit has been to
utilize the analytical tool to investigate system deficiencies under future projected
critical demand conditions and make recommendations on sizing and phasing of specific
capital improvements.

THE MODELING PROCESS

Input data to the Epp -Fowler program include pipe diameters, lengths, roughness
coefficients, demands at nodes, elevations of nodes, reservoir elevations, pump char-
acteristics, and pressure reducing valve characteristics. A different set of data is
required for each desired demand condition, although physical information such as pipe
and node characteristics need only be expanded or modified to accommodate growth and
changes in location and quantity of water supply. The most critical input data is the
magnitude and spatial distribution of water demand.

The necessary first step toward achieving credibility of model results is cali-
bration. A peak day demand condition utilizing known well production for the summer
of 1979 was modeled for a skeletal version of the major transmission and distribution
pipelines in the central water system. This model contained 281 nodes and 316 pipe-
lines. A skeletal system was utilized to save data input and computer calculation
time with little sacrifice of accuracy. The 3500 total number of pipelines in the
Tucson Water system approximating 2500 miles of mains were reduced in number by ninety
percent. Calculated pressures at nodes were compared with actual measured system
pressures at specific key locations. Numerous trials were required to achieve the
high degree of accuracy desired.

The second step was to model the projected 1980 supply /demand condition for the
peak day utilizing the 1979 skeletal transmission system plus any major improvements
to be constructed prior to the 1980 peak demand period. A typical output of pipeline
and nodal information is shown below:

Pipe Nodes Length Diameter Flow Headloss HL /1000

1

2

3

1 2 5925
2 3 5800
3 4 3165

42 13.67984 2.94340 0.49678
42 15.80184 3 76323 0.64883
42 17.96184 2.60343 0.82257

Node Elevation Demand HGL Pressure

1 2455 , -13.6811 2709.68335 110.25253
2 2438 - 2.122 2706.73999 116.33766

3 2425 - 2.160 2702.97681 120.33629

4 2425 0.015 2700.37354 119.20934

S 2494 0.164 2685.44653 82.87729

Units of flow and demand are million gallons per day, units of headloss are feet and

units of pressure are pounds per square inch. Negative demands at nodes indicate
sources of supply. Calculated computer results are compared against preset criteria
for pipeline, booster, and reservoir sizing and hydraulic gradelines. Any deficien-
cies identified in the 1980 demand condition became top priority improvements for the
current fiscal year.

The third step was to determine the size and location of major pipeline, booster
and storage facilities required to meet the projected fifty -year water supply and
demand configuration. The demand configuration has determined by ilisaggregating offi-
cial county population and land use projections for 2030 to nodes and multiplying by
per capita and per commercial /industrial acre water use factors. l'or the Tucson ser-
vice area average use projections are 105 gallons per person per day and 1300 gallons
per acre per day. Peak day demand conditions were evaluated by multiplying average
values by two. 'l'he supply configuration was determined by assigning projected well
capacity to individual nodes and meeting the balance of the demand with imported
Central Arizona Project (CAI') water assigned at various alternative treatment plant
locations. The resultant long -range concept consisted of a model of 11(1 pipes and 377

nodes.

The fourth step was to analyze the skeletal system for 1080 utilizing 1900 pro-
jected peak demands and a combination of well supply and Central Arizona Project waiter
anticipated to he available to the Tucson area in 1937. Major large, costly capital
improvements were identified to enable 'Tucson Water to utilize CAP water. This was
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due to the change from full reliance on a large number of small water sources (wells)
distributed throughout the service area to reliance on a combination of CAP water in
large quantities at one or two specific locations and a reduced number of wells. The
fifty -year concept plan was used to size the projected facilities while the ten -year
demand and importation of CAP dictated the need for construction of certain improve-
ments by 1990.

The fifth step was to model the peak day demand conditions for each year from
1981 through 1989 incorporating anticipated delivery date, location, and quantity of
CAP water. Deficiencies identified in the model runs determined the phasing for capi-
tal improvements. A summary of the five -step modeling process is as follows:

STEP TASK

1 Calibrate Transmission Model for 1979
2 Run 1980 Peak Day Demand Model
3 Run 2030 Alternative Supply Models
4 Run 1990 Peak Day Demand Model
5 Run 1981 through 1989 Models

FACILITY SIZING CRITERIA

Initial results of individual modeling runs always indicate deficiencies in
specific pressure or headloss criteria. The optimal solution is one which meets all
operating criteria at the least capital and operating cost. Tucson Water has an
adopted water pressure policy whereby the utility provides a static pressure of be-
tween 35 to 85 pounds per square inch at the customer's meter. The higher pressure is
obtained at the low elevation of the zone while the lower pressure occurs at the high
elevation of the zone. Dynamic pressures vary slightly from the static depending upon
demand conditions. Headloss criteria are critical to pipeline sizing and affect power
costs associated with pumping. Different criteria are utilized depending upon pipe-
line function.

Tucson Water has three functional pipeline definitions for modeling purposes:
distribution pipelines, in -zone transmission pipelines and out -of -zone transmission
pipelines. For distribution mains, the first criterion for sizing is that headloss
must be less than ten feet per 1000 feet of pipe under peak hour demand conditions.
The second criterion is that extremity nodal pressures must he greater than 30 pounds
per square inch under the same peak hour demand conditions. For in -zone transmission
pipelines the first criterion for sizing is that headless must he less than two feet
per 101111 feet of pipe under peak day demand conditions. The second criterion is the
minimum pressure criterion stated for distribution mains. A third criterion is that
parallel reservoirs within the same pressure zone should not vary in hydraulic grade-
line by more than ten feet. For out -of -zone transmission pipelines, the first criter-
ion for sizing is that headloss must he less than six feet per 10011 feet of pipe under
peak month demand conditions. The second criterion is an evaluation of capital versus
operating cost to determine if a larger pipeline with lower headloss is more economi-
cal over the projected lifetime.

The sizing criteria for booster pumping facilities is dependent upon the type of
service area to which the booster pumps. There arc three general tines of service
areas:

I. Service areas with no gravity storage.
_. Service areas with storage volume capable of meeting demand

conditions greater than the peak day, and
5. Service areas with sufficient gravity storage volume to meet

demand conditions greater than the average day of the peak month.

The sizing criterion for hoosters pumping to areas with no gravity storage is the
capability to meet peak hour demand conditions. The sizing criterion for the second
booster type is capahiliti' to meet peak day demand conditions. The sizing criterion
for the third booster type is capability to meet peak month demand conditions. If

only one booster facility pumps into a given service area, the aforementioned criteria
determines its size. If more than one booster pumps into the service area the hydrau-
lic model will he used to determine optimum sizing for each facility.

The sizing criteria for gravity storage reservoirs is dependent upon the demand
within the specific r'eser'voir service area and the availability of sites having re-
quired area and clevtrtion. :1 peak hour storage facility is sized hosed upon the
larger result of the following two equations: -
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1. Volume = (Peak hour rate (mgd) - Peak day rate (mgd)) x
4 hours x (1 day /24 hours) x 2

2. Volume = Maximum Fire Flow Rate (mgd) x Duration (hours) x
(1 day /24 hours) x 3

A peak day storage facility is sized on the basis of the following formula:

Volume = (Peak day rate (mgd) - Peak month rate (mgd)) x
4.5 x (1 day)

If this storage facility also provides forebay storage for boosting to areas with
peak hour storage, the following must be added to the above -calculated volume to de-
termine minimum volume:

Volume = (Peak Day Rate (mgd) - Peak month rate (mgd)) x 3
x (1 day)

If more than one storage unit is used in parallel with another for the same ser-
vice area, the hydraulic model results are used to apportion the total volume amount
to each. The above criteria were applied to modeling results under different demand
conditions to determine the specific capital improvements required.

WATER MASTER PLAN CONCEPT

The primary alternatives evaluated for the 2030 demand condition were the loca-

tion and amount of Central Arizona Project water. The total projected CAP demand is
140 mgd for the fifty -year horizon assuming physical and legal availability of some
groundwater for meeting peak demands and blending to lower average TDS. Three combi-
nations of location and quantity of CAP water were analyzed and sizing of facilities
was accomplished. Unit capital and operational costs were applied to model results
to determine which long -range concept was the most cost effective. The selected al-
ternative consists of two CAP treatment plants having capacities of 70 million gallons
per day each. One plant is conceptually located in the northwest portion of the
Tucson metropolitan area and the other in the southwest portion. The resulting addi-
tional transmission pipelines required to meet the supply- demand balance are super-
imposed upon the existing transmission system in Figure 1. In addition to the two
treatment plants, twenty -one new storage reservoirs were required with combined

capacity of 230 million gallons. Fifteen major booster plants having a combined capa.
city of 200 mgd are to he constructed in addition to 138 miles of major transmission

pipelines. In today's costs fifty -year needs are summarized below:

FACILITY COST

Treatment Plants
Transmission Mains
Booster Stations
Reservoirs

S 50,4110,000
$ 60.600,000
$ 3,600,000
$ 37,400,000

fOTAI. $152,000,000

Inflated costs of these facilities will he many times higher than today's making
early construction highly desirable if funds can he provided.

TEN-YEAR CAPITAL I MPROVEUEN'f NEEDS

The primary goal of the ten-year capital improvement program for the Tucson Water

Utility is to facilitate the use of Central Arizona Project water when and where it

becomes available. Although specific allocations have not yet been made to Tucson,
and CAP aqueduct alignments and, therefore, treatment plant locations have not been

finalized. 'Tucson Water must proceed with orderly implementation of its long -range
concept plan. Although the ten-year program is compatible with the long -term plan,
it is also flexible to the extent that it still provides ability to respond appro-
priately as critical questions regarding future supply are answered.

Major capital improvement needs for the next ten years have been determined
using the skeletal hydraulic model. Certain specific categories of expense such as
distribution system extensions, improvements, and replacements are directly related
to the rate and spatial distribution of growth. The skeletal system modeled, and the
nodal demand allocation methodology applied is not sensitive enough to predict
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localized distribution system improvements. The bulk of the $125,8312000 program cost
in today's dollars and $202,854,000 cost assuming ten percent annual inflation has
been identified utilizing the skeletal model and associated data bases.

CONCLUSIONS

Tucson Water has developed a very useful tool through the purchase and utiliza-
tion of the Epp - Fowler analysis program. Even though work towards selective sub-
system analysis is not complete, major decisions involving millions of dollars in
expenditures are being made through engineering evaluation of model results. In the
future, data bases will be completed and software will be written to extend present
capability. It is only through the use of state -of -the art techniques and long -range
water planning that municipal water utility staff can achieve credibility with City
administration and government decision -makers in its requests for capital improve-
ment monies. With increasing construction and energy costs it is economically wise
to evaluate a large range of alternatives. Fast, efficient computer tools can pro-
vide the mechanism for such evaluation.

REFERENCES CITED

Epp, Robert and Fowler, Alvin G., 1970. Efficient Code for Steady -State Flows in
Networks. Journal of the Hydraulics Division, American Society of Civil
Engineers, Volume 96, Number HY1.

24



WATER- AWARENESS IN TUCSON, ARIZONA: A CASE STUDY

by

Kebba Buckley
University of Arizona

INTRODUCTION

In this country and elsewhere, there is an increasingly pressing need for efficient use of pot-
able water. In areas with surface water supplies, the costs of energy and technology for conveying
water from river to reservoir to point of use are increasing. In areas where the primary potable wa-
ter source is groundwater, pumping in excess of the recharge rate is common; these areas face the need
to either increase supply or reduce demand. Especially in arid and semiarid areas, increasing water
supply involves the construction of engineering works and the concomnitant direct construction costs,
indirect environmental costs, and deferred energy costs of maintaining the system. Reducing demand
may involve either the reduction of per capita consumption or population reduction --the latter being a
controversial issue at present. State legislation, local ordinances, and information campaigns aimed
at water consumers are major tools for reducing demand. As the energy crisis worsens and the costs of
construction inflate, reduction of demand begins to be an increasingly attractive alternative to the
"Technological Fix."

Decrease in demand, assuming no decrease in population, ultimately lies with changes in consumer
use patterns. A major issue is the question of which consumer sector -- municipal (homes and busi-
nesses), industrial, or agricultural -- should make what changes. Basically, in every sector, the only
way to reduce demand is for individual decision -makers to use water more efficiently for existing func-
tions and cut down on less important functions that require water. In the municipal sector, two major
tools available for reducing individual demand are pricing techniques and information campaigns. Pric-
ing techniques of various types all directly or indirectly raise the consumer's per- unit -volume cost
of using water, causing individuals to decide to spend less by using less. Information campaigns, in
contrast, try to raise the individual's awareness of water supply limitations and urge conservation as
a practice that is good in and of itself, or for the community good, due to the limited supply of the
resource. Information campaigns may also try to raise consumer awareness of the increasing costs of
maintaining an ever -increasing water supply for the community, thus informing individuals that saving
water now will reduce costs later. The operating assumption is that raised awareness can cause behav-
ioral changes and thus ultimately reduce demand. Although this linkage is not well established
(Saarinen, 1980), the information campaign is a popular, relatively inexpensive tool which can be im-
plemented with less controversy than pricing measures.

The present research employs the premise that information campaigns have potential, albeit un-
measured as yet, to help reduce aggregate water demand by raising individual consumer awareness and
thus persuading the consumer to reduce his /her water use. The focus in this study is on the residen-
tial water user and his /her concepts of water use. This pilot survey was conducted in Tucson, Arizona,
among persons who live both within the City's water delivery area and also within the City limits.
The overall purpose of the pilot study was to look at Tucsonans' awareness of the City's water supply
situation and provide findings which could be incorporated into an effective information campaign by
the City. Five objectives were pursued: (1) to identify specific conceptions and misconceptions, my-
opic and not, (2) to explore the importance people assign to the problem of providing Tucson's water
supply, (3) to explore how people feel about the effectiveness of present information systems, (4) to
determine which medium /media people feel is /are the best for getting information across, and (5) to
determine whether or not people feel they can affect (a) water management policies as voters or (b) the
water -supply /demand problem by changing their own use patterns.

SURVEY METHODOLOGY

In order to meet the design objectives, nine hypotheses were developed, keyed individually to the
five objectives. The hypotheses are given in Figure 1. A questionnaire was then developed (Figure 2)
to test the hypotheses. After an informal pretest, in spring 1979, a random -dot grid was used to gen-
erate a pilot sample of 100 locations within the Tucson City limits and within the City's water deliv-
ery area. A door -to -door survey was then conducted by the researcher, at households corresponding to
the map locations, excluding households which did not receive an individual water bill (i.e., rented
apartments, etc.). Responses were recorded on the questionnaire forms and coded after all interviews
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were complete.

Figure 1. Experimental Hypotheses

HYPOTHESES OBJECTIVES
1. People are myopic in their conceptions of the water situation and of their 1

own knowledge and awareness.
a. People believe they have enough information to comfortably make decisions

on bond issues.
b. People conceptualize water supply and their own consumption simplistically- -

they see no further than their tap --water is a delivered utility.
c. People believe Tucsonans are appropriately concerned about water issues.
d. People are satisfied with what they know about water, yet they have spe-

cific misconceptions.

2. People assign water issues less- than -vital /moderate importance. 2

a. Water supply is not considered the most important water -related issue in
Pima County.

b. Water issues are not considered important in electing officials.
c. People can't remember the water and sewer related issues from the July 25,

1978 bond election.
d. People note their water consumption in monetary terms, not in volumetric

terms.

3. Information can change use patterns. 3

4. People feel that there may be enough information available to voters on bond 3

issues, but it is not easy to find; accessibility is perceived as a problem.

5. Information is failing to reach some people. 3

a. Some people haven't heard of Beat -the -Peak.
b. Some people don't know who to call for water information.

6. Newspaper and TV are the best and second -best media for water information 4

dissemination due to (a) breadth of audience (both) and (b) the opportunity
to have and study one's own copy of the information (paper).

7. Water bill causes more water- related thinking than usual (thus a potentially 4

good information medium)?

8. People do not feel they can affect City of Tucson water management policies 5

as voters.

9. People do not feel they can affect the water supply /demand problem by changing 5

their own use patterns.

Figure 2. Final Questionnaire

Interview No.

Hi. I'm from the University Water Resources program. My name is Kebba Buckley, and I am helping with

research on water, looking at how well information is getting around and how people think about water.
I would be very grateful if you could take a few minutes to answer some questions about water issues
for me.

1. Would you say people in Tucson are

overly concerned
appropriately concerned or

not concerned enough about water issues?

2. What would you say are the most important water -related issues in Pima County?

3. Do you consider water issues important in electing officials?
yes
no

don't know

4. Do you receive a water bill?
__yes

no If no, "Thank you very much for your time"
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5. (if yes) from the City of Tucson or a private company?
_City

Private If Private, "Thank you very much for your time"

6. Are you registered to vote here in Tucson?
yes
no If not yes, "Thank you very much for your time"

_don't know
not eligible

_registered elsewhere
eligible but not registered

7. Do you feel that as a voter, you can affect the City of Tucson's water management policies?
_yes

no

don't know

8. Did you vote in the July 25 bond election?
_yes

no

not here long enough

9. What water and sewer related issues were you happy or unhappy to see on the ballot in the bond
election?

(water)

--(sanitary sewers)
(storm sewers)
(don't remember issues)

10. What do you feel an informed voter should know about Tucson's water supply?

11. If you wanted some water supply information, who would you contact?
( don't know)

12. Have you heard of Tucson's Beat- the -Peak program?
yes

no

13. (If yes) do you feel it's a worthwhile program?
_yes

no

conments)

14. Do you feel the program has affected your water use?
_,yes

no

not sure

15. (If so) how would you say your use has changed? What do you do differently now?

16. Do you feel that you can affect the water supply /demand problem by changing your own use patterns?
_yes

no

not sure

Some people feel they get enough information on water -related issues to know as much as they would
like. Other people feel they do not get enough information to know as much as they would like.

17. Do you know as much as you would like to about water concerns or would you like to know more?
satisfied
want to know more
not sure

This project is trying to find out about the availability of information and the ease of obtaining
it.

18. Would you say there is
too much
enough or

not enough information on water -related issues available to voters in this county?
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19. Would you say it is easy or hard for a voter to get enough information to decide on a water or
sewer bond issue?

easy
hard
don't know

20. For you, what would be the most convenient medium for the City to use to offer more water -related

information?

21. Through which of these would you say you hear the most about water?
TV

_radio
newspapers
bumper stickers
billboards
public meetings
pamphlets mailed to you by City and others
other

22. On the day you receive your water bill, do you think about water
_about as much as usual or

more than usual

23. If more, what thoughts do you have?
( cost)
(- volume)

24. On the day you pay your water bill, do you think about water
about as much as usual or

more than usual

25. If more, what thoughts do you have?
( cost)

(- volume)

We have several questions about what kinds of information ought to be made available to newcomers,
since so many people come to Tucson each month from areas which may have very different water
situations.

26. If a newcomer to Arizona wanted to know where most of the water goes after it rains here, what
should he or she be told?

don't know
answer

27. What should a newcomer be told about where the City of Tucson gets its water supply?
don't know
answer

28. What should a newcomer be told about how the City of Tucson handles wastewater?
don't know
answer

29. Some people say there are some underground streams in Arizona and some people say there are none.

What would you say?
_some

- -don't
none

know

30. Some people say Tucson has a water shortage. Would you say

there is no shortage
there is some shortage or

there is a serious shortage

31. (If some or serious) do you have any idea of when it might run out?

32. If the City of Tucson's ground -water supplies ran out, do you feel it would affect you?

yes
no

not sure

33. (If yes) how might it affect you? What do you visualize happening?
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_not sure
answer

34. If all the wells and rivers in Pima County went dry permanently, what should the City of Tucson do
for water supply?
_don't know

answer

The next three questions consist of the beginnings of sentences which I would like you to complete.
Just finish each sentence with whatever comes into your mind, no matter what your thought is. Try

to think about life rather than just water.

35. I believe that luck . . .

36. In making progress, man has . .

37. The solution of environmental problems is .

38. Which group do you feel uses the most water in Pima County, compared to the other two groups?
homes and businesses

mines
`agriculture

don't know

39. Which group do you feel uses the least water in Pima County, compared to the other two groups?
homes and businesses

mines
-agriculture
don't know

40. How long have you been in Tucson? _

41. When you think of the amount of water your household uses each month, do you think of
a number of dollars or

42. a number of CCF or both

or neither?

The last three questions are for statistical purposes. It will help us if you answer, but if you
prefer not to answer, feel free to say so.

43. Which yearly income group would you say your household is in?
up to 58000
$8001 to $15,000
$15,001 to $20,000
$20,001 to $30,000

- S30,001 to $40,000
over $40,000

44. In formal education, did you complete
none

_.primary school
secondary school

college _some college
more than four years of college

45. Which of the following age groups are you in?
18 -30

31 -40

- 41 -50

51 -60

over 60

Thank you for your time and help!

To be filled out by interviewer subsequent to interview:

46. Respondent's gender
male
female
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47. Respondent's ethnicity:
Anglo

_Chicano
Indian
Black American

_Foreign

48. Respondent's yard:
_desert landscaping or undeveloped

lawn and vegetation needing watering
mixed

49. Address

DATA ANALYSIS

The very purpose of conducting a pilot study is, in a sense, to conduct a "fishing expedition ", and
provide information on both the methodology and the population studied, in preparation for a larger
study with more closed -type questions. This was at once the strength and the weakness of the experi-

ment. Starting with a broad range of questions, many of them entirely open (i.e., "What do you think
about . . . ? "), a broad range of answers was naturally garnered. These answers included not only a

broad range across the axis of expected answers, according to the intended meaning of the questions,
but also answers which, from the experimenter's viewpoint, really answered a different question than the
one asked. Certainly many of these answers approached questions from a very different angle than had

been anticipated.

A basic problem was encountered as the data analysis began. Despite the reduction of verbal re-

sponses to perhaps nine categories for each question, data for different questions were not parallel.
Some response sets were nominal -type data, some ordinal, and some interval. Identifying dependent vari-

ables against which to measure other response sets was difficult, as the original survey instrument de-
sign was not sufficiently coordinated. While the individual questions provided interesting response
patterns, it was difficult to establish linkages between them. Very few significant (P =.05 or less)

correlations between variables were found. Of the correlations that appeared statistically significant,
the so- called significance for some was caused by the extreme skew of the data in one of the variables
(i.e., 97% said "yes" and 3% said "no "). Therefore, the results of the data analysis stage of the ex-
periment contain few references to correlation among variables, and the primary information given is
that which is culled from the simple majority (in percent) response, question by question. Comment is

made on whether most people's responses appear to support or contradict the hypotheses, but due to the
constraints discussed above, this commentary is of course of a general nature.

Hypothesis 1 relates to aspects of perceptual myopia and states that "people are myopic in their
conceptions of the water situation and of their own knowledge and awareness." This idea was pursued as

four sub -hypotheses. Of the four sub -hypotheses, two (lb, lc) were well supported by the data, and one
(1d) was partially supported.

Hypothesis la: People believe they have enough information to comfortably make decisions on bond

issues. This hypothesis is not supported by the data; mode answers to Question 15 (Q15) indicate peo-
p i would like to have more information (711 but feel not enough is available (Q16, 481, or it is
hard to find (58', Q17). Of those who responded concerning both amount of information available (Q16)
and difficulty of getting it (Q17), 50 said there is not enough and it is hard to get; 20" said there

is enough but it is hard to get; 2.5 said there is not enough information, but that little is easy to

get. Thus, 72.5 are unhappy with either information accessibility or the amount of information avail-
able. The remaining 27.5°' said there is enough information, and it is easy to get. Response differ-

ences between those satisfied with their knowledge and those who want to know more are discussed later,
with regard to Hypothesis Id.

Hypothesis lb: People conceptualize water supply and their own consumption simplistically --they

see no further than their tap --water is a delivered utility. First, it was revealing to look at what

people felt an informed voter should know about Tucson's water supply (Q9). Forty -nine percent gave

facts or named kinds of information voters should have, such as rate of water table decline. Twenty -one

percent said they didn't know, and 14 said an informed voter should know about rates. Ten percent em-

phatically replied "everything!" or The Truth ", apparently actually answering the question, "what
should an informed voter be allowed to know about Tucson's water supply ?" Three percent answered with

misconceptions. When asked where Tucson's water supply comes from (Q26), 8 of those responding with

facts answered in informed detail, 75 said "from the ground ", 14 gave partially true answers, and 3

gave misconceptions. Two questions, Q31 and Q32, addressed the individual's relation to supply.
Ninety -three percent said a ground -water supply run -out would affect them (Q31), 4 said it can't hap-

pen, 2 said no, and 1 was unsure. When asked how such a run -out would affect them, 5 were unsure.

Forty percent said there would be a water shortage, 11 said the cost of water would go up, and only 28

said there would be no water. The final supply question, Q33, asked "If all the wells and rivers in
Pima County went dry permanently, what should the City of Tucson do for water supply ?" Seventeen
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percent said they did not know, and 5% rejected the question, saying planning and prevention were the
answers. Four percent said water harvesting and recycling should be used, 6% said prayer or rain dances
might be used, and 5% said it would be too late for effective action and one should move away. The mode
group (55 %), however, said Tucson should import water, and 26% specifically cited the Colorado River as
the best source. Thirteen percent specified the Central Arizona Project as the solution. Answers to
these questions on water supply indicate that many people are thinking simplistically about Tucson's wa-
ter supply situation. Many people have partial concepts of the working "water realities ", and a few
people have clear misconceptions. Simplicity is also characteristic of people's thoughts about their
monthly water consumption: most people think of it in terms of cost. The responses to three questions,
Q22, Q24, and Q38, illustrate this. In Q22, of those who think about water more when their water bill
arrives, 12% have volume- related thoughts, 66% have cost -related thoughts, and 22% have both. In Q24,
of those who think about water more when they pay their water bill, none have just volume -related
thoughts, 73T have cost -related thoughts, and 27% have both.

Hypothesis lc: People believe Tucsonans are appropriately concerned about water issues. Q2 di-
rectly addressed this sub -hypothesis, and results confirm it: 55% of respondents say they feel Tucson -
ans are appropriately concerned about water issues. The second largest thought group, however, 29 %,
feels Tucsonans are not concerned enough. The third group, 11 %, feels Tucsonans are overly concerned.

Hypothesis ld: People are satisfied with what they know about water, yet they have specific mis-
conceptions. The first part of this hypothesis is not supported by the data, as only 26% say they are
satisfied (Q15), and 71% say they want to know more. The question then arises, is this 26% a distinct
thought -group with characteristic responses to other questions? Could the hypothesis be correct for
this thought -group? First (Table 1), when asked how much water information is available (Q16), the ma-
jority of "satisfieds" said there is "enough" and the majority of "want- mores" said there is "not

Table 1.

not enough enough
want to 40 26
know more 59.7% 38.8%

7 17
satisfied 29.2% 70.8%

enough." Second, when asked how they feel about whether Tucson has a water shortage 029, Table 2) the

Table 2.

no shortage no some serious
now but there shortage shortage shortage

could be
want to 7 18 35 8
know more 10.3. 26.5% 51.5ßi 11.8%

satisfied 3 10 9 2

12.5'1 41.7;.

mode answer of "satisfieds" was "no shortage ", while the mode answer of "want-mores" was "some short-
age." Answers for each group were skewed around these modes. Third, when asked which group uses the
least water in Pima County (Q35), 76 of "satisfieds" correctly said "homes and businesses ", while only
55 of "want-mores" gave the correct answer. On the other knowledge -check questions (Q15, where water
goes after a rain; Q26, where the city gets its water supply; Q27, how the city handles wastewater; Q28,
are there underground streams in Arizona; Q34, which group uses the most water in Pima County), there
was no significant difference in answers between the "satisfieds" and the "want-mores." In a larger
sample, more distinction might be seen. On the basis of the present sample, most people want to know
more about water issues. Those who are satisfied with their present knowledge feel there is enough wa-
ter information available, whereas those who want to know more feel there is not enough available.
" Satisfieds" tend to feel there is some water shortage. "Satisfieds" have the correct information more
often than do the "want- mores." In this sample, there was no significant difference in the number of
misconceptions expressed by the "satisfieds" and the "want-mores."

Hypothesis 2 asserts that "people assign water issues less- than -vital /moderate importance." This
idea was approached through four sub -hypotheses. Three were well- supported by the data (2a,2c,2d),
while one, 2b, was contradicted.

Hypothesis 2a: Water supply is not considered the most important water -related issue in Pima
County. Q3 addressed this sub -hypothesis directly, asking what "the most important water -related is-
sues in Pima County" are. The mode answer was "rates ", given by 27 of respondents. Second was con-
servation, given by 18 . Supply maintenance was third with 17 . Other answers included lowering of the
water table (6 ), finding new sources (6 ), promotion of truthful information (3 ), water harvesting
(2 ), and "there are no important water -related issues" (2 ). Eight percent said they didn't know.
Thus, the overall concern of water supply is not considered the most important water -related issue in
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Pima County.

Hypothesis 2b: Water issues are not considered important in electing officials. Q4 asked, "Do
you consider water issues important in electing officials ?" With 77% replying "yes" and only 19% re-
plying "no ", the opposite of this sub -hypothesis was shown.

Hypothesis 2c: People can't remember the water and sewer related issues from the July 25, 1978
bond election. When asked (Q8), 93% of those who had voted in the bond election could not remember any
of the issues. Seven percent remembered one in the most general sense.

Hypothesis 2d: People note their water consumption in monetary terms, not in volumetric terms.
Four questions together provide responses that clearly support this sub- hypothesis. Q22 and Q24 ask,

of those who think about water more when their water bill arrives (Q22) or when they pay it (Q24), in
what terms those extra thoughts are. Resoundingly, the majority think in terms of cost. In Q22, 66%

said their thoughts are in terms of cost, 12% said volume, and 22T said they think of both cost and
volume. In Q22, 69% said they think in terms of cost, 6% said volume, and 25% said both.

Hypothesis 3 proposes simply that "information can change use patterns." In the question sequence,
Q11 introduced the topic of information programs, asking if the respondent had heard of Tucson's Beat -
the -Peak program. Of those who said yes, Q12 then asked if they felt it was a worthwhile program. Q13

asked respondents if they felt the program had affected their water use; 73% said yes, confirming the
hypothesis. Seventeen percent said the program did not affect their water use because they were al-
ready so conservative; 10% simply said no. Q45 asked how people's use had changed since hearing about
Beat - the -Peak. The mode answer (32 %) was "shifted water use to off -peak times." The next two most

frequent responses were "stopped watering lawn" (30 %). Other responses included "cut outside use
greatly" (22 %), "watered alternate days" (14 %), "cut inside water use" (8 %), "installed water -saving
devices" (8 %), and "made changes for summers only" (4 %). Thus, while Beat- the -Peak was ostensibly pri-

marily a program to shift use out of peak hours and shift watering to alternate days, a number of
conservation- oriented behaviors resulted [ensued ?].

Hypothesis 4: People feel that there may be enough information available to voters on bond is-
sues, but it is not easy to find; accessibility is perceived as a problem. Two questions, Q16 and Q17,
directly address how people feel about the information they get, and the responses confirm this hypoth-
esis in part. Of those who responded concerning both amount of information available (Q16) and diffi-
culty of getting it (Q17), 50% said there is not enough and it is hard to get; 20% said there is enough
but it is hard to get; 2.5% said there is not enough information, but that little is easy to get.
Thus, 72.5'% are unhappy with either information accessibility or the amount of information available,
or both. The remaining 27.5% said there is enough information, and it is easy to get. Only 20% then

match hypothesis 4 completely; overall, a slight majority, 48% (Q16) feel not enough information is
available, and 58. (Q17) feel information is hard to find. The second half of the hypothesis is thus

supported by the data. More discussion of how people feel about the information they get may be found
in the discussion of hypothesis la.

Hypothesis 5: Information is failing to reach some people. (a) Some people haven't heard of

Beat - the -Peak. (b) Some people don't know who to call for water information. In response to Q11, 3%

said they had not heard of Beat -the -Peak. In Q10, respondents were asked who they would call if they

wanted some water supply information. Fifty -four percent said they would call the City of Tucson De-
partment of Water and Sewers (at this writing, the agency is now called the "Water Department "); 13%
said they would like to call the City but would not trust information the City might give out. Eight

percent said they would call the University of Arizona, 9;: cited friends and other agencies, and 16%
said they did not know who to call. This hypothesis is clearly supported by the data.

H othesis 6: News a er and TV are the best and second -best media for water information dissemi-
nation due to a breadth of audience both media and b the opportunity to have and study one's own

copy of the information (paper). This hypothesis is definitely supported by the data. Q19 and Q10 di-

rectly ask through what medium respondents now hear the most about water. The responses show that TV

(43 ) and newspapers (37 ",) outrank all others as present purveyors of water information. Other sources

ranked about even with each other. Among those people who said their information was from a combina-
tion of media, newspapers (42 ) and TV (30 ) were the two main second -sources. However, responses to

Q18 put another major contender in the running. Before being asked where they now get their water in-
formation, people were asked what the most convenient information medium for them would be. TV (235),

"pamphlets mailed to me" (21 ), and newspapers (20,'), ranked closely, and 12 said some combination of
news media would be most effective. Nine percent said "in my water bill" would be best. If "in my

water bill" and "pamphlets mailed to me" are combined, then the preference for having a personal copy
of the printed information, mailed to one's door (30 ) is clearly dominant. Hypothesis 6 is then true

for presently utilized information media, whereas information mailed to individuals could become the
best mode of information distribution.

Hypothesis 7: Water bills cause more water -related thinking than usual, and thus constitute a po-
tentially good information medium. Here the connecting assumption is that if the bill generates more

water -related thoughts, it will likewise cause greater attentiveness to enclosed water brochures.
Also, this may then turn to changes in water use. In response to Q21, 50 said they think about water
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more than usual on the day they receive their water bill. Of these, 60% said their thoughts are pri-
marily in terms of cost, and 20% said their thoughts are in terms of both cost and volume. In re-
sponse to 023, only 26% say they think about water more than usual when paying the bill. A number of
respondents commented that "it's just another bill." These responses together with the results under
hypothesis 6 suggest that mailings in water bills could be very popular, if not therefore effective.

Hypothesis 8: People do not feel they can affect City of Tucson water management policies as
voters. Q6 approaches this directly, and the responses give us three distinct thought groups, with a
slight skew toward optimism. Ten percent said they didn't know if they could affect policies as voters,
37% said no, 11% said "yes, if many others vote the same way I do ", and 42% said simply "yes." The in-
termediate group feel they have little power as individuals, but as part of a group could affect poli-
cies with their collective votes. The two end groups are approximately equal in size, but one group is
optimistic and the other is pessimistic about individual voter power. Responses of the pessimistic
group give partial support to this hypothesis. An attempt was made to find further support for the hy-
pothesis through correlating Q6 responses with voter registration (Q5), voting in the bond election
(Q7), and the individual's feeling of ability to affect the water supply situation by changing his own
use patterns (Q14). Unfortunately, no significant correlations were found, so neither support nor ar-
gument for the hypothesis was derived.

Hypothesis 9: People do not feel they can affect the water supply/demand problem by changing their
own use patterns. Here, a more distinct trend of optimism is seen (Q14) than in the responses to Q6.
Fifty -seven percent said they feel they can affect the water supply /demand situation by changing their
own use patterns, 20% said they could if many others also made changes, 10% said "no, since I'm already
so conservative ", 10% said simply "no ", and 3% did not know. Here a clear majority feel they can have
some effect on the situation. This hypothesis is clearly untrue for most people (77 %).

CONCLUSIONS

Sample size appeared to be a problem in this survey. The gender distribution was good (65% female,
35:, male), and the ethnic distribution was almost identical to the known ethnic distribution for the
City of Tucson. However, while the sample of 100 interviewees showed a representative spread of popu-
lation characteristics, answers to individual questions provided few conclusive patterns. With a sam-
ple of perhaps 1000 or 5000, there should be a better chance of observing patterns and finding correla-
tions among variables.

A number of the experimental hypotheses are generally supported by the data. While people tend to
view "water realities" simplistically, most people want to know more than they do now. People concep-
tualize their water use in terms of dollars spent per month, rather than volume consumed. In fact, the
Pima County water issue most often given as the most important was "water rates." Receiving information
via Tucson's Beat - the -Peak information program caused most interviewees to change their water use hab-
its; this supports the premise that information can affect demand. Of present information systems, most
people expressed dissatisfaction with either information accessibility, or the amount of information
available, or both. Three percent of those interviewed had not even heard of the Beat- the -Peak program,
supporting the hypothesis that information is failing to reach some people. The most preferred present
media for conveying water information are clearly newspaper and television. However, given open choice,
most people would prefer informative pamphlets mailed to their homes. Half of those interviewed said
that receiving their monthly water bill causes them to have more water -related thoughts; thus, informa-
tion mailed with the water bill might be more effective than information mailed separately, due to
greater interest generated by receipt of the bill. People are evenly divided on whether or not they can
affect water management policies as voters, but most people feel they can affect the water supply /demand
situation by changing their own use patterns.

Originally, the primary objective of this writing was to enumerate the success or non -success of
meeting the objectives of the central experiment: a random -sample survey. However, it is now clear
that the experimental design was not tightly enough coordinated for the results generated by it to
clearly identify whether the objectives had been met or not. While this was very disappointing, it pro-
vided additional support for the practice of performing pilot studies, of which this is one. This pilot
study proved its usefulness by producing data on which useful observations may be made and providing
much guidance for the next study. It is clear that a more careful design will be necessary for the next
survey instrument if more meaningful results are to be obtained.
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CHANGES IN WATER RATES AND WATER CONSUMPTION
IN TUCSON, 1974 TO 1978

by

Adrian H. Griffin
James C. Wade

William E. Martin
University of Arizona

In July 1976, the City of Tucson Water Department, facing serious problems in the financing and
operation of their water system, introduced an innovative water rate structure. First, the basic
water rates were a departure from previous practice in that the cost of a unit of water to a customer
would rise very markedly as his monthly consumption increased. Second, customers living in the higher
parts of the City would be charged lift charges in order to recover the additional cost of delivering
water to the higher areas of the City. Finally, new customers would be required to pay a System
Development Charge in order to recover the cost of developing and enlarging the City's water system.
The new water rates proved to be very unpopular and the councilmen who had voted for them were recalled
from office. As a result of the rate increases and the furor spawned by the recall campaign, water
consumption in Tucson fell markedly after the summer of 1976. This paper describes the changes in
water rates made from 1976 and 1978 and the resulting changes in water consumption in Tucson.

CHANGES IN WATER RATES

Until June 1976, the City of Tucson Water Department had a fairly conventional rate structure.
Customers were charged a monthly connection fee which covered the first 6 ccf (hundred cubic feet) used
each month. The next 14 ccf used each month were charged at a rate which depended on whether the cus-
tomer was within the city limits or not -- customers within the cities of Tucson and South Tucson paid
304 /ccf while those outside the two city limits paid 524 /ccf; customers in some isolated areas in the
foothills of the Catalina and Tucson Mountains were charged a "Special" rate of 484 /ccf. Consumption
in excess of 20 ccf was charged for a slightly higher rate: customers within the two cities paid
394 /ccf, those outside the cities paid 56t/ccf, and customers charged at the Special rate paid 624 /ccf.

In January 1976, the City's consultants, John Carollo Engineers, recommended a program of
improvements to the city's water distribution system. These improvements were to be financed by both
issuing bonds and raising water rates. Most of the improvements were made necessary by the growth of
the City and the need to meet the very high peak demand for water occurring on summer afternoons
resulting from the extensive use of water for lawn sprinkling. The City Water Department had decided
that the cost of providing for the afternoon peaks should fall upon customers who increased their con-
sumption on summer afternoons; presuming that high consumption indicated strongly - peaked consumption,
they had instructed Carollo to devise a rate structure in which the price of water paid by a customer
would increase with his consumption. In this way, the cost of providing for the peak demand would be
recovered from customers using large amounts of water.

In July 1976, the City introduced a new rate structure based on Carollo's recommendations. The
price of each ccf of water rose from 354 to 754 as a customer's monthly consumption increased from 6
ccf to 100 ccf. Rates were set by class of customers, rather than by size of service, with different
price schedules for each class of customer. The price schedule for Single -Family Residences is shown
in Figure 1; the other classes of customers -- Duplex -Triplex Residences, Multiple -Family Residences,
and Commercial Users --faced similar rate schedules, although the price of a unit of water did not rise
as much as it did for Single -Family Residences.

The second feature of the new water rates was the lift charges. The Water Department divided its
service area into a number of "Lift Zones ", and customers living in the higher areas were charged extra
for water. About half of the city's 97,000 customers lived in the base service area where no lift
charges were payable. The 28,000 customers living in the first lift zone were charged 204 extra for
each ccf, and the 16,000 customers in the second lift zone area were charged 404 /ccf extra; a further
8,000 customers in the third lift zone were charged 604 /ccf extra, and about 1,500 customers- -those in
the fourth to eighth lift zones --paid surcharges ranging up to 51.60/ccf. Customers in parts of lift
zones where the Water Department had wells were charged the extra lift charges only for water used in
excess of that produced by their local wells. For example, each of the 21,700 customers in pressure
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subzones 1C and 2C of the first lift zone could use 15.8 ccf each month before lift charges became
payable; similarly, the 13,400 customers in pressure subzones 10, 5D, and 7D of the second lift zone
were charged lift charges only for use in excess of 21.3 ccf /month and the 7,500 customers in subzones
lE and 6E of the third lift zone paid lift charges only for consumption in excess of 16.2 ccf /month. A

further 2,500 customers in various lift zones were allowed various amounts of water (ranging between
two and twenty ccf each month) before lift charges were added to the cost of each ccf of water used.

The third novel feature of the new water rates was the System Development Charges. New customers

would be required to contribute toward the development of the Water Department's distribution system
and well fields in addition to paying for the new mains connection. The System Development Charges

ranged from $750 for a 3/4 -inch connection to $126,875 for a twelve -inch connection.

The introduction of the new water rates in July 1976 increased Tucsonans' water bills substantially.
Table 1 gives a comparison of water bills for single- family residences under the old and new rate
schedules at various levels of consumption. The sample water bills in the Table show quite clearly that
the size of a customer's monthly bill would vary greatly depending upon the lift zone in which he was
resident and upon the allowance given for water pumped from wells within his pressure subzone. Table 2

shows the variation of water consumption among the Water Department's Single -Family Residence customers

for the month. The pattern of consumption in June 1976 was similar to that in July. The figures in

Tables 1 and 2 clearly show that many Tucsonans experienced a substantial jump in their water bills
between June and July of 1976.

Tucsonans were shocked by the sudden increase in their water bills. The Council and the Water
Department received many complaints from the public during July; near the end of that month, the
Southern Arizona Homebuilders' Association began legal proceedings against the Council, asking the
County Court to strike down the new water rates. In the early days of August there began a campaign
to recall from office those councilmen who had voted for the new water rates. The Council responded

by dropping the lift charges and suggesting a referendum on water rates. Later, the Council organized

a series of "Water Workshops" in an attempt to educate the public on the region's water problems. In

September, the Water Department hired Black & Veach to repeat Carollo's study and hired MR West
Marketing Research to study consumers' awareness of the local water problems and attitudes toward
various means of solving them. The Citizens' Advisory Water Committee was established to look into

the matter of water rates and water resources generally. But the recall campaign continued: the

petition to recall the four councilmen who had voted for the new water rates was filed on September 14
and the recall election was announced for January 18, 1977.

In the recall election the councilmen who had voted for the new water rates were soundly defeated.
The new council took no action on water rates until the Citizens' Advisory Water Committee completed
its report on February 1977. The Council made a number of modifications on the Advisory Committee's
recommendations and, in March, passed an ordinance bringing new water rates into effect on April 1,
1977. A novel feature of the new water rates was that different rates would be applied in the winter
and the summer. All classes of customers would be charged a uniform price for all water consumed in
the six winter months between November and April. During the summer, single -family residences, du-

plexes and triplexes, and multiple- family residences and commercial customers using less thatn 100
ccf /month would be charged according to a schedule of increasing block rates. The new rate schedule

faced by single -family residences- -which was higher than the 1976 rate schedule --is shown in Figure 1.
Larger multiple -family residences and commercial customers would pay a surcharge on consumption in the
summer which exceeded their average consumption in the six winter months. The lift charges and the

system development charges were not reintroduced.

The City began the first "Beat- the -Peak" campaign in the summer of 1977. The objective of the

campaign was not to conserve water, but to reduce the very high peak demands occurring on summer after-
noons. Tucsonans were encouraged to refrain from watering their lawns between four and eight in the
afternoon and to water on alternate days, depending on which side of the street they lived. But even

though the campaign was principally aimed at flattening the peak, the information disseminated is
bound to have had some effect upon Tucsonans' total water consumption.

In 1978, the Council raised water rates by about 8% while maintaining the same general rate
structure as adopted in 1977. There was virtually no adverse public reaction to this rate increase.
In, April 1979, water rates were raised by about 6% and increasing block rates for the winter were intro-
duced; residential customers now faced a block rate schedule all year round, although the rate sche-
dules are different in summer and winter. In April 1980, water rates were raised again while main-

taining the same rate structure as adopted in the 1979 rate increase. All of the rate schedules faced

by single -family residences between 1974 and 1980 are shown in Figure 1, where the marked changes in
water rates over these years can be seen quite clearly.

CHANGES IN WATER CONSUMPTION

Water consumption in Tucson fell markedly after the water rate increases of July 1976. Up until

the fiscal year 1975/76, the City Water Department's pumpage per capita averaged about 185 gal /day.
But in 1976 and 1977, water consumption began to fall: the Water Department's pumpage was only 150
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gal /head day in the fiscal year 1976/77, was 142 gal /head day in 1977/78, and fell to 140 gal /head day

in fiscal year 1978/79. The use of water during the summer fell more than the average year -round

consumption. A number of quantities showing the change in the seasonal variation in water use over
the five calendar years from 1974 to 1978 are shown in Table 3. The Table shows that total metered

deliveries in the month of June fell by 29% between 1974 and 1978. The year -round average of metered

deliveries to single -family residences fell by 30% between 1974 and 1978, but deliveries in the month

of June fell by 36% over these four years.

The total amount of water delivered each year was broken down into water used indoors for general
sanitary purposes and water used outdoors for sprinkling and cooling by presuming that all of the water
delivered during the January, February, and December of each year was used indoors, and that indoor use
remained at this level throughout the year. The amount of water used outdoors in the nine months from
March to November was taken to be the difference between actual metered deliveries in these months and
the average metered deliveries in the three winter months. The figures in Table 3 show that outdoor
use per service by all customers decreased by 32% between 1974 and 1978, while indoor use fell by only
15 %. Over the same period of time, outdoor use per service by single -family residences fell by 40%
and indoor use by single -family residences fell by only 24 %. The ratios of indoor use to outdoor use

show that in 1974, 35% of the water delivered by the Water Department was used outdoors and that this
proportion fell to 30% in 1978.

CONCLUSION

The pattern of water consumption in Tucson has changed markedly since the water rate increases

of 1976. Overall, water consumption per capita has fallen by about 20% since 1974, although the amount
of water used outdoors for sprinkling and cooling, particularly that by single -family residences, has

fallen by a much greater amount. The exact causes of this change in water consumption are uncertain,
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Table 3 -- Changes in the Seasonal Variation in Water Consumption in Tucson, 1974 to 1978

I -- All Customers

Metered Deliveries- -ccf /month Use - ccf Ratio

Total

Average Average Delivered
Year -round Jan /Feb /Dec June (ccf) Indoors Outdoors

1974 26.4 17.0 42.3 317 204 113 65:35

1975 26.1 17.7 37.7 314 212 101 68:32

1976 23.8 17.7 32.4 286 212 74 75:25

1977 20.7 15.0 27.2 249 180 69 73:27

1978 20.9 14.5 30.1 251 174 77 70:30

II -- Single -Family Residences

Metered Deliveries -- ccf /month Use - ccf Ratio

Total

Average Average Delivered

Year -round Jan /Feb /Dec June (ccf) Indoors Outdoors

1974 20.0 12.4 33.6 240 149 91 63:37

1975 18.5 11.8 28.2 222 141 80 64:36

1976 16.1 11.5 23.1 193 138 55 72:28

1977 14.0 9.9 19.1 168 119 49 71:29

1978 14.0 9.4 21.5 168 113 55 67:33

All of the figures in this Table are based on the City Water Department's records of water consumption
by class of customer for the sixty months from January 1974 to December 1978.

Total outdoor use in each year is the January /February /December average metered deliveries times

twelve months.

Total indoor use in each year is the sum over the nine months from March to November of the difference
between actual metered deliveries in that month and the January /February /December average for the year.

but are bound to include the increases in water rates, the continuing news of Tucson's water problem,
and the Beat - the -Peak campaign. The Beat - the -Peak campaign was principally aimed at flattening the
peak, not reducing total water consumption, but it has created an awareness of a water problem in
Tucson and has apparently contributed to the fall in water consumption. In any case, continually
increasing water rates are now accepted by the public in Tucson.
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A MULTI -OBJECTIVE APPROACH TO RIVER BASIN PLANNING

by

M. Gershon, R. McAniff, and L. Duckstein
Department of Systems and Industrial Engineering

University of Arizona; Tucson, Arizona

INTRODUCTION

This research examines the impact of alternative development strategies upon the main stem of the
Upper Santa Cruz River Basin within a multi- objective planning context. As the population of Arizona
continues to grow, the demand for flood protection, recreational opportunities and new water supplies
will also grow. The conflicting nature of these and other water- related issues necessitates an organized
approach to river basin planning.

Until recently, the approach has been to view the problem within a single- objective context. That
is, each objective (i.e., flood protection, ground water recharge, etc.) is considered in isolation of
the other objectives. As such, it can be expected that the conclusions drawn from independent projects
may be contradictory. The most recent study, compiled by the Corps of Engineers (1978)follows a single
objective approach. Although the study is excellent in outlining the many alternatives that exist,
there is no assessment of impacts of the alternatives with respect to the other objectives.

In reformulating the problem, a cost effectiveness (CE) approach as discussed in Popovich, et.al.
(1973) and David and Duckstein (1976) is used. This paper follows the steps of the CE Methodology as
presented below.

1) Define the desired goals, objectives, or purposes that the systems are to fulfill or approach.

2) Identify the set of engineering specifications essential for the attainment of the desired goals.

3) Establish system evaluation criteria that relate system capabilities to specifications and hence to
goals.

4) Develop alternative systems for attaining the goals.

5) Determine capabilities or performance of the alternative systems in terms of evaluation criteria.

6) Generate system versus criteria array.

7) Analyze merits of alternative systems.

8) Perform sensitivity analyses on all previous steps which introduce feedback into the procedure.

At step 6 of the CE approach, a system versus criteria array is developed. This allows for the
alternative planning strategies to be evaluated with respect to each of the stated objectives. There are
a number of decision making models which could be applied at this point of the analysis. Examples of
such techniques include compromise programming (Zeleny, 1973), multi- attribute utility theory (Keeney and
Raiffa, 1976), multi- objective simplex (Benayoun, 1972), ELECTRE I and II (Benayoun et.al.,1966) (Roy
and Bertier, 1972) and Q- analysis (Atkin, 1974). The latter two techniques allow for a ranking among
systems taking into account both qualitative and quantitative data simultaneously while the other method-
ologies can handle only quantitative data. Several excellent critiques of the current MCDM state of the
art include (Roy, 1971), (MacCrinmon, 1973), (Wallenius, 1975), (Major, 1977), (Starr and Zeleny, 1977)
and (Cohon, 1978). Cohon and Marks (1975) review similar techniques within a water- resource planning
context. Due to the qualitative nature of river basin planning, ELECTRE I has been selected as the ap-
propriate ranking technique for this study.

REGIONAL OVERVIEW

River basin planning in the Upper Santa Cruz Basin is a complex issue involving urban, agricultural,
and mining interests. These users account for 29, 41 and 27 percent, respectively, of total water de-
pletion in 1975. Competition for water is extremely intense and the basin tends to be one of the most
critically overdrafted areas in the state. Roughly 236,000 acre ft. of water were used in 1975 compared
with only 74,000 acre ft. of water supplied by imports or natural recharge. This represents a depletion -
supply ratio of 3.3 to 1. Agricultural water demands are projected to decline slightly over the next 30
years but both urban and mining demands are expected to more than offset any savings from agriculture.
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OBJECTIVES OF THE SYSTEM

In developing the river basin study within a multi- objective context, the following system objec-
tives are given.

1) Water Requirements: The region's supply of water (both quality and quantity) should be regulated in
order to meet both present and future demands without seriously affecting the region's present ground

water level.

2) Flood Protection: Flood protection should be provided along the main stem of the Upper Santa Cruz

River while maintaining environmental quality.

3) Enhancement of Environment: The effects on wildlife, vegetation, and historical or anthropological

sites should be kept to a minimum.

4) Utilization of Resources: The physical and socio- economic resources required to implement the alter-

natives should be kept to a minimum.

5) Recreation Enhancement: Recreation opportunities should be provided wherever possible along the

Santa Cruz.

SPECIFICATIONS AND CRITERIA

To be useful to the decision maker (DM), the objectives of the research should be quantified to the
fullest extent possible. A method to achieve this quantification is to express each objective in terms

of a set of specifications. For example, the specifications for water supply might include aquifer level

and water quality. Each specification in turn can be measured according to a set of criteria. One cri-

teria is provided for each specification. For example, the aquifer level might be measured with respect

to the net increase or decrease in feet per year. The specifications and criteria are presented in Table

1.

Table 1. Criteria Summary Sheet

OBJECTIVE SPECIFICATIONS CRITERIA

Water Supply Aquifer Level net change in ft. /yr.

Water Quality - Urban a,b,c,d,e scale

Water Quality - Agriculture a,b,c,d,e scale

Flood Protection Expected flood losses expected dollars
Expected frequency number of years between

floods (in terms of probability)

Environmental Preservation of designated a,b,c,d,e scale
areas

Utilization of
Resources

Recreation

Effect on wildlife and vege- a,b,c,d,e scale
tation

Implementation costs present dollars
Operation and maintenance cost present dollars
Indirect costs a,b,c,d,e scale
Natural resources a,b,c,d,e scale

Preservation of existing a,b,c,d,e scale
facilities

Creation of new opportunities a,b,c,d,e scale

ALTERNATIVE SYSTEMS

River Basin plans are generally developed for the purpose of reducing the risk of floods or increas-
ing water supplies. Keeping in this spirit, several alternative systems will be evaluated. Although
these systems are designed with flood protection and water requirements in mind, they will be evaluated
in terms of all objectives. In an MCDM problem, the decision maker must, in some manner, accept trade-
offs among the objectives. A number of alternative development strategies have been defined which embody
these tradeoffs.

Alternative actions for the flood control objective include:
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1) levee construction

2) channelization

3) construction of dams and multi -purpose reservoirs

4) flood plain management including floodproofing of existing structures

5) no action

Alternatives for water supply include:

1) waste water reclamation

2) new groundwater development

3) the Central Arizona Project

4) conservation and education program

5) no action

Since there are five actions under flood control and five for water supply, there are 25 different
alternative systems to be evaluated.

Table 2.

Levee
Alternatives Construction

Table 2 defines these objectives in tabular form.

Reservoirs Flood Plain
Channelization and Dams Management

No

Action

1) Waste Water (1,1) (1,2) (1,3) (1,4) (1,5)
Reclamation

2) Ground water (2,1) (2,2) (2,3) (2,4) (2,5)
Development

3) Central (3,1) (3,2) (3,3) (3,4) (3,5)
Arizona
Project

4) Conservation
and

(4,1) (4,2) (4,3) (4,4) (4,5)

Education

5) No action (5,1) (5,2) (5,3) (5,4) (5,5)

ALTERNATIVE SYSTEMS PERFORMANCE CAPABILITIES

The information contained in this section is the basis for the completion of the alternative systems
versus criteria array.

1. Water Supply

(i) Aquifer level

The affect of the water supply alternatives on the aquifer level is calculated in feet decrease
per year. The no action alternative represents the worst case where the drawdown rate is
approximately 3.5 feet /year. The system which will provide the best results is new groundwater
development, where the corresponding figure is estimated at 1.6 feet /year.

(ii) Water Quality

As the water is pumped from deeper levels, the amount of solids in the water increases (Davidson,
1973), thus reducing the quality of the water. If no action is taken, the quality of the water
will deteriorate with time since the aquifer level will drop. Additional pumping will increase
the rate of deterioration. However, water pumped for the first time from new areas will be of
a higher quality.

Water from the Central Arizona Project will not be suitable for urban use, but the present plan is
to blend it with the water pumped from the ground to meet state drinking water regulations. Although
acceptable, this will result in a lower quality of the water. Water obtained as a result of wastewater
recycling will not be suitable for drinking, but it may actually be advantageous for agricultural use.

The evaluations of the alternative water supply actions with respect to the water supply criteria
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follows:

Wastewater Groundwater No

C.A.P. Reclamation Development Conservation Action

Aquifer level 2.0 2.7 1.6 2.4 3.5

Urban d e a a b

Agriculture b a b b b

2. Flood Protection

(i) Flood losses

The number of structures in the flood plain is given in the following table:

Area

Table 3

Flood Plain Affected Areas

Structures Residents

Green Valley 60 120

Marana 20 50

Canada del Oro 1,000 4,000

Rillito 1,500 6,000

Tanque Verde 70 180

Aqua Caliente 130 400

Pantano 130 650

Rodeo 520 2,100

Airport 800 3,500

Table 4 illustrates total flood losses based upon an average flood loss per structure at $5,000,
$15,000 and $20,000 for the 25, 50 and 100 year flood respectively for the affected areas given in Table
3. In addition, agricultural losses along the Santa Cruz based upon actual figures of the 1977 year
flood are included.

Table 4

Area 25 50 100

(in millions)

Santa Cruz .5 10.3 12.4

Tributaries 21 63 84

(ii) Expected Frequency of Floods

None of the alternative actions suggested for the water supply objective will have an effect
on this criterion. The expected frequency of floods is just a function of which flood control
action is selected as follows:
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Dams. Flood Plain No
Levees Chan. Reservoirs Management Action

Prob. of flood- .01 .01 .003 .02 .04
ing in a given
year

These figures are based on the fact that federal law requires federal projects to protect against
the 100 -year flood (prob. _ .01). Levees and channelization would be designed to this level. Dams and
reservoirs would actually do better than the design level because there are other functions they must
fulfill. Floodplain management, while providing some protection, would not be designed to protect
against the 100 -year flood. No action would preserve the status quo. At this time the banks can pro-
tect against the 25 -year flood.

3. Environment

Preservation of designated areas and effect on native wildlife and vegetation.

For both criteria under the environmental objective, subjective ratings are assigned as follows:

CRITERIA FOR ENVIRONMENTAL OBJECTIVE

Preservation of designated areas of value a 4 e

Effect on native wildlife and vegetation a + e

4. Utilization of Resources

(i) Implementation and operation and maintenance costs

Cost estimates for the flood control actions were obtained from discussions with the Army Corps
of Engineers (Tucson urban study group). Costs for the water supply alternatives were obtained
from discussions with members of the Tucson City Planning Department. These costs are given
as gross figures and will be combined and converted into present values in the system versus
criteria array. Costs are given in Table 5.

SYSTEM

Table 5
$ (million)

OPERATION AND
CAPITAL COSTS MAINTENANCE

Waste water .18 2.7

Groundwater 20 .2

Development

C.A.P. 15.6 .16

Conservation and Educ. .05 .05

Levee Construction 12.5 .06

Channelization 16.6 .08

Dams, Reservoirs 12.1 .12

Flood Plain Management 1.8 .02

(ii) Indirect costs and Natural Resources

Subjective evaluations are again developed for each of the alternative actions and combined to
evaluate the alternative systems for the systems versus criteria array. The development is
shown as follows:
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Waste Water Groundwater Conserv. and No Dams, Floodplain

Reclamation Development C.A.P. Educ. Action Levees Chan. Reservoirs Management

Indirect c

costs

e a c d c c b e

Natural
Resources

b e e c a a c b

5. Recreation

Preservation of existing facilities and creation of new facilities.

Subjective evaluations are performed as described previously and shown in the following table

for this objective.

Waste Water Groundwater Conserv. and No Dams, Floodplain

Reclamation Development C.A.P. Educ. Action Levees Chan. Reservoirs Management

Existing b a a b a d b d a

facilities

New facil- b e e c e c a a

ities

SYSTEM VERSUS CRITERIA ARRAY

Each system has been evaluated with respect to each of the criteria. These evaluations are incor-

porated into a system versus criteria array in Table 6. This table provided the information needed for

the implementation of the ELECTRE method.

ANALYSIS OF ALTERNATIVE SYSTEMS

As mentioned previously, the ELECTRE methodology is used to rank the alternative systems. This

methodology is described below.

ELECTRE I:

From the system versus criteria array, a set of graphs G = (1,2,...13) is introduced where each

graph represents one criterion and the nodes of each graph represent each system, A = (1,...25). For

the case at hand, there are 13 graphs where each graph contains 25 nodes. Relative preference among

the alternative systems (actions) is indicated by the direction of the arcs within each graph. These

concepts are further explained with the aid of the following illustration:

In this example there are 3 actions where action T is preferred to (>) action 2 and action 3 > ac-

tions 1 and 2. The idea in ELECTRE is to synthesize the information from all graphs so that a decision
is based upon choosing that system which is preferred most of the time yet does not cause an unacceptable

level of discontent. To accomplish this synthesis, a concord and discord index are defined.

The concordance of any two actions i and j is a weighted measure of the number of criteria for

which action i is preferred to action j and is given as:

Sum of weights for criteria where i > j

C(i,j) = total sum of weights

where the weights are taken from the system versus criteria array.
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Table 6

06JECTIYE

ONECTIVE

g°,

CRITERIA Y 1 2 3 4 5 6 7 8 9 10 11 12

Muffs,
loyal

9 2.7 1.6 2.0 2.4 3.5 2.7 1.6 2.0 2.4 3.5 2.7 1.6

Water
0,01/ty 3 . a a d a b e a d a b e a
Urban

Water
Reality
Aerie.

Expect.
now 4 7.72 7.72 0 19.45 26.33 7.72 7.72 0 19.45 26.33 7.72 7.72

Expect. 5 .01 .01 .003 .02 .04 .01 .01 .003 .02 .04 .01 .01

Freq.

Pres.

Oesiy. 6 d d e a a d d c a d d

Effect
OR Wild. b d a d c e c t c

Yep.

¡op1M. 2 12.7 16.8 12.3 1.9 0.2 32.0 36.6 32.1 21.8 20 28.1 32.2
Cette

OIM 2 37.6 37.8 38.2 37.2 37.0 2.6 2.0 3.2 2.2 2.0 2.2 2.4
Costs

Indirect 2

Costs

Natural e c b e d d d e c
@@@@@@ ce

Pres. of 1.
Exist. Fac.

Creation 1 . 5 b b d a C d d b c e
New Oppr.

CRITERIA 8 13 14 15 16 17 18 19 20 21 22 23 24 25

Aquifer 9 2.0 2.4 3.5 2.7 1.6 2.0 2.4 3.5 2.7 1.6 2.0 2.4 2.5
Level

liter
Quality 3 d a b e a d a b

Orban

Water

Quality 3 b b b b b b b b b
A9ric.

Expect.
Flood 4 0 19.45 26.33 7.72 7.72 0 19.45 26.33 7.72 7.72 0 19.45 26.33
Losses

Expect. S .003 .02 .04 .01 .01 .003 .02 .04 .01 .01 .003 .02 ..
Freq.

Fret.

Arei s, S c a a a c a a d a c a a

Ares

Effect
on Mild. S d d b c d b b C d b b

Yep.

.

COSts
2 27.6 17.3 15.6 12.6 16.7 12.2 1.8 .01 12.5 16.6 12.1 1.8 0

05M 2 2.8 1.8 1.6 1.1 1.] 1.7 .6 .5 1.2 .2 0

Costs

Indir.-_t 2 a c b c b d d c c e d

Cost.

tlat.ral e d c c b a c b c b

Retaur,r

Pr..t. of 1.5 c b c b a a c b b b

Creatl. n 1.5 be r d d be e d 4 b e e

Ile. Loor.
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This matrix is given in the following format:

C=
C11 C12 Cln

C21

Cnl . .

Cnn

To complete the discord matrix, an interval scale common to each criteria is first defined. (See
Table 7). The scale is used to compare the discomfort caused between the "worst" and the "best" of each
criteria. For example, a range of (1 -150) might be used where the "best" value would be assigned the
highest value of the range and the "worst" value would receive the lowest value of the range. Each
criteria however, can have a different range as shown in Table 7.

Table 7

CRITERIA MAX. SCALE INTERVAL CRITERIA WEIGHT

Aquifer Level 150 9

Water Quality Urban 110 3

Water Quality Agric. 130 3

Expect. Flood Losses 160 4

Expect. Freq. 160 5

Pres. Desig. Areas 150 5

Effect on Wild Veg. 200 5

Implem. Costs 200 2

0 and M Costs 110 2

Indirect Costs 100 2

Natural Resource 100 2

Pres. of Exist. Fac. 100 1.5

Creation New Oppor. 76 1.5

Given this information, the discord index is defined to be:

Max. interval where i > j

D(ij) = total range of scale

From this, a discordance matrix can be determined as given below:

D =
D11 012 . . . Dln

021

n1 nn

To synthesize both the concordance and discordance matrices, threshold values (p,q) are defined by
the decision maker (DM). The value of p must be < 1 since no action dominates all other actions 100
percent of the time. Similarily, the value of q > 0, since no action is strictly dominated all of the
time. By choosing a value of p, the DM specifies how much "concordance" he wants; by specifying q, he
specified the amount of "discordance" he is willing to tolerate. It is possible that for some choices
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of p and q, there may not be any action which fulfills such a choice. If this is the case, the DM is
asked to restate his values of p and q.

ANALYSIS OF RESULTS

ELECTRE I was used to compare alternative systems using the data given in the systems versus cri-
teria array. The acceptable level of concordance is taken to be .9(i.e., p =.9) and the tolerable level
of discordance is .2 (i.e., (1=.2). The results indicate that wastewater reclamation combined with chan-
nelization, reservoirs or levee construction are the alternatives most often preferred.

Sensitivity analysis was performed to ascertain the robustness of the model with respect to changes
in the weights, scales and threshold values (p,q). The following changes were made. Recall that in the
original formulation the aquifer level criterion was perceived to be the most important. As such, it
received the highest weight. In the sensitivity analysis, the weights associated with each criterion
were changed such that each criterion was considered equally important. The scales associated with each
criterion were changed in a similar manner. That is, each criterion was assigned the same scale interval.
In addition, a third set of scales was used. This scale was proportional to the original set of criteria
weights. That is, the largest interval scale was assigned to that criterion with the largest weight.
The final change in the sensitivity analysis was the choice of threshold levels. The acceptable levels
of concordance and discordance were changed to (.9,.4), (.7,.5) and (.5,.5).

The sensitivity analysis produced the following results. When the weights are changed the no action
and wastewater reclamation alternatives appear to be equally strong alternatives for the water supply
objective while no alternative dominates for the flood control objective. However, when the threshold
levels are relaxed, flood plain management is a dominant alternative. With respect to the scale changes,
the Central Arizona Project and wastewater reclamation alternatives are most preferred when all scale
intervals are equal. For the case of scales proportional to the weights, wastewater reclamation along
with levee construction and channelization are preferred. The effect of changing the threshold levels
is that reservoirs appears to be the dominant alternative. This would suggest that this alternative has
many strong points but also is weak on one or more of the objectives.

The following conclusions can be dr,,^ from this research:

1) For a regional water resource problem, multiobjective analysis is a viable strategy.

2) Structuring the problem in a multiobjective context allows the decision maker to consider the im-
plications of each of his actions.

3) ELECTRE allows the decision maker to select the most preferred action among a set of discrete ac-
tions.

4) ELECTRE can be used when qualitative data is present.

5) The set of weights used, along with the set of scales used and the choice of threshold levels can
have a significant effect on the results.
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IRRIGATION MANAGEMENT AND WATER POLICY: OPPORTUNITIES
TO CONSERVE WATER IN ARIZONA

by

Harry W. Ayer and Paul G. Hoyt
Natural Resource Economics Division, ESCS, USDA

Tucson, Arizona

INTRODUCTION

Arizona is commonly perceived to have a water problem. Irrigation water is becoming increasingly
more expensive to pump (its cost is frequently more than 30 percent of total variable costs), and
several economic sectors compete for limited ground and surface waters in important agricultural and
urban areas of the state. Three of the most recent manifestations of the water problem are the report
of the Arizona Groundwater Management Study Commission (1980), which is making recommendations to the
State legislature for laws to conserve groundwater; the set of laws and policies designed to conserve
water in the Yuma area of the Colorado River (Arizona Water Commission, Water Resources Research
Center and Office of Arid Lands Studies, May 1977; and U.S. Department of Agriculture, March 1979);
and the controversy between city, mining and agricultural interests in the Tucson Basin over limited
groundwater (Griffin, 1980).

Since Arizona agriculture typically consumes about 90 percent of all water consumed, much of the
focus on water conservation pertains to the agricultural sector. Current and proposed water conser-
vation measures include (1) encouragement or subsidy of conservation practices and technologies such
as irrigation scheduling and canal lining; (2) water rationing schemes such as those in existence for
water delivered from the Colorado River, or those proposed by the Groundwater Management Study
Commission; and (3) financial policies such as the imposition of pumping fees or changing the insti-
tutional price of surface water.

The research reported here assesses the impact of several of these water conservation policies
on water conservation in irrigated agriculture in Arizona. The research focuses on four of Arizona's
most important crops, cotton, wheat, sorghum and alfalfa. The empirical estimates of water conser-
vation are based upon statistical crop -water production functions for the four crops, and an economic
analysis of how profit maximizing farmers would alter water applications given the crop -water response
relationships. Specific policies analyzed include (1) those to use profit maximizing instead of yield
maximizing levels of water, (2) those to improve irrigation delivery efficiency, (3) those to raise
the price of surface water, and (4) those to place quantity restrictions on the amount of water which
farmers can apply.

METHODS AND DATA

METHODS

Production and related functions. Crop -water production functions are estimated by regression
analysis from data generated at agricultural experiment stations. The production functions are then
used in the economic analyses. Figure IA shows a classical, hypothetical production function. The
function indicates the yield associated with each level of water, other factors of production held
constant. The change in yield associated with each succeeding unit of water, called the marginal
physical product, is shown in Figure 1B. And the dollar value of the yield associated with each suc-
ceeding unit of water, called the value of the marginal product (VMP), is depicted in IC.

Profit and Yield Maximization. To maximize profits per acre, water is applied until the value of
the marginal product just equals the price of water (cost per unit, such as cost per acre inch), or
amount OW in Figure 7C. If a lesser amount of water is applied, then the value of output from the
last unit of water is greater than the cost of the last unit of water, and clearly that unit, and
more, should be applied to increase profits. If more than OW is applied, the value of the output from
the last unit of water is less than its price, and water applications should be cut. Thus, the rule
for profit maximization is that water should be applied until the value of the marginal product equals
the price of water.
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Figure 1. Production Function, Marginal Physical Product and Value of
Marginal Product.

The rule for maximizing profits may be contrasted with the rule for maximizing yield. Yield is
maximized at the apex of the production function, point A in Figure 1A, or correspondingly, where the
marginal physical product and value of marginal product equal zero. As shown, yield is maximized when
quantity OZ of water is applied. Only when the price of water is zero will the profit maximizing and
yield maximizing level of water coincide. The amount by which the profit maximizing and yield maxi-
mizing level of water diver9e depends on the shape of the underlying crop -water production function
and upon the price of water: in Figure 1C, the difference is WZ.

The preceeding analysis has assumed that land is fixed, and that enough water is available to
irrigate until the value of the marginal product of water (VMP) equals the price of water. In some
situations, however, the total amount of water available to a region or to a farm is limited, and there
may not be enough water to bring the VMP into equilibrium with the price of water on each acre. In

these situations, profits for the farm or to the region can be maximized if the limited water is applied
to each acre in an amount that equalizes the VMP on each acre.
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Demand and Elasticity of demand. The concept of demand, as used here, contrasts with the concept
of dei ás commonly used by irrigation specialists and other physical scientists. Here, demand is
used in an economic sense, and shows that the amount of water demanded will decrease as the price of
water increases. Non -economic demand usually infers a fixed quantity of water --that required to maxi-
mize yield.

The demand for water is directly related to the underlying crop -water production function. In its

simplest form, the demand function is the value of marginal product curve depicted in Figure 1C. The
VMP is the demand curve because it indicates the amount of water that will be used, at each water price,
in order to maximize profits. Of course, if the price of the product changes, then the VMP curve will
also change and thereby effect the demand for water.

Elasticities of demand are derived directly from the demand function, and are useful, easy to
understand, statistics. The elasticity of demand for water indicates the percentage change in the
quantity of water demanded with a one percent change in the price of water. As an example, suppose
that the elasticity of demand for irrigation water is found to be -.05. The elasticity indicates that
for each one percent change in the price of water, there is only a .05 percent change in quantity of
water demanded. When elasticity is less than one, demand is said to be inelastic. If demand is very
inelastic, as assumed in the above example, water policy to conserve water through an increase in water
price will be rather unsuccessful.

Elasticities may change as the price of the product changes and even as the price of water itself
changes. The sensitivity of elasticities of demand for water to product and water price changes are
examined.

DATA

Agronomic data. Data used to estimate production functions are from agricultural experiment
stations in Arizona and New Mexico. All relevant agronomic data from current and past experiments in
Arizona were collected and evaluated.

When possible, production functions are estimated for each of three soil textures; fine, medium and
coarse. Fine texture soils are found at the Yuma Valley and Safford Experiment Stations, medium tex-
ture soils at the Mesa, Tempe and Phoenix stations, and coarse texture soils at the Yuma Mesa station.

In almost all agronomic experiments, water was applied by surface irrigation. Surface irrigation
is used on over 90 percent of Arizona's irrigated acreage. Water measurements for the experiments are
for gross water applied to the field or plot. Field efficiency (water remaining in the soil and use-
able by the plant as a percent of total water applied) was approximately 65 percent but varied by level
of irrigation and other factors. Field efficiency is considered similar to that on farms with similar
soil textures and reasonably good irrigation practices.

Prices. Economic analysis of the impact of water management, water pricing, and water restriction
policies'on water conservation and farm profits requires data on input and product prices. Expected
product prices (late summer 1979) are taken from the Wall Street Journal and various government docu-
ments. These prices are respectively $75 per ton of alfalfa, $.65 per combined lint and seed per
pound of cotton lint, $.06 per pound of grain sorghum, and $.07 per pound of wheat. In testing the
sensitivity of various irrigation policies to product prices, historic high and low prices during the
past decade are used, and are specified in the tables of results.

Typical water prices for three water source situations are estimated -- prices for surface water
and prices for water pumped from 300 and 600 feet. Surface water prices are typical of those paid by
irrigators in the Salt River Project and in the Yuma areas. In the analysis, surface water prices are
$.50 per acre inch, and water from 300 and 600 foot lifts are $2.50 and $5.00 per acre inch respec-
tively.

RESULTS AND ANALYSIS

THE PRODUCTION FUNCTIONS

Statistical production functions for cotton, wheat, sorghum and alfalfa are estimated with
regression analysis. The functions are given and discussed in a separate manuscript (Ayer and Hoyt,
1980) and are graphed in Figure 2. Production functions and economic results are based on average
nitrogen, pan evaporation, and other factors at the respective sites of the agronomic experiments, and
therefore may not be directly applicable to specific, individual farms. Separate functions are shown
for each of three soil textures -- coarse, medium and fine --in accordance with soil textures at experi-
ment locations. Functions graphed are considered the "best " --in terms of goodness of fit, expected
signs, significance of coefficients, and in making both agronomic and economic sense --among the dozens
of functional forms and variable definitions investigated and estimated. R's for the functions ranged
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Figure 2. Crop -Water Production Functions for Cotton (C), Wheat (W), Alfalfa
(A), and Grain Sorghum (GS) grown on Coarse (c), Medium (m), and
Fine (f) Soilsa.

a. Based on crop -water production functions in Ayer and Hoyt (1980). Range

of data depicted by the solid line. The locations of the functions for
cotton and wheat are affected by both soil type and other factors which
affect yield and are held at their mean levels at the respective sites.

from .66 to .95. The graphs illustrate the shape of the crop -water relationship, and in particular
show that there are diminishing marginal returns to added irrigation water. The graphs also depict the
range of data upon which the statistical production functions are based. Projections of yield beyond
the range of the data must be made with caution, and often should not be made.
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WATER CONSERVATION POLICIES

Application of profit vs. yield maximizing water levels. Water applications on cotton and wheat
to maximize profits, to maximize yields, and common practice applications are shown in Table 1. At low
($.50 per acre inch) water prices, there is virtually no difference between profit and yield maximizing
levels of water for either cotton or wheat, regardless of soil type. However, as water prices increase
to $2.50 per acre inch, profit maximizing levels of water are typically four acre inches less than
yield maximizing levels. And at high water prices ($5.00 per acre inch), water savings are eight or
more acre inches. Since a sizeable portion of Arizona's agricultural land is irrigated with water
pumped 300 -600 feet (and therefore medium and high water prices are inferred), a large amount of water,
relative to urban needs, can be conserved by using profit instead of yield maximizing practices. Con-
servative estimates, based on common practice and the production function analysis (see Appendix A),
indicate over 144,000 acre feet of water could be saved by cutting water applications (often by about
6 acre -inches per acre) to an amount which maximizes profits. Such a savings is nearly as much as
municipal -industrial use in Tucson --a city of nearly one half million people.

Several interrelated reasons explain why farmers may overirrigate, i.e., use more water than
necessary to maximize profits. First, until very recently the farm price of water was extremely low
and the difference between profit and yield maximizing levels of water was nil. Thus, previous econo-
mic conditions established the custom of applying water to maximize yield. Second, the practice of
maximizing yield has been encouraged by both private and public irrigation management services. All of
these extension type services have based their irrigation recommendations on yield maximizing criteria- -
apply enough water for evapotranspiration when the plant is not stressed. Yield maximizing criteria
were appropriate when water was nearly free, but high water prices have rendered yield maximizing
criteria inappropriate now. Third, very little research has been available to indicate what happens to
yield as water is withheld and plants put under stress. Therefore, farmers have faced a risky situation
in that the yield response to reduced water was unknown. This type of risk could be reduced by applying
traditional, high levels of water. Fourth, and perhaps most importantly, economic analysis based upon
our statistical production functions indicates that there is often little difference in profits between
profit and yield maximizing levels of water. Thus, the economic incentive to cut applications is weak.
For example, for medium priced water ($2.50 per acre inch) and for cotton grown on either fine or medium
texture soil, profits are increased by only $5.00 per acre by switching from yield to profit maximizing
levels of water.

Switching from yield to profit maximizing levels of water would not likely increase management,
labor or other costs. In fact, some research (see Ayer and Hoyt) indicates that for cotton, wheat and
sorghum the best way to reduce water by six acre inches is to simply eliminate the normal, last irriga-
tion. Even if the reduction is spread over multiple irrigations, it is unlikely that management is
crucial. The total reduction to maximize profits is usually a small (about 10 percent) portion of total
water applied. And in either case, cutting out one (or more irrigations) or spreading the reduction
over several irrigations, labor and pumping costs will be reduced.

There are two types of risk associated with the levels of water application. One type of risk has
been mentioned --the risk associated with not knowing the yield decline associated with a smaller water
application. This type of risk can be reduced through agronomic research which determines yield
response to water stress, and by the subsequent communication of the research findings to farmers.
Indeed, this report is to make known exactly this type of information. A second type of risk is that
caused by the stochastic nature of weather, and the fact that weather and water applications interact
in effecting yield. This type of risk is reduced (except possibly at very low water levels) as water
is reduced. In summary, at least in arid areas which do not depend on rainfall (such as Arizona), the
riskiness of reducing water levels appears minimal.

How, then, can the potential water savings be realized? Irrigation management services -- including
the Soil Conservation Service, the State Extension Service, the Bureau of Reclamation, ,d private
management services -- should base their recommendations on profit rather than yield maximizing criteria.
Both agencies which offer irrigation advice and farmers should be appraised of the crop -water production
function response, and the need to consider this response and the price of water (and other factors) in
water management.

Improving. irrigation delivery efficiency. Irrigation delivery efficiency, defined as the ratio of
water reaching the head of the field to water at the wellhead, has a great effect on the costs and hence
the profits of irrigated farming. Decreased irrigation delivery efficiencies have the effect of raising
the price of water, since more water must be pumped for a given quantity to reach the field. According-
ly, delivery efficiency may effect the profit maximizing quantity of water pumped and actually applied.
The effects on water pumped and applied, and on profits, are illustrated in Tables 2 and 3.

The amount of water pumped decreases considerably as delivery efficiency increases, as shown in
the top portion of Table 2. Water conserved is substantial for nearly all crops and water prices.

Table 3 illustrates the effect of irrigation delivery efficiency on returns over total variable
costs. The difference between returns over total variable costs at different efficiencies is the change
in profite. Differences between numbers in a row indicate how profits are effected as delivery
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Table 1. Profit Maximizing, Yield Maximizing and Common Practice Levels
of Water for Cotton and Wheat Grown on Three Soil Textures and
for Three Water Prices, Arizona (Acre- inches per acre).

Cotton

Price of
Water
$ /Ac.In.

Fine Soil

Profit Yield Common
Max Max Practice'

Medium Soil

Profit Yield Common
Max Max Practices

Coarse Soil

Profit Yield Common
Max Max Practices

.50 59 50 48 -60 64 66 42 -60 64 66 72 -84

2.50 56 60 48-60 61 66 42 -60 62 66 72 -84

5.00 52 60 48-60 58 66 42 -60 58 66 72 -84

Wheat

.50 48 49 39 -50a 36 37 36 -40a 47 49 72 -84a

2.50 44 49 39 -50 32 37 36 -40 41 49 72 -84

5.00 41 49 39 -50 29 37 36 -40 35 49 72 -84

Source: Profit and yield maximizing levels of water are based on production
functions in Ayer and Hoyt (1980).

a. Common practice levels vary for each soil type, by county and are
particularly dependent upon climatic conditions in the county.

Table 2. Profit Maximizing Quantity of Irrigation Water,a Pumped and
Applied; with Varying Irrigation Delivery Efficiencies, Fine
Texture Soil. (Acre inches per acre)

Price of
Water

Cotton Wheat Sorghum Alfalfa

Irrigation Delivery Efficiency

S /Ac.In. .50 .75 .90 .50 .75 .90 .50 .75 .90 .50 .75 .90

Acre Inches Pumped

.50 116 79 65 04 64 53 88 59 49 168 112 93

2.50 104 72 62 78 56 48 16b 20 22 168 112 93

5.00 90 57 57 50 48 42 6b 8b 8b 138 112 93

Acre Inches Applied

.50 58 59 59 47 48 48 44 44 44 84 84 84

2.50 52 54 56 39 42 43 8b 15b 20 84 84 84

5.00 45 50 51 30 36 38 3b 6b 7b 69 84 84

a. Based on production functions in Ayer and Hoyt (1980), expected 1979
product prices and expected pan evaporation for Safford, Arizona.

b. Insufficient water to produce a crop. Agronomists indicate water
applications less than 12 -18 inches, depending on weather conditions,
are insufficient to produce a crop. Although the estimated water
applications, based on the statistical production functions, are
below the range of the experimental data, the outside information
from agronomists suggests that applications more than a few inches
below the experimental range is simply not sufficient for crop
production.
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Table 3. Returns over Total Variable Contra with Vprying Irrigation
Delivery Efficiencies, Fine Texture Soil. ($ per acre)

Price of
Water

Cotton Wheat Sorghum Alfalfa

Irrigation Delivery Efficiency

$ /Ac.In. .50 .75 .90 .50 .75 .90 .50 .75 .90 .50 .75 .90

.50 619 640 646 151 167 172 66 81 86 646 674 684

2.50 392 485 517 -26 47 72 c c 5 310 450 497

5.00 141 314 372 -224 -87 -42 c c c -110 170 263

a. Variable costs include those for water, feed, fertilizer, pesticides,
herbicides, labor and seed.

b. Based on production functions from Ayer and Hoyt (1980); expected 1979
product prices and expected pan evaporation for Safford, Arizona;
Hathorn and Cluff.

c. Insufficient water to produce a crop. Agronomists indicate water
applications less than 12 -18 inches, depending on weather conditions,
are insufficient to produce a crop. Although the estimated water
applications, based on the statistical production functions, are
below the range of the experimental data, outside information
from agronomists suggests that applications more than a few inches
below the experimental range is simply not sufficient for crop
production.

efficiency changes. Columns illustrate the effect of water price on profits for any particular
delivery efficiency. With low priced water, profits are not greatly affected by delivery efficiency.
From a water conservation standpoint, then, there is almost no incentive for farmers who use very low
priced water to improve delivery efficiencies. However, with higher priced water, profits drop drama-
tically as delivery efficiency declines. Under these conditions, investments in canal lining and other
technology to improve delivery efficiency may be warranted. A long run, benefit -cost analysis similar
to that of Wilson, Fox and Willett (1976), is required to assess the economic viability of particular
investment.

Increasing the price of surface water. In general, the crop -water production functions imply a
very inelastic demand for water. Table 4 shows the elasticity of demand for water on fine texture
soil, for four crops, and for a wide range of crop and water prices. In all instances except for
sorghum, the elasticity is far less than unity, and at low and medium water prices, the elasticity is
From -.01 to -.30. Similar results were found for other soil textures.

Table 4. Elasticity of Demanda for Irrigation Water, by Crop, Fine Texture
Soil.

Cotton Wheat Sorghum Alfalfa
Price of
Water Price ($ /lb.) Price ($ /lb.) Price ($ /lb.) Price ($ /ton)

$ /Ac.In. .30 .65 .04 .07 All prices 50 75

.50 -.020 -.C13 -.052 -.020 -1.45 -.037 -.027

2.50 -.160 -.069 -.304 -.108 -1.45 -.218 -.134

5.00 -.386 -.148 -.761 -.232 -1.45 -.592 -.328

a. Based on production functions from Ayer and Hoyt (1980) and expected
pan evaporation for Safford, Arizona.
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Since the elasticity of demand is so low, efforts to conserve water through marginal, or in many
cases even large changes in the price of water, will not be successful. An extremely conservative
example helps strengthen this implication. Assume wheat produced at a low price of $.04 per pound and
surface water at $.50 per acre inch. The elasticity is -.052. Based upon the production function and
assumed wheat and water prices, the profit maximizing level of water is 47 acre inches. If the price

of water were to increase 20 percent from $.50 to $.60 per acre inch, and even if elasticity doubled
to -.104 with the price increase, water use would decline from 47 to 46 acre inches per acre.

In a similar fashion, it might be illustrated that even with doubling the price of surface water
(often priced near $.50 per acre inch), water use will not be significantly decreased on most crops.
The initial price of water is simply too low and the underlying production functions shaped such that
water use remains nearly unchanged as profits are maximized.

Water constriants. Constraints may be placed on the amount of surface or groundwater available
to farmers. Along the Colorado River, constraints are already in effect. Proposals now before the

State legislature would limit groundwater applications. Water constraints result, of course, in water

conservation. Conservation is not costless, however. Where farmers are already using water in an
economically efficient manner, farm profits will be cut as a result of water restrictions. For

example, assume a 500 acre cotton farm in a fine texture soil area, using surface water at $.50 per
acre inch and with 1979 cotton prices of $.65 for lint and seed per pound of lint. Fixed costs for

the farm are assumed to be $124,000 as per Hathorn and Cluff. If the farm is operating efficiently,
returns over total costs are $154,500 when no water restrictions are in effect. If water is cut to 80

percent of the no- restriction level, returns over total costs are $100,500. Thus, quantity restrictions
can have significant impacts on faro profits. On the other hand, multi crop farms would experience a
smaller impact because of the possibility of making product -product substitutions in the cropping plan.

SUMMARY

Crop -water production functions for four Arizona crops were estimated and used in economic analyses
to estimate the impacts of various irrigation practices and policies on water conservation. Those

practices most likely to succeed in the conservation of relatively large amounts of water (relative
to urban needs) are (1) switching from yield to profit maximizing levels of water in medium to deep
lift areas, (2) improving delivery efficiency if long run benefit cost studies show the fixed invest-
ment profitable and (3) quantity restrictions on water use. The first of these options, switching from
yield to profit maximizing levels of water use, is particularly pertinent for two reasons. First,

both profits will be increased and water conserved. Second, this option contrasts with common recom-
Ìations of public and private irrigation management services to maximize yield rather than profit.
The third option, quantity restrictions, must be carefully weighed against its effect on farm profits- -
profits may be cut substantially.

Alternatives which do not appear promising are (1) switching from,yield to profit maximizing
levels of water in areas of low priced water, and (2) raising the price of surface water. Where water

is low priced, profit and yield maximizing levels of water are nearly equal. Also, the price of sur-

face water is currently so low and the elasticity of demand for water for most crops so low that even
doubling the price of water has very little effect on water use. It would take a several fold price

increase to achieve meaningful water savings.

APPENDIX A

COMPUTATION OF POSSIBLE WATER SAVINGS

Estimates of possible water savings are based upon a comparison of the profit maximizing level of
water use, as implied by the statistical crop -water production functions, and the common practice
applications of better farm managers as indicated by agricultural extension specialists. Estimates are

based on the acres of cotton, wheat, and sorghum irrigated by groundwater in Arizona in 1978.

Several steps are used to estimate the profit maximizing level of water. First, estimates are

made of the price of groundwater. Records on depth to groundwater by county and areas within counties
(Arizona State Water Commission) are used to estimate energy costs of pumping. Based upon the pumping

depths, a conservative price of pumping in all pump areas of the state is $2.50 per acre inch. This

price, 1979 product prices, and expected pan evaporation by county are used in conjunction with our
soil- specific crop -water production functions to estimate the per acre profit maximizing level of water
for each soil type for each county. The per acre profit maximizing level of water, by crop, by county,
is then multiplied by the acreage of each crop harvested in each county. The product is the total

profit maximizing amount of water to produce the 1978 crop acreages in each county.
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Estimates of the amount of water actually applied by the better managers in each county are then
made. Estimates of the per acre amount of water actually applied by crop and by county are from
agricultural extension specialists (Hathorn and Armstrong; Hathorn and Cluff; Hathorn and Farr; Hathorn,
Little and Stedman; Hathorn and Sullivan). The per acre amounts are multiplied by the 1978 acreage of
each crop in each county to estimate total water actually applied.

The difference between estimated profit maximizing levels of water and water actually applied, by
crop and by county, are given in Table A -1.

Table A -1. Water Savings from Profit Maximization vs. Common Practice of
the "Best" Farmers, Arizona, 1979.

County Cotton Wheat Sorghum Total

Acre Feet

Cochise 0 2,000 15,000 17,000

Graham 1,400 0 0 1,400

Maricopa 67,800 14,100 15,200 97,100

Pima 0 2,300 3,500 5,800

Pinata" 0 13,200 10,000 23,200

b/ (20,900) (6,500) (10,00) (37,500)

Total' 69,200 31,600 43,700 144,500

b/ (90,100) (25,000) (43,700) (158,800)

Sources: Based on production functions from Ayer and Hoyt: Hathorn and
Armstrong; Hathorn and Cluff; Hathorn and Farr; Hathorn, Little
and Stedman; Hathorn and Sullivan; Arizona State Water Commission;
and U.S. Crop and Livestock Reporting Service.

a. Water savings based on the assumption that all soils in Pinal County
are of medium texture.

b. Water savings based on the assumption that half the soils in Pinal
County are fine and half are medium texture.

There are several reasons why the estimated water savings, which could result if profit maximizing
levels of water were applied, are conservative. First, the price of pumped water is assumed to be
$2.50 per acre inch. This price is somewhat less than depths to groundwater imply. Second, our esti-
mates of the number of acres irrigated with groundwater in counties where both ground and surface water
are applied (principally Maricopa and Pinal counties), are underestimated. Third, we do not attribute
any savings to alfalfa because our crop -water production function for alfalfa is not satisfactory for
such an estimate, even though savings would in fact likely result. And fourth, estimates of water
actually applied are based upon current practices of the "best" farmers in each county, and it is likely
that poorer farm managers overirrigate even more.
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EVALUATING AND DISPLAYING WATERSHED
TRADEOFFS FOR MANAGEMENT

by

Rhey M. Solomon and Larry J. Schmidt
USDA Forest Service, Albuquerque, New Mexico

ABSTRACT

Relating water concerns and interactions to land managers has been a challenge met with only par-
tial success. A methodology was developed that incorporates graphical techniques to visually display
potentials, tradeoffs, and effects of resource management activities. This technique was applied to
chaparral and ponderosa pine ecosystems to show applications to the scientist and also the nontechnical
manager. Up to five variables can be displayed in a way that enable quick understandable tradeoff eval-
uations.

INTRODUCTION

The Southwest, an environment where resource scarcity is the rule rather than the exception, has
been an area where extensive research has been done in the investigation of improving the production of
scarce renewable natural resources (Ffolliott and Thorud 1975, Barr 1956). Of particular interest has
been the study of water yield improvement techniques, strategies, and opportunities. Barr (1956) initia-
ted a study in Arizona on the opportunities for water yield augmentation. Subsequent studies were
generated (Ffolliott and Thorud 1975, Hibbert 1979a), all of which present some scenario or alternative
scenarios for increasing water yield. Unfortunately, many critical controlling assumptions were made
with each alternative outlined. The lack of visibility for many of these assumptions make it difficult
to evaluate effects and tradeoffs encountered. Additionally, one can only evaluate the specific alterna-
tives presented and not the entire realm or continuum of possible options that might exist.

In light of the above research and investigations, the Southwestern Region of the Forest Service
began an effort to quantify the water yield improvement opportunities on National Forest lands within
Arizona. Initial efforts relied on the same analysis techniques typically used by others. The litera-
ture was searched, water yield prediction relationships extracted, and these relationships applied using
a basic set of assumptions. There was a quick realization that many implied management decisions were
incorporated into these assumptions. We found ourselves confronted with a dilemma that is not uncommon
to evaluation of natural resource allocation problems: what decisions (assumptions) can the technical
expert make, thus denying these decisions from the manager or decision maker? The first inclination was
to be more specific in the assumptions, which were in fact management decisions, and press forward with
the analysis. As alternative management scenarios were generated, the assumptions were reassessed by
asking: is that really reasonable - isn't that assumption rather arbitrary "?

If management was to be allowed a full range of realistic choices, it became obvious that the
analysis process would required rethinking. Critical criteria to be met in the analysis process were:
(1) preserve the decision making process for the manager and (2) reduce arbitrary assumptions to a
minimum.

The technique discussed is an attempt to make analyses of data more trackable, visible, and simpli-
fied not only for interdisciplinary teams but also for the manager. What is presented is by no means
what could be called truely original or revolutionary. The method applies already known analytical
techniques and hopefully can help resource allocations become more understandable. The technique
represents an assemblage of research into a practical tool.

INITIAL APPROACH AND OBSERVATIONS

The initial objective was to identify and quantify water yield opportunities on National Forest
lands within Arizona. From previous analyses, it appeared that water yield opportunities related
closely to two principal controlling variables, climate and vegetation. These two components somehow
must be accounted for as continuous variables that change with respect to time and space. To adequately
describe through a model the entire range of climate, vegetation, and soils from the desert to forests
is beyond the ability of most people to comprehend. These components were subdivided into subunits or
ecosystems that can be modeled with a much higher degree of confidence and understanding. Clearly,
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segregation techniques have been developed from many different approaches (Pfister 1976, Bailey 1978,
Carleton 1980). Research has recognized and stratified broad delineations in the investigation of water
yield (Clary et al. 1974, Hibbert et al. 1974, Brown et al. 1974, Rich and Thompson 1974). Water yield
research in Arizona, begun in the mid 1950's, has focused on four broad primary vegetative communities.

. Chaparral

. Pinyon -Juniper Woodland

. Ponderosa Pine Forest
. Mixed Conifer

Other vegetative communities either offered little in the way of per unit water yield opportunities
(grasslands, desert shrub), occupied small acreage within Arizona (alpine, aspen), or were considered
inopperable because of other multiple use considerations (riparian).

To help more fully understand the need and use of a visual display technique, the chaparral eco-
system can be used to track the formulation of the technique.

In the chaparral ecosystem, the potential for increasing streamflow is through conversion of the
brush vegetation to grass. Increase* water results from the replacement of deep rooted shrubs (high
evapotranspiration) with shallow rooted grasses and forbs (low evapotranspiration).

Numerous relationships have been established for predicting water yield increases resulting from
converting chaparral to grass (Hibbert et al. 1974, Hibbert 1971, Ingebo 1972, Hibbert et al. 1975, Pase
and Ingebo 1965). In the "state of the art" report by Hibbert (1974) two graphs were presented that
represent the summation of chaparral water yield efforts in Arizona. These relationships showed precipi-

tation as the controlling climatic variable. The research data and conclusions were restricted to com-
plete conversion from brush to grass. But what is the response if brush vegetation is reduced in cover
from 50 percent to 20 percent brush overstory? What is the response if the initial vegetation cover
is 30 percent as compared to 80 percent? Obviously, these research relationships were not developed
to answer all management needs and concerns. It appeared that research relationships would require
elaboration to provide a continuous visualization of options for management.

TECHNIQUE DEVELOPMENT

Generally, two techniques are used to address or answer water related management questions:
(1) application or extrapolation of data and research and (2) professional judgement.

Attempts to modify research relationships, to more specifically fit management needs, confront the
same dilemma researchers often encounter; the lack of a full spectrum of data from which to draw conclu-
sions or extrapolate. One can elect to follow accepted techniques of analysis and restrict the predictive
tool to the range of data. However, a predictive tool that does not meet management needs or respond to
management questions is of little value, in spite of its theoretical or statistical soundness.

Characteristically, when management requires information or interpretations we try to draw from
research to answer these requests. Lacking data or applicable research, we rely on "professional
judgement" in supplying information. This "professional judgement" is often correct, but often it is
incorrect. Regardless, an estimate is supplied to management. Unfortunately, we do not have the lux -
tury of deferring on many decisions. The difficulty with use of "professional judgement" is that it
tends to be untrackable as if "pulled from the air "; when in fact it is usually based on some set of
assumed relationships, variables and criteria.

In most instances, both research relationships and professional judgement are used in conjunction.
As suggested above, when professional judgement is relied upon, many assumptions are not visible and
trackable. One of the keys to the approach to be outlined is in making "professional judgement" trackable
and visible and at the same time apply research relationships and data in the formulation of predictive
tools.

During the efforts to modify research relationships to meet management needs, a number of criteria
were determined necessary if predictive tools were to be useful.

A. Be responsive to changes, within an ecosystem, of principal climatic variables control-
ling water yield.

B. Be responsive to physical and biological characteristics influenced by management
activities.

C. Be simple and understandable to management and decision makers.

D. Be trackable and visible.

E. Be continuous over the range of variables.
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F. Take minimal time to construct or formulate.

The methodology for meeting these objectives was followed in a step -by -step process:

1. Establish variables or indexes that account for water yield response.

2. Investigate research relationships, models, and data to determine the range of data,
variables used, and "holes" in information.

3. Fill information voids with professional judgement.

4. Formalize mathematical predictive relationship.

5. Display the relationship so that it is easily understood by management.

An approach that would seem, perhaps, of most promise in meeting the objectives would be to construct
a theoretical -empirical process computer model. A process model would certainly satisfy objectives A, E
and perhaps B. But a process model tends to be weak in meeting objectives C, and D, and might meet
objective F with difficulty. The inability to meet objectives C, and D can be overcome and will be
discussed briefly later. Because of the time constraints faced, the development of a computer process
model was deferred. This approach has received favors and many such water resource models are available
(Leaf and Brink 1973, Riley and Hawkins 1975). A more simplistic modeling approach was undertaken which
can be done by those relatively inexperienced with computer tools.

The chaparral ecosystem is used as an example in demonstrating this technique. The first step was

to identify what variables could be used to describe water yield responses, be responsive to controling
climatic, physical, and biological influences, and reflect influences of management activities. Research

data was plotted using a number of variables (Daniel and Wood 1971). This gave a more visible feel for
the data than might have been gained from a computer aided statistical analysis. The construction of

the predictive model was based on research data (Hibbert 1971, Hibbert et al. 1974, Hibbert 1979b), but
was not done using standard statistical techniques for multivariate analyses (Snedecor and Cochran 1971,
Daniel and Wood 1971). The research data supplied information relative to points that lay upon a curve,
but the data supplied relatively little information pertinent to the general form of the relationship
(i.e., was the relationship linear, a power function, sigmoid, etc.). Here is where professional judge-
ment is drawn upon to select a general form of the relationships and fit these mathematical forms to the
research data (Jensen and Homeyer 1970, Jensen and Homeyer 1971, Jensen 1973). Much of the research

data was restricted to small segments of the possible range of the variables and, therefore, offered
little information as to curve form. Standard regression techniques rely heavily on two -dimensional
aspects of curved relationships and are not totally responsive to interactions in three or more dimen-
sional relations and were therefore not extensively used. The final empirical model for chaparral is

given below:

1.5

YIELD = K. (PREC - C)

WHERE:

K = (.083 - .001TEMP) + .04e

C = 5 + .07COV

WHERE:

YIELD

PR EC

COV

TEMP

This model

(100 - COV) 3.331
30.0

= Water Yield (inches /year)

= Annual Precipitation (inches)

_ % Shrub Overstory Cover

= Mean Annual Temperature ( °F)

would appear to be responsive to obj
precipitation and mean annual temperature), although
level of prediction sought. The vegetative index (%
management activities, since most management activiti
directed toward reduction or alteration of overstory
but the simplicity of the model would have been sacri

63

4

(1)

(2)

(3)

ectives A and B. The climatic variables (annual
simple indexes, were felt to be adequate for the
shrub cover) was used to reflect influences of
es to improve water yield within chaparral are
conditions. More variables could have been used,
ficed as more refinement were added.



The void in data filled by professional judgement was in accounting for the influence of shrub

cover. It was assumed that shrub cover influenced water yield as modeled by a sigmoid function. It was

further assumed that beyond a shrub overstory cover of 60 percent, water response was unchanged. The

key point to be made here is not so much the correctness or exactness of these assumptions, but rather
that professional judgement was put in a trackable form. Certainly, criticism can be directed at this

approach since it does not follow the rigors of complete statistical support or validation. However, at

least a hypothesis, incorporating professional judgement, has been presented that can be examined,

verified, modified, or refuted.

The mathematical equation is useful in that it enables estimates of water yield along a continuum
of the independent variables, but these relationships are not very simple, visible, or understandable to

most managers. It therefore becomes necessary to make the relationships more understandable. "A picture

is worth a thousand words" is most appropriate in gaining an understanding of a situation or in this

case a mathematical model.

Graphics or nomographs have been used to depict water yield mathematical expressions (Brown et al.
1974, Hibbert et al. 1974, Clary et al. 1974). These graphics have characteristically been limited to
two dimensional displays, with one dependent variable and one independent variable (Figure 1). In some

instances these graphics contain two independent variables (Figure 2). An alternative is to display

these mathematical relationships as multidimentional figures. The chaparral equation (Equation 1)

appears as a multidimentional display in Figure 3. This kind of visual display helps take the mystery
out of multivariate equations and shows quickly what conditions of the variables are necessary to maxi-
mize the dependent variable (water yield) and what "sensitive" ranges of the independent variables pro-
duce dramatic responses in the dependent variable. In the chaparral example (Figure 3) four dimensions

are:
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Yearly increases plotted against
yearly precipitation for chapar-
ral experimental watersheds (from
Hibbert et al. 1974).
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Figure 2. Annual streamflow plotted as
a function of winter precipi-
tation and timber basal area
for ponderosa pine ecosystem
(from Brown et al. 1974).

displayed. Water yield, annual precipitation and " brush cover are used to display a three dimensional

figure. The fourth dimension is shown as a series of graphs by increments of mean annual temperature.
Temperature increase as the series goes to the right. A fifth dimension could have been incorporated by

adding another variable showing incremental changes in a series going down the page (Jensen 1979).

These graphics are easily understood by management and seem so logical, one has to ask, why have
they not been exploited more fully in depicting water resource opportunities? One answer might be that

considerable time is needed to draw these graphics. With computer software now more available for

constructing graphs, perhaps these displays can be used more effectively. The use of these display
techniques in multiresource planning is already being investigated (Martin et al. 1978, Cech et al.

1979, Solomon and Schmidt 1980).

APPLICATION OF DISPLAY TECHNIQUE

These visual tools have a multitude of applications limited only by the imagination. Two principal

applications will be discussed briefly in hopes that the discussion might instill some interest in the

technique.
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TRADEOFF EVALUATION

In the endeavor to evaluate water yield opportunities for chaparral in Arizona, Equation 1 was

applied to the National Forest lands within the State. The chaparral ecosystem (Carleton 1980) was
further subdivided by precipitation and temperature regimes. Again, assumptions regarding the type of
prescription (total conversion to grass, mosaic patterns, etc.) and slope constraints that might be
imposed because of soils and equipment limitations were confronted. Rather than make these assumptions,
as has been done in previous efforts (Brown et al. 1974), a display of the continuum of opportunities
over the range of slope and extent of conversion was chosen (Figures 4 and 5). These graphic displays
quickly point out that point A, being the highest point, is the obvious potential for water yield
production off of National Forest lands in Arizona. Possible alternatives might be points B and C.

Point B might reflect a wildlife oriented prescription with conservative policies regarding erosion
(slope constraint). Point C might be a compromise between wildlife and water with only a moderate
concern for soils.

Regardless of the actual alternative, by using such a display technique one can quickly assess the
relative tradeoffs in water yield as a result of different alternative prescriptions. Additionally, the

display shows the entire realm of alternatives and allows a comparison against potential water yield.

Figure 4. Water yield opportunity contour Figure 5. Water yield opportunity grid
surface for National Forest lands surface for National Forest

in Arizona as a function of slope lands in Arizona as a function

and percent shrub removal. of slope and percent shrub re-
moval.

The decision maker is better equipped to evaluate water yield opportunities and tradeoffs with such
an approach than if only alternatives B and C were presented. The manager may have elected to settle at
some intermediate level; by doing so, he has a tool at his disposal by which he can evaluate the tradeoff
in water yield. These tradeoff and potential figures do not have to be restricted to only one resource.
A technique has been outlined by which multiple resources can be evaluated and compared using these
displays (Solomon and Schmidt 1980).

SENSITIVITY ANALYSIS

This display technique has application in evaluating the interactions of complicated resource com-
puter models. By plotting principal controlling variables on the independent axes, the multidimentional
surface can quickly show the influence of the different variables on the dependent variable.

In the investigation of water yield opportunities within the ponderosa pine ecosystem it was recog-
nized that water yield is dependent to a large degree on timber management prescriptions (Baker 1975,
Anderson et al. 1976). It is therefore important to understand timber tradeoffs as stocking levels are
reduced throughout the growing cycle of a stand. To evaluate these timber management tradeoffs, required
the use of a computer model; RMYLD (Edminster 1978).

This process model offered more difficulties than solutions in supplying insight into the tradeoffs.
Table after table of printed output was required before an understanding was gained of the model's

response to changes in principal input variables. With the experience gained from multidimentional
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displays for water yield, the concept was applied to the timber model. From the printouts, a matrix of
data was extracted, the matrix was then used as the base for plotting a three dimentional display. It

was found that the model was sensitive to two driving variables: (1) growing stock level and (2) site

index. These two variables were then used as the independent axes, and a measure of total wood volume
as the dependent variable (Figure 6). Interesting responses were received from people active in timber
management as well as those with little understanding of timber management.

50 100 150

Growing Stock Level

(ft2 /acre)

50,000

0,000

30,000

20,000

10,000

40

Ft3 Volume
@ C M.A.I.

(ft /acre)

Figure 6. Total wood volume produced at culmination of mean annual increment of growth
as a function of site index and growing stock level.

By a quick assessment of Figure 6, it is obvious that to maximize wood volume, the growing stock
level should be around 120 ft /acre to 150 ft /acre for any given capability of the land to grow trees

(site index). This observation was clear even to the non -timber specialist. Surprisingly, many people

dealing directly in timber management had no idea that this timber program (RMYLD) was projecting growing
stock levels much higher than is the practice in the Southwest. This is not to say that current manage-

ment is wrong, but rather does help to point out the volume tradeoffs being made to accommodate other
multiple uses and objectives.

This example helped to confirm our awareness of the potential value of this display technique for
computer model sensitivity analyses. It also made us aware of the importance of this technique, not
only in presenting water resource tradeoffs and opportunities to others, but in conveying tradeoff and
opportunities of other disciplines to the hydrologist or watershed specialist.

SUMMARY

An attempt has been made to present a technique for modeling water resource outputs and tradeoffs
and displaying these models in a way that managers and others, moderately familiar with water resources,
can understand. The approach is an integration of a number of already applied techniques. The step -by-

step process can be summarized by:

1. Establish variables important in indexing resource outputs or responses.

2. Extract research models, data, and other relationships which help to construct a predic-
tive model.

3. FILL VOIDS IN DATA WITH PROFESSIONAL JUDGEMENT THROUGH QUANTITATIVE TECHNIQUES.

4. Formalize a mathematical expression for the model.

5. DISPLAY THE MODEL THROUGH MULTIDIMENTIONAL FIGURES.
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This technique is believed to be straight forward. It offers simplicity in presenting complex
ideas and interactions. It is trackable and visible and appears to offer a method of presenting water
resource concerns and tradeoffs to management in an easily understood way. The display technique also

shows promise for visualizing computer model sensitivity analysis and has applications for land manage-
ment planning.
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SOCIO- ECONOMIC IMPACTS
OF THE

SAFE DRINKING WATER ACT
ON ARIZONA'S WATER SYSTEMS

by

Richard S. Williamson, P.E.
Manager, Safe Drinking Water Unit

Arizona Department of Health Services

INTRODUCTION

The Arizona Department of Health Services (ADHS) is responsible for insuring that the State's
2,000 public and semi -public water systems are serving water that is safe for consumption and other
public needs. The basis for this responsibility is vested in State statutes (A.R.S. 36 -132, A.R.S.
36 -136), and in the delegation of the enforcement authority for the Federal Safe Drinking Water Act
(P.L. 93 -523) to ADHS from the U.S. Environmental Protection Agency (EPA).

The introduction of the National Interim Primary Drinking Water Regulations by EPA in December
1975 led to the development of the new drinking water regulations for the State of Arizona in order
for the State to assume "primacy" for the Safe Drinking Water Act requirements. The State regula-
tions (ADHS, 1978) became effective on May 26, 1978 and resulted in the following major modifica-
tions to the previous regulations:

1. Establishment of periodic sampling requirements for inorganic, organic, and radioactive
chemicals.

2. Addition of variances and exemptions to allow flexibility for some water systems having
difficulty complying with a maximum contaminant level. This program requires that all water systems
comply with the maximum contaminant levels by January 1, 1981, or demonstrate that they have exhaus-
ted all economic, and technically feasible alternatives for achieving compliance.

3. Each water system is responsible for notifying its customers when it fails to comply with
a maximum contaminant level, sampling requirement, or is granted a variance or exemption.

The additional requirements cited above, in addition to a cutback in funding levels for both State
and County Health Departments, has resulted in a shift of monitoring responsibilities to the water
system. The public notification requirement is also borne by the water system, albeit somewhat
reluctantly, as the water system owner must publicly "chastise" himself for failing to comply with
particular aspects of the regulations.

The impacts of these regulatory changes is examined herein following a brief summary of the
effectiveness of the State's water systems in complying with the new requirements.

COMPLIANCE STATUS

In February 1980 ADHS released a report which summarized the compliance status of the State's
water systems with the drinking water regulations. The following criteria were used to determine full
compliance with the regulations (ADHS, 1980):

1. Submission of regular Bacteriological samples.
2. A current acceptable Inorganic Chemical Analysis.
3. A current acceptable Organic Chemical Analysis.
4. Employment of a Certified Operator.
5. No Operation and /or Maintenance Deficiencies.

Of the 1,955 systems reviewed, only 97 systems (5°') were in compliance with all the criteria
listed above. However, close scrutiny reveals that these 97 systems serve 517 of the population.
This statistic bears out the point that the larger systems are more capable at this point in time
of complying with the regulatory requirements than the smaller systems, which make up the majority
of Arizona's water ,systems. Table I provides a synopsis of the relationship between the population
served by a water system and its compliance status.
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TABLE I

STATEWIDE SUMMARY REPORT OF COMPLIANCE
WITH STATE REGULATIONS BY PUBLIC AND
SEMI - PUBLIC WATER SYSTEMS FOR THE

PERIOD 10 -1 -78 THWXThi 9 -30-79

SYSTEMS OPERATING

Population Served Number of Systems

Compliance Noncompliance Total

1 -24

25 -1,000

1,001 -2,500

2,501 -3,300
3,301 -4,100

6
57
12
3

3

464
1,237

87
14
13

470
1,294

99
17
16

4,101 -4,900 2 3 5

4,901 -5,800 2 7 9

5,801- 6,700 1 4 5
6,701 -7,600 1 2 3

7,601 -8,500 2 4 6
9,401 -10,300 0 2 2

10,301 -11,100 2 0 2

11,101 -12,000 2 1 3

12,001- 12,900 0 1 1

12,901- 13,700
13,701 -14,600

0
1

2

1

2
2

14,601 -15,500 0 1 1

15,501- 16,300 0 1 1

16,301 -17,200 0 1 1

17,201 -18,100 0 1 1

19,801- 20,700 o 1 1

20,701- 21,500 0 1 1

25,001- 28,000 0 2 2

28,001- 33,000 o 2 2
33,001 -37,000 o 1 1

46,001- 50,000 1 0 1

50,001- 54,000 0 2 2

83,001- 90,000 0 1 1

111,001 -130,000 0 i 1

130,001- 160,000 0 1 1

360,001 -410,000 i o 1.
840,001- 910,000 1 0 1

TOTAL 97 1,858 1,955

'Compliance

1,463,495

Criteria

POPULATION SERVED

2Noncompliance 3Noncompliance
(Over 1,000)

1,382,198 1,164,481

COMPLIANCE CRITERIA

Number of Systems
Compliance Noncompliance

4Total
1 &2)

2,845,693

Total

Operation and
Maintenance 882 1,073 1,955

Bacti Samples 464 1,491 1,955

Inorganic Samples 328 1,627 1,955

* Organic Samples 4 28 32

Certified Operator 1,005 950 1,955

* applicable only to community water systems using surface water.
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For the period of time analyzed by the Compliance Status Report (10/1/78 to 9/30/79) the State
program for implementing the drinking water regulations was based on a low profile, voluntary com-
pliance approach, with the emphasis placed on educating the water systems regarding the new require-
ments. The only conclusion that can be reached upon reviewing the compliance status summary as
presented in Table I is that the voluntary compliance program was a dismal failure.

As a result of the above findings, ADHS initiated an aggressive program aimed at increasing the
statewide level of compliance with the regulations. This program consists of Notices, Certified
Letters, Administrative Orders, and ultimately court injunctions aimed at those systems which have
repeatedly failed to comply with one or more of the previously mentioned criteria. The level of
success of this program is demonstrated in part by the increase in the percentage of water systems
complying with the bacteriological sampling requirements, as depicted in Figure 1.
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FIGURE 1

PERCENTAGE OF WATER SYSTEMS COMPLYING
WITH BACTERIOLOGICAL SAMPLING REQUIREMENTS

1
First
Notice
Sent

Second
Notice
Sent

Disinfection
Orders
Sent

T 1
I I I I

SEPT. OCT. NOV. DEC. JAN. FEB,

1979 1979 1979 1979 1980 1980
32.3° 34.2% 61.8% 61.4% 69.6% 69.4%

To date it is projected that the aggressive compliance program implemented by ADHS will result
in approximately sixty percent (60 1 of the water systems being in conformance with the minimum
drinking water requirements. The systems in compliance will be serving an estimated ninety percent
(90;') of the State's population. This leaves about forty percent (40 ") of the State's smaller water

73



systems still out of compliance with the regulatory requirements. Initial analyses by AOHS staff indi-

cate that the small water systems within the State may be economically over- stressed in order to
achieve full compliance with the current regulations. The following sections examine the economic costs

associated with the measures necessary for regulatory compliance, and the subsequent impact on the

smaller water systems.

ECONOMIC FACTORS

The economic costs related to complying with the drinking water regulations are dependent upon
the classification of the water system, the source of the water supply, the population served by
the system, and the ambient quality of the raw water. These factors influence the economic costs as

follows (Energy Resources Co. Inc., 1975):

1. Water System Size: there are two classifications of water systems, with the monitoring

requirements differing as noted:
a. Community Water Systems are defined as those which serve at least 25 year -round residents,

or at least 15 connections used by year -round residents. Community water systems must monitor for

bacteriological, inorganic and organic chemicals, and radiochemical contaminants.
b. Non -community water systems are defined as serving at least 15 connections or 25 people

for more than 60 days per year, but which have less than 25 year -round customers. Non -community water

systems are required to sample for bacteriological and inorganic chemical contaminants.

2. Water Supply Source: The source of the water supply (i.e., either groundwater or surface
water) influences the frequency of the monitoring required by a water system as follows:

a. Systems which only use groundwater are required to sample for inorganic chemicals at

three -year intervals.
b. Systems which have surface water sources are required to perform yearly inorganic chemical

analyses, and must also test for turbidity on a daily basis.

3. Population: The population served by the water system is used to determine the number of

bacteriological samples required to be submitted each month. Table 2, which is ext acted from the

regulations, depicts the relationship between system population and bacteriological %ampling require-

ments:
TABLE 2

BACTERIOLOGICAL SAMPLING REQUIREMENTS

Population Served per Month Minimum Number of Samples

25

--Per Month

1 every 3 months

25 -1,000 1

1,001 to 2,500 2

2,501 to 3,300 3

3,301 to 4,100 4

4,101 to 4,900 5

4,901 to 5,800 6

5,801 to 6,700 7

6,701 to 7,600 0

7,601 to 8,500 9

8,501 to 9,400 10

9,401 to 10,300 11

970,001 to 1,050,000 300

4,690,001 or more 500
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4. Water Quality: The ambient quality of the water supply raw water source is probably the most
important determinant relative to the economic costs associated with compliance. The new regulations
set forth required maximum contaminant levels (MCL's) for all the contaminant groups previously men-
tioned. All water systems are required to comply with the MCL's by Janaury 1, 1981. This can be
accomplished either through the application of an appropriate treatment technique, the blending of
water sources, the development of a new water source for the water system, or by joining a regional
system. All of these alternatives create a tremendous economic burden, especially for the smaller
water system. The most prevalent contaminant problems experienced in Arizona are fluoride, arsenic,
and nitrate violations, all of which occur naturally in portions of the State.

ECONOMIC IMPACTS

The economic impact of complying with the drinking water regulations is highly dependent upon the
size of the population served by the water system. The number of customers determines the economic
base for a system, and directly relates to the per capita distribution of the costs associated with
regulatory compliance. The two major activities with costs directly attributable to the regulations
are routine monitoring and treatment costs.

As presented in the preceeding section, the amount of routine sampling required is a function of
the number of persons served, the classification of the system, and the source of the water supply.
The current fees charged by commercial laboratories in Arizona for conducting the required analyses
are as follows (G.H.T. Laboratories, 1980):

Bacteriological $ 5.50
Complete Inorganic Chemical 135.00
Organic Chemical 87.00
Radiochemical (gross -alpha) 15.00
Turbidity 6.00

The annual economic burden for complying with the routine sampling requirements can thus be
calculated for the varying types of systems assuming the characteristics as used in the following
examples:

Example 1. Community Water System Bacteriological samples $ 66.00
Population = 100 Inorganic Chemical 45.00
Groundwater source (1/3 of $135.00)

Radiochemical (1/3 of $15.00) 5.00
$ 116.00

Example 2. Community Water System Bacteriological samples $17,820.00
Population = 800,000 Inorganic Chemical 135.00
Surface Water Source Organic Chemical 29.00

(1/3 of $87.00)
Radiochemical 5.00

(1/3 of $15.00)
Turbidity 2,190.00

$20,179.00

Example 3. Noncommunity Water System Bacteriological samples $ 66.00
Population = 225 Inorganic chemical 45.00
Groundwater Source (1/3 of $135.00) $ 111.00

The annual per capita costs for the monitoring requirements ranges from $0.025 for Example 2 to
$1.16 for Example 1. While it is obvious that the smaller systems per capita cost is much higher
than the per capita costs associated with larger systems, the monitoring costs are not considered
excessive when compared with the public health protection provided by the analyses.

The largest economic impact relative to the regulations arises when a system's raw water source
exceeds one of the maximum contaminant levels (Public Utilities Association of Arizona, 1980). A

study released by EPA (Energy Resources Co., 1975) analyzed the costs associated with providing
treatment in order to comply with the MCL's. Table 3 summarizes the per capita cost data relative
to treatment for control of various contaminant group violations in relationship to the size of the
water system.
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TABLE 3

ANNUAL PER CAPITA COSTS ASSOCIATED
WITH VARIOUS TREATMENT SYSTEMS

POPULATION SERVED
TREATMENT

25 -99 100 -9,999 10,99,999 >10,000

Disinfection 3.85 -2.10 2.75 -0.30 0.45 -0.15 =0.25

Turbidity Control 152.00 -52.00 78.00 -16.00 20.00 -12.50 °_15.00

Heavy Metal Removal 237.00 -101.00 142.00 -25.50 35.00 -13.00 18.00

Fluoride /Arsenic 11.80 -7.85 11.30 -3.15 5.00 -3.15 3.55

Removal

Assuming that the treatment costs are directly passed on to the consumer (U.S. EPA, 1979a), and
that an average of three people reside at each water connection, the average monthly water bill
increase for a system providing treatment to correct a heavy metal violation will range from $4.50 per
month increase for residents on a very large system to $59.25 per month increase for residents served
by a very small system. Obviously small water systems would be forced to go out of business before
they could increase their monthly water bills by nearly $60.00 to provide the needed treatment.

There are alternatives available to the water system if they choose not to provide treatment.
Some of the options available are (U.S. EPA, 1979b):

1. Developing a new, less contaminated source;
2. Joining a regional system; or
3. Blending water from the existing source with water of higher quality.

While some of these measures may involve a substantial capital expenditure, it may be offset by the
smaller operating costs associated with those options as compared to treatment operating costs.

Regardless of the alternative strategies available for MCL compliance, it can be predicted that
strict enforcement of the MCL regulations by the state will result in the closure of numerous, smaller
water systems which find it economically infeasible to comply with the regulations (U.S. EPA, 1980).

It is currently estimated that ninety -five systems in Arizona, serving less than 1,000 customers,
have MCL violations which need to be corrected (Shafer, 1980). The cumulative capital expenditures
necessary to achieve compliance for these systems is estimated to total $9.5 million.

SOCIAL IMPACTS

The social impacts resulting from the drinking water regulations are primarily related to the new
requirement for public notification. The regulations (R9 -8 -268) state that a water system is to
inform its customers when one of the following situations occur:

1. Failure to comply with an applicable MCL; or
2. When the water system is granted a variance or exemption from an applicable MCL; or
3. Failure to comply with a schedule contained in a variance or exemption; or
4. Failure to perform any of the sampling and analytical requirements.

The Notice, which is distributed through the available media and in water bills, is required to
state the nature of the violation, the health aspects of any violation, and appropriate preventative
measures to be taken by the public.

The public notification requirement has resulted in the following socio- related impacts:

1. Increased public awareness of the quality of their water supply, and the health effects
associated with various contaminant violations.

2. Water system owners become more anxious to comply with the regulations, rather than facing
the "embarrassment" of having to inform their customers of the applicable regulation violations.

3. Compliance has been more rapid as pressure to comply not only is directed at the water
system owner by the State, but also by his customers.
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The social impacts resulting from public notification have primarily been beneficial from the
perspective of the regulatory agency. However, the potential for adverse impacts is present due to
the possibility of a panic situation presenting itself should a notice be improperly worded. Guidance
to water system owners concerning the preparation of public notices should minimize the potential for
such an event occurring.

CONCLUSION

The socio- economic impacts resulting from the implementation of the new Arizona Drinking Water
Regulations are minimal when compared to the public health protection provided, and the increased
public awareness of its drinking water quality. The exception to this is the circumstance when a
small water system has a maximum contaminant level violation, which may present economic ramifica-
tions that could result in the closure of some of the State's smaller water systems. This situation
points to the need for ADHS to develop a strategy for providing technical guidance and /or administra-
tive relief to the smaller water system owner in order to ensure the economic viability of the system
and the maintenance of acceptable public health levels for the affected customers.
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FACTORS TO CONSIDER IN DRAFTING STANDARDS
TO PROTECT GROUNDWATERS IN ARIZONA

by

Marc M. Bennett
Planner, Arizona Department of Health Services

ABSTRACT

A summary of factors which need to be addressed when drafting standards to protect groundwater
is presented based on research of existing and proposed groundwater quality standards in several
states. Options available for each factor are offered as possible choices.

INTRODUCTION

The Water Quality Control Council, the entity responsible for water quality management in
Arizona, has been mandated by the statutes (A.R.S. Section 36 -1857) and a recent Attorney General's
Opinion (No. 77 -102, 1977) to develop standards to protect groundwaters of the state.

What are standards? This question first needs to be addressed before a groundwater protection
program in Arizona can proceed. Standards should not be viewed narrowly as only numerical limits
but in a broader sense as constraints necessary to impose for attaining identified management
objectives. Maximizing the effectiveness of Arizona's future groundwater pollution control program
is dependent on using as broad a definition of standards as possible in order to enhance the number
of options.

The drafting of standards to protect groundwater is complex because a number of important issues
or factors need to be resolved. The purpose of this paper is to identify these major factors to
facilitate the process of drafting standards in Arizona. To be applicable to conditions in Arizona,
elements in several options may have to be combined.

Eight major factors have been identified (See Figure 1):

1. Management Scale For Applying Standards
2. Management Objective
3. Management Policy
4. Focus of Standards
5. Type of Criteria
6. Protected Uses
7. Time Reference
8. Parametric Coverage

A DISCUSSION OF THE FACTORS

One factor which needs to be decided in drafting standards to protect groundwaters is the
management scale for applying the standards. Many possibilities exist ranging from site- specific to
statewide scales.

A site- specific scale would apply to an identified well or pollution source. For example, in
New Mexico if the groundwater quality at a well is worse than defined limits, the existing water
quality at the well is used as the standard.

A larger scale for applying standards is to use hydrographic subunits that are based on
topographic features, geologic formations, hydrologic features (recharge areas), or groundwater
classes. Groundwater objectives in the San Diego Basin apply to hydrographic subunits which are
based on watershed boundaries. Maryland utilizes management boundaries based on aquifer trans -
missivity and permeability. Under this type of approach, management boundaries can be delineated
for areas within aquifers with high transmissivity /permeability (recharge areas) which require
stricter controls. Wyoming's proposed standards set management boundaries based on groundwater
quality classes ranging from Class I (domestic use), for high quality groundwaters having a TDS
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1.

FACTORS O P T I O N S

MANAGEMENT SCALE FOR
APPLYING STANDARDS

Site Subaquifer Units

Specific a. Topographic Features
b. Geologic Features
c. Hydrologic Features
d. GW Quality Classes

Aquifer Aquifer All Groundwaters

Basins Regions

2. MANAGEMENT OBJECTIVE Improve Maintain Allow Degradation

Ambient Ambient a. Controlled

Groundwater Groundwater b. Uncontrolled

Quality Quality

3. MANAGEMENT POLICY Zero Nondegradation Planned Degradation

Discharge

4. FOCUS OF STANDARDS Waste Ambient Groundwater

Discharge

5. TYPE OF CRITERIA
a.

b.

Numeric Descriptive

Absolute
Range

6. PROTECTED USES Human Domestic Agricultural

Health Industrial

7. TIME REFERENCE Past Present Future

8. PARAMETRIC COVERAGE Choose parameters associated with selected protected uses.

FIGURE 1

FACTORS AND SOME AVAILABLE OPTIONS WHICH NEED TO BE ADDRESSED WHEN DRAFTING STANDARDS TO PROTECT

GROUNDWATER
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less than 500 mg /1, to Class VI (industrial use) for groundwaters having a TDS greater than 5,000 mg /1
and do not have the potential of being beneficially used.

A third type of management scale that can be used is aquifer basins. In Arizona, these basins
have been delineated in the Arizona Water Plan (Arizona Water Commission, 1975) by the Arizona Water
Commission and the U.S. Geological Survey.

A fourth type of management scale which can be used is hydrogeologic regions. In Arizona, such
geologic regions as the Basin /Range, Central Mountain Highland and Northern Plateau Provinces could
be used.

Finally, standards can be applied to all groundwaters of the State without any differentiation.

A second factor which needs to be decided is the management objective within each designated
management area. Three basic management objective choices are available: improve the groundwater
quality, maintain its quality or allow degradation to its quality. Degradation can be allowed in
a controlled or uncontrolled manner.

The third factor that needs to be decided is the management policy within management area.
Three policies have been used in other state programs: zero discharge, nondegradation, and planned
degradation. Zero discharge is zero migration of waste beyond the boundaries of the waste facility
or "solid waste boundary" as defined in the RCRA regulations: "the outermost perimeter of the solid
waste as it would exist at completion of the disposal activity" (Federal Register, 1979). Nondegra-
dation is prevention of degradation to the groundwater in the management area. Nondegradation allows
for attenuation and treatment of leachate in the vadose zone while zero discharge doesn't allow for
any migration of leachate beyond the waste facility.

The third type of management policy is planned degradation which is the allowance of water
quality degradation up to certain specified limits. These limits can be based on effect levels for
chosen protected uses or on any other management objectives. New Mexico has a planned degradation
policy for its groundwater standards because degradation is allowed up to the protected use limits
for human health, domestic, or agricultural uses.

California has modified the theoretical definition of nondegradation in its policy by allowing
degradation of groundwater quality up to a defined protected use limit (groundwater objective), in
special circumstances, if it has been demonstrated to the State that any change (in groundwater
quality) will be consistent with maximum benefit to the people of the State, will not unreasonably
affect present and anticipated beneficial use of such water and will not result in water quality
less than that prescribed in the policies" (State Water Resources Control Board, 1968).

Selection of the most appropriate management policy is dependent on the adapted management
objective, and the type of pollutants discharged from the waste facility. For example, if the
management objective is to maintain the groundwater quality for a given management area and the
pollutants that are discharged are toxic and soluble, a zero discharge policy would be warranted.
However, if the pollutants discharged from the waste facility are not harmful and undergo attenuation
in the vadose zone, a nondegradation policy for the management area may be appropriate.

The fourth factor which needs to be addressed is the focus of the standards to protect ground-
water: should they be applied to the waste being discharged or to the ambient groundwater quality?
Waste discharge standards would set limits on the quality of waste being discharged from a surface
activity while groundwater quality standards would set limits on the ambient groundwater quality.

California uses the waste discharge approach where limits are set on the quality of waste being
discharged into groundwater systems. The standards are set to meet groundwater (management)
objectives. On the other hand, New Mexico has groundwater standards focused on the quality of the
ambient groundwater. Discharge plans are filed with the State proving compliance with the ground-
water standards.

The difference between the two approaches is subtle but significant. With waste discharge
standards emphasis is placed on the quality of the waste discharge or leachate which eventually
reaches groundwater while groundwater standards places emphasis in monitored changes in the quality
of the ambient groundwater. Of course, once the pollutant has reached the groundwater and is
monitored, the damage has occurred and may be irreversible.
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The fifth factor which needs to be addressed is the type of criteria to use in the standards.

Two types of criteria can be used: numeric and descriptive. Numerical criteria are expressed as

numerical limits in the standard...i.e. 500 mg /1 TDS. Relative numerical limits can also be used

to express the range of error inherent in measuring different parameters.

Another option is to use descriptive criteria in the standards. Descriptive criteria can be

worded very generally to have the flexibility necessary for regulating the release of pollutants
whose harmful thresholds are not fully understood: "Radionuclides shall not be present in concen-

trations that are deleterious to human, plant, animal, or aquatic life, nor that result in the
accumulation of radionuclides in the food web to an extent that presents a hazard to human, plant,
animal, or aquatic life" (State Water Resources Control Board, 1975).

Descriptive criteria can also be written in specific language as with locational criteria.
For example, in California, hazardous waste disposal sites and landfills containing toxic materials
are prohibited from being located above groundwaters of the State unless their integrity can be

proven.

If a limited degradation management policy is chosen, a sixth factor that needs to be decided

for the management area: the establishment of protected uses. Protected uses can be assigned for

human health, municipal, agricultural, and industrial activities.

The seventh factor which needs to be decided is the time reference for the protected uses.
Should past, present, or future protected uses be preserved? For example, New Mexico assigns

protected uses to present and future groundwater uses - past uses are not considered.

For standards using numeric criteria, an eighth factor needs to be considered: parametric

coverage. The parameters that are selected should be a function of the protected uses chosen for

a given management area. For example, if the protected use is for human health, the EPA primary

Drinking Water Standards would be appropriate. For domestic protected uses, the aesthetic
properties of the water are important- -thus the EPA secondary Drinking Water parameters can be

utilized. For agricultural protected uses, parameters for constituents harmful to agricultural
production should be included: sodium, fluoride, boron, and heavy metals.

CONCLUSION

In the coming months, Arizona Department of Health Services will begin formulating a ground-

water pollution control program for Arizona. An integral part of this program is the development

of standards. The eight factors summarized in this paper can be a catalyst to start this process.

It is necessary to use as broad a definition of standards as possible to make this process fruitful.
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WATER QUALITY ANALYSES OF THE COLORADO
RIVER CORRIDOR OF GRAND CANYON

Brock Tunnicliff and Stanley K. Brickler
University of Arizona

ABSTRACT

Water quality research of the Colorado River corridor of Grand Canyon examines important relation-
ships between densities of fecal coliform bacteria in surface water and underlying bottom sediments.
Surface water sampling alone does not accurately reflect baseline water quality status of natural recre-
ational waters, as sediments often harbor microbial densities in several orders of magnitude of over-
lying waters. Water -based recreation activities and natural wave and current processes can resuspend
sediment and associated microbial populations, including enteric pathogens. Data show significant as-
sociations between surface water and bottom sediment microbial populations, demonstrating the importance
of a combined sampling approach to water quality analyses.

INTRODUCTION

During the late 1960s and early 19705, the Colorado River through Grand Canyon reached interna-
tional acclaim as the premier white water recreational river in America. The narrow 225 -mile river
corridor of Grand Canyon provided water -based recreational opportunities in a wilderness -type setting
with challenging white water, spectacular tributary watercourses, attractions of cultural and natural
history, and abundant camping beaches. The popularity of Colorado River float trips resulted in inten-
sive and near recreation capacity use by river runners. Concern regarding the phenomenal growth of
commercial and private river trip participation led to research to assess relationships between river
recreation and the Canyon environment.

The first evaluations (1973 -1975) of microbial water quality in the Colorado River corridor led the
National Park Service (NPS) to conclude that generally unpolluted conditions existed (NPS, 1979); man-
agement recommended treatment of all drinking water from the river or side creeks but had not identified
any particular water quality hazards. Early water quality investigations in the Canyon examined only
surface waters of the Colorado River and tributaries; researchers and management did not recognize nor
examine critical associations between recreational activities, surface water quality, and bottom sedi-
ment microbial densities. Research elsewhere has established that bottom sediments can provide a mi-
crobial habitat where enteric organisms,* including pathogens, can persist and concentrate (Van Donsel
and Geldreich, 1971 and Hendricks, 1971), representing a latent potential to dramatically degrade sur-
face microbial water quality if resuspended by currents, wave action, or recreational activities (Mot -
schall, 1976; Winslow, 1976; and McKee, 1977).

Fecal contamination from warm -blooded animals, including man, is the source of enteric organisms
in surface waters and bottom sediments; baseline water quality analyses of recreational waters seek to
define water quality status through examination of the distribution and quantity of fecal contamination
in the resource. The objective of recreational water quality analyses is to identify potential water
quality hazards that may affect the user and facilitate management decisions to protect users. User
impacts on water quality may be implicated in recreational water quality surveys but are supplementary
findings of research designed primarily to determine potential resource impacts on users.

Research conducted by the University of Arizona in 1978 and 1979 in the Colorado River corridor of
Grand Canyon was designed to examine associations between river recreation activities and water quality.
Baseline profiles of selected water parameters were 1) established for the Colorado River and the lower
confluent reaches of 26 tributaries (Figure 1) and 2) evaluated for potential impacts on river runners
based on the pattern of their water use and contact. Evaluations of potential impacts were facilitated
by selection of sample sites representing varying types of recreation activities and use intensities.
Research analyses concentrated on microbial water quality parameters; detection and quantification of
microbial contamination of surface waters and bottom sediments through an examination of densities of
enteric organisms was an essential approach leading to the understanding of water quality hazards as-
sociated with river running recreation.

*Enteric organisms live in the intestines of warm -blooded animals and are excreted in fecal matter;
may be pathogenic or nonpathogenic.
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In the scope of this study, the Colorado River corridor refers to that central gorge of the Grand
Canyon through which the Colorado River flows and to those accessible, adjacent areas visited frequently
by river trips. Tributaries to the Colorado River supersede the limits of the river corridor and poten-
tially can have multiple impacts on river water quality corresponding to watershed characteristics and
land use. Factors such as soil erosiveness, the presence of domestic stock, or recreational use deter-
mine the quality of runoff from the watersheds which influences the quality of the Colorado River.
Tributary influences are potentially pronounced during the summer season when monsoon rains can have a
flushing effect on watersheds.

Associated with watershed flushing are microbial contaminants; Motschall (1976) and Patterson
(1977) found increased fecal coliform* densities in surface waters following storm runoff events in
southern Arizona. Fecal contamination by domestic stock, wildlife, communities, or recreationists on
tributary watersheds miles or a few feet from the Colorado River can ultimately influence the River
water quality through flushing processes.

Colorado River corridor research was designed to detect variations in water quality which poten-
tially reflect the diversity of tributary watershed influences.

RESEARCH APPROACH

Water quality analyses of the Colorado River corridor occurred during the 1978 and 1979 river run-
ning seasons. Examination of the extensive river corridor necessitated analyses in the field. Travel
through the Grand Canyon was via research rafts in a series of six float trips, April through September,
in 1978, and two float trips, July and August, in 1979; 82 field days occurred in 1978 and 22 field days
occurred in 1979.

A total of 497 water quality samples were collected over two seasons from the Colorado River along
the 225 -mile stretch from Lees Ferry to Diamond Creek, the launch and take -out points of the research
trips. The confluent reaches (within approximately 200 yards of the Colorado River) of 26 side creeks
in the river corridor were also sampled in 1978; nine tributaries were sampled in 1979. Additional
samples collected from upstream locations on some side creeks increased the tributary sample site total
to 33 in 1978 and to 13 in 1979 for a two- season total of 165 individual tributary samples.

Selected microbial, physical, and chemical parameters were measured to determine baseline water
quality status in the Colorado River corridor of Grand Canyon. Research emphasis was on microbial water
quality; physical and chemical parameters were measured to facilitate evaluation of the microbial pro-
files. Microbial parameters included two groups of enteric indicator organisms, fecal coliform (FC) and
fecal streptococcus (FS) bacteria. Physical parameters included turbidity and water and air tempera-
ture; chemical determinations included alkalinity, hardness, phosphate, nitrate, chloride, total dis-
solved solids, and pH.

University of Arizona research in Grand Canyon examined FC and FS densities in Colorado River and
tributary surface waters and FC densities in river and tributary bottom sediments. Surface water bac-
teria densites were determined in the field using membrane filter (MF) methodologies for microbiological
analyses (Standard Methods, 1975); MF techniques were adaptable to field research procedures. Bottom
sediment bacteria densities were determined by two variations of the most probably number method (MPN),
a multiple fermentation tube technique which was not readily adaptable to field research. In 1978, a
technique of storing bottom sediment samples intact on ice for up to 14 days was developed and success-
fully tested and used. Bottom sediment samples collected in the field were stored on ice until trans-
port out of the Canyon to a laboratory for MPN analyses. For the 1979 research phase, the MPN
methodology and apparatus were modified to allow in- the -field analyses.

Sample designs for the Colorado River and tributaries were distinct. Two designs were employed to
assure representative analyses of the river. A fixed site design identified river sample points located
in a pattern to detect influences of tributary inflows, current irregularities, and light and intensive
recreational use on Colorado River water quality; surface water and bottom sediment samples were col-
lected at fixed sites. A time series sample design complemented the fixed site design by assuring com-
prehensive sampling of the Colorado River surface waters through time; surface water samples were col-
lected at 0800, 1200, and 1800 hours each day at the location of the research rafts at the specified
period.

Tributaries were sampled by a fixed site design. Multiple sites were located at Hermit Creek,
Elves Chasm, Deer Creek, and Havasu Creek to detect potential water quality associations with intensive
recreational use. Surface water and bottom sediment samples were collected from selected tributaries.

*Fecal coliforms are a group of enteric bacteria native to the gut of warm -blooded animals and
which are excreted in feces. Rarely pathogenic, fecal coliform densities are measured as indicators
of fecal contamination. Arizona state water quality standards specify allowable limits of fecal coli-
form occurrence; the bacteria are especially prominent in the human digestive system.
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Surface water fecal contamination levels in the Colorado River corridor are consistently low as in-
dicated by the 1978 log mean FC densities of 2.1 FC /100 ml (N = 424) in the River, and 3.6 FC /100 ml

(N = 189) in 26 tributaries, and the 1979 log mean FC densities of 2.4 FC /100 ml (N = 73) in the River

and 8.0 FC /100 ml (N = 26) in 11 tributaries. An arid climate prevails in the Grand Canyon environment
and surface water flow processes infrequently translocate fecal matter and organisms from watershed sur-

faces to the stream channel.

RESEARCH FINDINGS

The most important finding of the research is detection of a significant difference between the
distributions of enteric organisms in surface waters and bottom sediments of the Colorado River corridor

(Figure 2). Surface waters of the River and tributaries are generally free of significant concentra-
tions of FC bacteria indicating waters which are acceptable* for full and partial body recreational con-
tact, an expected status based on previous analyses (NPS, 1979) and the natural, wildland characteris-

tics of most of the tributary watersheds. Exceptions to this general surface water finding may be
expected during periods of watershed flushing from storm water runoff; these potentials are discussed

later.

In contrast to surface waters, the bottom sediments of the Colorado River and tributaries harbor
generally high concentrations of FC bacteria (Figure 2), a status unsuspected even as a potential in
previous management or research perspectives of Colorado River corridor water quality. Grand Canyon is

essentially a natural environment managed as a preserve for wilderness purposes, e.g., wildlife habitat,
scenic values, educational values, and backcountry recreation. Water quality impacts, such as sewage

outfalls, population centers, feedlot drainages, and intensive agriculture, are not evident within the
Canyon system and surface waters appear to be generally free of significant contamination; consequently,

two questions arise: 1) what is the source of fecal contamination in the bottom sediments; and 2) what

is the significance of bottom sediment contamination? These issues are examined in turn.

SOURCE OF FECAL CONTAMINATION IN SEDIMENTS

FC bacteria by definition are enteric organisms native to warm- blooded animals; in Grand Canyon
and the tributary watershed system, aquatic sources of FC bacteria are virtually nonexistent. Ulti-

mately, the source of enteric organisms as represented by FC bacteria in Colorado River corridor bottom
sediments must be terrestrial warm -blooded animals, i.e., wildlife, livestock, and humans. Analyses of

FC /FS ratios ** (0.10 for the Colorado River, 1978, and collectively 0.06 for 26 tributaries, 1978) indi-
cate that animals, rather than humans, are the predominant source of fecal contamination in the River

corridor. Chances of human fecal contamination have been minimized by NPS policy, initiated in 1978,
requiring river trips to carry out human sewage, ending a practice of beach burial. Wildlife and live-

stock sources of enteric organisms cannot be discounted as a water quality concern as many enteric

diseases infect both man and wildlife. Human impacts on water quality must also not be overlooked as
river parties are not completely effective in containing their wastes, the wastes of 250,000 to 300,000
Grand Canyon hikers per year are not totally controlled, and tributaries can introduce uncontrolled
human wastes from outside Grand Canyon National Park.

Rainfall events which lead to overland flow can more directly impact water quality. Samples fol-

lowing a September 1978 storm event in Grand Canyon detected a sudden increase in Colorado River FC
densities from near mean levels to a peak of 1165 FC /100 ml as the River waters became turbid with storm

water runoff. Watershed flushing which accompanies summer rainfall events in Grand Canyon can temporar-
ily and severely impact surface water quality and river runners should be alert to this potential when
utilizing River or tributary waters influenced by storm water runoff, usually characterized by increased

turbidity.

In 1978 at least, day to day translocation processes, which account for consistently low levels of
FC contamination in River corridor surface waters, are probably more important than infrequent rainfall
events in moving enteric organisms from watersheds to stream sediments as is reflected in the gradual
and continual buildup of FC densities in bottom sediments. The 1978 log mean FC density of 2.1 FC /100

ml in the Colorado River translates to approximately 12 million FC bacteria passing any given point
along the river channel every second assuming a typical midsummer flow of 20,000 cfs and homogeneous
distribution of bacteria in the water column; this ball park figure indicates that sufficient numbers of
bacteria exist in the River to lead to bottom sediment concentrations of up to 48,000 FC /100 ml (maximum

detectable FC density with techniques used).

*State and federal water quality standards for recreational use allow up to 200 FC /100 ml for full

body contact and 1000 FC/100 ml for partial body contact as log mean values of samples collected within

30 days.

* *FC bacteria are prevalent in human feces; FS bacteria are prevalent in other warm -blooded animal

feces. FC /FS ratios 4:1 are indicative of human sources of contamination; ratios 0.7 are suggestive of

nonhuman sources.
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Sediments provide substrate and nutrients to which microorganisms can adhere and persist (Hendricks
and Morrison, 1974); cold water temperatures (6 -120C) in the Colorado River facilitate persistence

through a reduction of metabolic rates. Mechanisms which translocate bacteria to the sediments are not

clearly understood. Potentially, sediments serve as filters removing bacteria from the surface waters

which pass over and through the sediments. Bacterial survival within the sediments would lead to in-

creasing FC densities as streamflow processes continuously added bacteria.

SIGNIFICANCE OF BOTTOM SEDIMENT CONTAMINATION

Bottom sediment concentrations of enteric organisms constitute potential water quality hazards to

river runners and other Colorado River corridor visitors. A number of river running and natural activ-

ities can resuspend bottom sediments in the overlying waters; associated with sediment resuspensions
will be concentrations of enteric organisms leading to degradation of surface water quality. Several

avenues of intermixing surface waters and sediments occur in Grand Canyon, including: 1) recreational

water play activities; 2) boat and motor actions near beaches; 3) bathing; 4) wading for drinking, cook-
ing water collection; 5) dish scrubbing with sediments; and 6) wave and current actions on Colorado

River beaches.

Of the river running activities, water play and the handling of water for drinking and cooking pur-

poses have the most critical water quality associations. Water play activities particularly in confined

tributary pools can lead to widespread sediment resuspension. In August 1979, samples from the pool at

Elves Chasm showed bottom sediment FC densities of 9200 FC /100 ml and surface water FC densities of 4810

FC /100 ml. Elves Chasm is a Colorado River tributary popular as a swimming site; approximately 50 river
runners were active in the pool site at the time of the August sample.

Drinking and cooking water are often utilized by river runners without regard for 1) sediments in-
troduced during collections or 2) proper treatment, practices which advocate unnecessary water quality

risks.

The danger of bottom sediment concentrations of enteric organisms in the Colorado River corridor
cannot be quantified in terms of relating specific FC densities to specific hazard levels but they

clearly represent a previously unknown and unsuspected water quality hazard beyond that detected from

surface water analyses alone. During the 1972 and 1979 river seasons, outbreaks of Shigellosis, a se-

vere gastrointestinal disease caused by an enteric pathogen, occurred among river runners, requiring in-

vestigations by the Federal Center for Disease Control, Atlanta, Georgia (Merson et al., 1974). Patho-

gens were isolated from victims of the disease but the pathogen's source has not been determined; water

could not be ruled out as a potential carrier. Research by the University of Arizona has identified

bottom sediments as potential reservoirs of enteric pathogens within the Colorado River corridor system.

CONCLUSIONS

Surface waters in the Colorado River corridor of Grand Canyon are generally of high quality; FC
densities are predominately low, rarely indicating a recreational contact hazard associated with sur-

face waters.

Colorado River corridor bottom sediments are a latent source of concentrated microbial contamina-

tion to overlying surface waters, but have not previously been considered or indexed as a water quality

criterion. Contamination occurs when sediments are resuspended by current or wave action or recrea-

tional activities, creating a surface water quality hazard. Research in 1978 and 1979 identified sedi-

ments as a water quality entity and hazard in Grand Canyon; monitoring of the river or side streams must

include bottom sediment analyses to accurately evaluate baseline water quality status in the Canyon.
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PREDICTION OF THE CHEMICAL QUALITY OF STREAMFLOW

BY AN INTERACTIVE COMPUTER MODEL

by

William O. Rasmussen and Peter F. Ffolliott
School of Renewable Natural Resources

University of Arizona

INTRODUCTION

A prototypical computer simulation model which predicts dissolved chemical concentrations in
streamflow runoff has been developed to aid watershed management specialists and land use planners es-
timate the impacts of alternative management practices on water quality. The model allows users at

remote locations to readily obtain predictions of stream chemical quality with modest computer equip-
ment and commonly available data. The model, called CHEM, is structured in an interactive format to
facilitate operation by persons not familiar with computer operations. The model, written in ANSI
Standard FORTRAN, requires approximately 5,000 words of core and is currently operative on a DEC -10 com-

puter at the University of Arizona. The prototypical version of CHEM has been developed to represent
dissolved chemical constituents in water yield from snowmelt in southwestern ponderosa pine forest eco-
systems in central Arizona; however, the conceptual framework is considered applicable to other types
of runoff and ecosystems.

CONCEPTUAL SIMULATION MODEL

Instantaneous dissolved chemical concentrations in surface runoff from a watershed may be repre-
sented by functions of several variables. A time related variable changing most appreciably for a giv-

en event is discharge. Parameters other than discharge may be variable in a longer temporal sense, but
are considered constant for a single runoff event, such as stream pH. Herein, concentrations of dis-

solved chemicals are considered to be represented by functions of discharge and stream pH for individu-
al runoff events.

In general, discharge, q, is a function of time. With this in mind, a runoff event with a total

runoff Q, flowing for a time T, is given as:

Q = Jg(t)dt
0

(1)

The volume of water, dQ1, leaving a watershed in time element dt at time t1 after initiation of
surface runoff is given as:

dQ1
= q(t1)dt (2)

This expression, multiplied by the instantaneous concentration of a chemical, f(q (t,), pH), at a time
interval dt, gives the weight of dissolved chemical discharged dWs, in that interval: This is expres-

sed as:

(d+ls)1 = f(g1,pH)dQ1 (3)

= f(q(t1),pH) q(t1)dt

93



The integration of this relationship over the duration of the surface runoff event gives the total

weight of dissolved chemicals carried by water as:

T

Ws = Jf(q,pH) q(t)dt
0

(4)

In general, a surface event hydrograph is composed of both a rising and a receding component. If

the crossover from one to the other component occurs at time T after initiation of surface runoff, the

total weight of a dissolved chemical yield, Ws, from the watershed for the duration of the event is

given as:

where:

Ws = J1 f1(gl,pH) gl(t)dt + ff2(q2,pH) q2(t)dt

0 T1

f1(q,pH)

q1(t)

f2(q,pH)

q2(t)

concentration of dissolved chemical for rising stage;

discharge function for rising stage;

= concentration of dissolved chemical for receding stage; and

discharge function for receding stage.

(5)

Here, the rising and receding chemical concentration functions are different for a given discharge.

In general, one would numerically integrate equation (5) to yield total weight of a chemical dis-

charged from a watershed in a surface runoff event of Q area inches, over T hours. The above relation-

ships are typical for water release during the summer. However, as CHEM has been structured to repre-

sent chemical quality of streamflow from snowmelt, relationships for winter release are required.

Winter release is approximated by a constant value discharge function throughout the day. A

daily release of Q cubic feet would yield a constant flow, q
c

, of:

qc 86400
cfs

(6)

Using this constant flow in a dissolved chemical concentration function gives total daily chemical

yield as:

Ws ' f(gc,pH)Q
(7)

Several predictive equations for instantaneous chemical concentrations in streamflow from snowmelt

have been developed from data sets on ponderosa pine forests in central Arizona (Gregory, 1976). These

equations are:

Calcium 4.8 w 8.0; (8)

Magnesium 1.0._w_3.0; (9)

Sodium w = 2.0 - 3.88 q; (10)

Chloride w = -.81 + .41 pH; (11)

Sulfate w = -10.93 + 2.95 pH; (12)

Carbonate w = 0; (13)

Bicarbonate w = -46.6 + 11.32 pH; (14)

Fluoride w = .01 + .76 q; (15)

Nitrate w = .02 + 1.08 q; (16)

Phosphate w = .17 - .8 q; (17)
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where:

Total Soluble Salts w = 15.32 + 9.81 pH;

Conductivity w = -.14 + .28 pH;

w = concentration in parts per million (ppm);

q = discharge in cubic feet per second (cfs); and

pH = that of the stream.

(18)

(19)

These equations resulted from analysis of source data from watersheds ranging from 15 to 40 acres
in size. The watersheds are underlain by sandstone and alluvial material. Soils derived from this ma-
terial are principally fine sandy loams which are relatively shallow (60 -150 cm.).

As can be seen from the predictive equations (Equations 8 -19), some chemical concentrations are
functions of discharge, while others are functions of stream pH. From the data sets selected, two of
the constituents, calcium and magnesium, were not found to have a significant correlation with either
streamflow or stream pH; as such, they are represented by the range in values they were found to lie
within.

These equations have been incorporated into CHEM. Concentrations of the various chemical constit-
uents of streamflow are presented as ranges rather than point measurements as given by the predictive
equations. The range for each chemical constituent is associated with the scatter in the data used to
generate the predictive equation; the more the scatter, the wider the range.

Relationships similar to the above can be assembled from existing source data from other locations,
with resultant equations readily incorporated into the framework of CHEM (Figure 1). The ability to
introduce other chemical response functions into the prototypical model has been one of the main design
criteria in the development of this simulator. This feature should be useful in predicting the chemi-
cal quality of streamflow in locations other than Arizona. For example, source data from Colorado and
Minnesota are currently being analyzed for development of appropriate functions for these locations.

While the current version of CHEM predicts the dissolved chemical constituents of snowmelt runoff,
the framework has been developed to allow predictions to be made for summer thunderstorm events. This
structure is detailed in a paper that describes a model which predicts the concentration and yield of
suspended sediment for either summer or winter events (Rasmussen and Ffolliott, 1979). CHEM is simi-
lar to the winter prediction portion of this latter model. The summer component of CHEM is to be incor-
porated into the model when appropriate chemical concentration response functions are available.

APPLICATION OF MODEL

Perhaps the best way to illustrate the application of CHEM in predicting concentrations of dis-
solved chemicals in surface runoff is through an example. For illustration, a hypothetical 20 acre
watershed of southwestern ponderosa pine forest was examined to estimate chemical concentration in
streamflow from snowmelt.

Operation of the model begins by presenting a list of dissolved chemical constituents (Figure 2).
The user selects which of these are of interest. In the example, we wished to examine all of them.
Watershed area, 20 acres, was input next. Streamflow pH is then requested. A default value of 6.9 is
offered and was selected in the example. This default value represents the "best" or most frequent
response to a statement or question. Acceptance of a default value allows a simulation exercise to
continue without explicit knowledge of the input requested. It should be noted, however, that the user
has the option of overriding any default value offered, if desired. The daily streamflow was input at
0.1 area -inches. Following this, a table displaying the predicted ranges in the various chemical con-
stituents dissolved in the stream is output.

After the table, a question is asked whether EPA water quality standards are requested. If the
user wishes to examine the predicted chemical concentrations against standards for several types of
usage, he may do so. In the example, this comparison was desired and so indicated (Figure 2). The
table which shows EPA water standards gives the level of acceptability for three forms of use: aquatic
life, irrigation, and public water supply. The standard values may be easily changed to reflect
changes in the standard, or another standard may be introduced if considered appropriate.

The end of the example is signified to the computer by the input of -1 to the request for the
daily streamflow (Figure 2). Another operation of the model could have been made if it were desired
to observe the predicted consequences of a vegetative modification which resulted in a change in snow -
melt rate for the sane index day over the watershed.
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\ FOREST TYPE

\ AREA /

STREAMFLOW QUANTITY f--

\ STREAMFLOW PH

CALCULATE CHEMICAL CONSTITUENT

\ SUMMARY DISPLAY

Figure 1 - Flow of activities in executing CHEM to predict
dissolved chemical constituents in streamflow.

INTERACTIONS WITH OTHER MODELS

While this simulator has been designed to operate alone, it has also been structured to be linked
with other simulators, if desired. CHEM is part of a family of computer models being developed to help
watershed management specialists and land use planners estimate impacts of alternative land management
practices (Larson et al., 1979). This family of simulation models includes three general modules:
FLORA for estimating responses of forest overstory, herbaceous understory, and organic material; FAUNA
for evaluating animal habitats, carrying capacities, and population dynamics; and WATER for assessing
streamflow yield, sedimentation, and chemical quality. CHEM is a component of the WATER module, with
interfaces to many of the other models.
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CHEM:

DISSOLVED CHEMICAL CONSTITUENTS ARE:

i - CALCIUM (CA) 8 - FLUORIDE (F)
2 - MAGNESIUM (MG) 9 - NITRATE (NO3)
3 - SODIUM (NA) 10 - PHOSPHATE (PO4)
4 - CHLORIDE (CL) 11 - TOTAL SOLUBLE SALTS
5 - SULFATE (SO4) 12 - HYDROGEN ION (PH)
6 - CARBONATE (CO3) 13 - CONDUCTIVITY
7 - BICARBONATE (HCO3) 14 - ALL

ENTER THE NUMBER(S) OF THE CONSTITUENT(S) YOU WISH TO EVALUATE
SEPARATED BY COMMAS. 14

WHAT IS THE WATERSHED AREA IN ACRES ? 20

WHAT IS THE STREAMFLOW PH (CR GIVES: 6.9) ?

WHAT IS THE DAILY STREAMFLOW IN INCHES (ENTER ' -1' TO STOP) ? .1

STREAMFLOW OF 0.10 INCHES ON 20.00 ACRES WITH A PH OF 6.90 PRODUCES:

CONSTITUENT CONCENTRATION (PPM) DAILY VOLUME (POUNDS)

CALCIUM 4 - 8 2.17 - 3.62
MAGNESIUM 1 - 3 0.45 -- 1.36
SODIUM 0 - 1 0.43 - 0.71
CHLORIDE 1 - 2 0.69 - 1.14
SULFATE 7 - 11 3.20 - 5.34
CARBONATE 0 - 0 0.00 - 0.00
BICARBONATE 23 - 39 10.70 - 17.83
FLUORIDE 0 - 0 0.03 - 0.04
NITRATE 0 - 0 0.04 - 0.06
PHOSPHATE 0 - 0 0.03 - 0.06
TOTAL SOLUBLE SALTS 39 - 65 17.79 - 29.66

AVERAGE DISCHARGE = 0.08 CFS.
HYDROGEN ION = 6.8 - 7.4
CONDUCTIVITY = 31.48 UMHOS.

EPA WATER QUALITY CRITERIA (YES /NO. CR GIVES: YES) ? YES

CONSTITUENT AQUATIC LIFE
LEVELS OF ACCEPTABILITY

IRRIGATION PUBLIC WATER SUPPLY

CALCIUM NOT LISTED NOT LISTED NOT LISTED
MAGNESIUM NOT LISTED NOT LISTED NOT LISTED
SODIUM NOT LISTED NOT PRESCRIBED* NOT PRESCRIBED
CHLORIDE NOT LISTED NOT PRESCRIBED* 250 MG /L
SULFATE NOT LISTED NOT PRESCRIBED* 250 MG /L
BICARBONATE NOT LISTED NOT PRESCRIBED* NOT LISTED
FLUORIDE NOT LISTED 2.0 MG /L .06 -1.9 MG /L **
NITRATE NOT LISTED NO MAXIMUM 10 MG /L
PHOSPHATE NOT LISTED NO MAXIMUM NOT PRESCRIBED

* -. CANNOT BE PRESCRIBED WITHOUT CONSIDERATION OF
OTHER SOIL AND WATER CONSTITUENTS.

** - FROM PUBLIC HEALTH SERVICE DRINKING WATER STANDARDS
LEVEL DEPENDENT UPON ANNUAL AVERAGE OF MAXIMUM
DAILY AIR TEMPERATURE.

(1962)

WHAT IS THE DAILY STREAMFLOW IN INCHES (ENTER -1' TO STOP) ? --1

Figure 2 - Sample operation of the predictive model CFIEM.
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ORIGIN, DEVELOPMENT, AND CHEMICAL CHARACTER OF A
PERCHED WATER ZONE, HARQUAHALA VALLEY, ARIZONA

by

Charles G. Graf
Arizona Water Commission

INTRODUCTION

The Harquahala Valley is a dry desert basin comprising about 760 square miles in
southwestern Arizona. In 1950, the groundwater resource was virtually untapped. At
that time, the depth to the water table ranged from 125 feet along the axis of Centen-
nial Wash, which drains the valley from northwest to southeast, to more than 240 feet
near the mountain fronts (Metzger, 1957). The successful completion of several irri-
gation wells in 1951 and 1952 spurred further agricultural development, so that by
1978, over 3,000,000 acre feet of ground water had been pumped to irrigate surrounding
lands. This massive withdrawal of ground water has lowered the static water level
over 300 feet throughout much of the basin (Fig. 1), creating a large cone of depres-
sion into which all ground -water flow is now diverted. Well Hydrograph A (Fig. 2)

typifies the rapidity of water table decline in the Harquahala Valley.

ORIGIN AND DEVELOPMENT OF PERCHED WATER TABLE

As early as 1960, anomalous water level rises and cascading water (a stream of
water which issues into a well above the static water table through a casing opening
and cascades downward) were noted in a few wells in the Harquahala Valley. At least
27 such wells are now known, many of them located by the author during fieldwork be-
tween January 1978 and January 1980. One pattern of water level change common to many
of these wells is illustrated by Well Hydrograph B (Fig. 2). Here, the familiar de-
cline of the static water table is interrupted by a sharp water level rise. The water
level in many cases has eventually risen to an altitude above the virgin water table
of the early 1950's. In other wells, measurement of the depth to the static water ta-
ble has become impossible due to torrents of cascading water in the well (Well Hydro -
graph Cl. In some wells originally containing cascading water, the water level has
risen hundreds of feet before stabilizing, engulfing the stream of cascading water in
the process (Well Hydrograph D).

These phenomena are best explained by the development of a perched water zone.
As stated earlier, water levels in wells have often climbed to an elevation higher
than any historic water table, behavior not easily attributable to another cause.

Subsurface conditions are also favorable for the formation of a perched water
zone. As mapped by Cooley (in Denis, 1971), fine -grained beds underlie much of the
valley floor, a requisite condition for the development of a perched water zone. Not
surprisingly, the wells which exhibited water level rises and cascading water cluster
within the area underlain by the fine -grained deposits (Fig. 1).

Large- capacity irrigation wells in this area produce mainly from coarse materials
that lie beneath the fine -grained beds. Why water levels should rise in wells drilled
completely through the fine -grained beds into the coarser deposits below is still
somewhat unclear. In at least some wells, collapsed well casings are known to have
isolated the perched zone from the main aquifer. If water in the perched zone can
then stream into the upper section of the casing through weep holes, perforations, or
other openings , the water level in the well will rise until equilibrium with the
surrounding perched zone is reached.

In other wells having structually sound casings, cascading water from the perched
zone, possibly laden with silt and clay, collides energetically with water standing
in the well at the main aquifer. The water at this surface undergoes abundant aera-
tion and is eventually forced through the casing perforations into the adjacent form-
ation as more water plunges down from above. Skibitzke (1978) states that in recharge
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v.-- -250 -

B

E X P L A N A T I O N

APPROXIMATE LINE OF EQUAL CHANGE IN WATER LEVEL, 1953 -1980 -- Interval 50 and 100 feet;

Dashed where inferred.

APPROXIMATE AREA IN WHICH PERCHED GROUND WATER IS KNOWN TO BE PRESENT

GENERALIZED LIMIT OF FINE -GRAINED BEDS -- Slightly modified from Cooley (in Denis,1971).

Queried where uncertain.

WELL IN WHICH PERCHED WATER IS NOW PRESENT -- Letter indicates well for which hydro -
graph is shown in Figure 2.

WELL IN WHICH CASCADING WATER IS NOW PRESENT

O SELECTED WELL IN WHICH STATIC WATER LEVEL IS REPRESENTATIVE OF MAIN AQUIFER

f1 WELL FOR WHICH CHEMICAL ANALYSIS IS SHOWN IN TABLE 1.

- AREA OF BEDROCK OUTCROP
.. BOUNDARY OF HARQUAHALA VALLEY WATERSHED

Figure 1. Change in Water Level, 1953 -1980, and Location of Perched Water Zones, Perched and Cascading
Wells, and Fine -Grained Beds, Harquahala Valley, Arizona
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Figure 2. Hydrographe from Selected Hells in the Harquahala Valley, Arizona.
(Dashed where more than two pumping seasons intervened between

measurements; queried where indefinite. The symbol * represents
level at which cascading water entered well; static water level
could not be obtained due to interference by stream of cascading
water.)

101



wells, one of the most severe problems is the slow but progressive clogging of the aqui-
fer by small particles and entrapped air. A stream of cascading water must also do
likewise, slowly choking the aquifer with silt and air, necessitating a gradual increase
in head to maintain the same rate of discharge into the aquifer. When the aquifer final-
ly plugs completely, the water level in the well will have risen to equilibrium with
the hydrostatic head of the surrounding perched zone.

In the Harquahala Valley, the surface of the perched zone is very irregular, prob-
ably mirroring inhomogeneities in the fine -grained beds. Some of this irregularity
probably can be attributed to measurement of rising water levels not yet in equilib-
rium with the hydrostatic head of the perched zone. Measured water levels, whether
they represented the true hydrostatic head of the perched zone or were merely fore-
runners to it, ranged from 25 to 300 feet below land surface. Very often, nearby ir-
rigation wells sealed from intrusion by perched water had static water levels standing
450 or more feet below land surface.

CHEMICAL CHARACTER

The presence of cascading and perched wells in an area where perched water was
originally absent, but has subsequently built -up in response to irrigation seepage,
afforded an excellent opportunity to study the water quality changes attendant to ir-
rigation. A total of six water samples were collected, five from wells that had ex-
perienced water level rises and are now perched, and one from a stream of cascading
water. The results of these analyses are reproduced in Table 1. Numerous samples of
water from the main aquifer have been collected over the years, but only four repre-
sentative analyses are shown for comparison in Table 1.

Except for one sample, the most obvious characteristic of the perched water is
the increase in dissolved solids. The Total Dissolved Solids concentration of water
pumped from the main aquifer varies from about 450 to 750 mg /1. Water from perched
or cascading wells, however, had TDS amounts ranging from 1402 to 3567 mg /l,except for
well (B -1 -9) 6bab, with its anomalously low TDS concentration of 776 mg /i. The Stiff
Diagrams in Figure 3 portray the increase in Total Dissolved Solids graphically and
show the relative milliequivalent concentrations of the major ions. When displayed
this way, the analysis for perched well (B- 1- 9)6bab appears nearly identical to anal-
yses of water from the main aquifer. The reason for this similarity is not known.

The concentrations of individual ionic constituents show much greater relative
variability than the total dissolved solids data suggest. These divergences underscore
the complexity of the chemical, physical, and biological reactions that occur from the
time water is pumped onto a field until the time it is collected in a well as a cas-
cading stream or as a sample from a column of perched water. Dissolved sodium, chlo-
ride, and sulfate, for example, were consistently enriched in the six samples. The
factor of enrichment, however, varied widely from well to well, ranging from 1.1 times
to 9.2 times concentrations found in the main aquifer.

Calcium, magnesium, carbonate, and bicarbonate compose part of a much more complex
chemical system; the analyses reflect the complexity of that system. In one sample,
the dissolved calcium concentration was 4/10 of that found in the main aquifer, while
in another sample over an eightfold enrichment of calcium was found. Magnesium and
bicarbonate concentrations also varied widely, and in two samples, dissolved carbonate
was present.

The concentration of nitrate showed the greatest variability of any measured com-
ponent, ranging from 1 mg /1 (as NO3) to 944 mg /1. For comparison, the nitrate level
in the main aquifer is between about 15 and 20 mg /l. Although much of the nitrate en-
richment probably results from application of fertilizers, the reason for nitrate re-
duction is unclear.

Fluoride concentrations in the six samples ranged from 3.2 mg /1 to 17.6 mg /l.
This represents a factor of enrichment of 1.1 to 7.3 compared with the fluoride con-
centration in main aquifer water. In general, fluoride was concentrated to a lesser
extent than sodium, chloride, and sulfate.

CONCLUSIONS

Perched water derived from the downward percolation of irrigation water has been
identified in large areas of the Harquahala Valley. Against a regional backdrop of
drastic water table decline, the existence of a zone of perched water was suggested
primarily by (1) rising water levels, (2) absurdly high water levels, and (3) cascading
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WELLS WITH PERCHED

AND CASCADING WATER

(B- 1- 9)6bab; Perched

TDS =776 ng /1

Nitrate =23 mg /1

(B- 1- 9)17abb; Perched

TDS =3567 mg /1

"'EE'
Nitrate =944 mg /i

(B- 1- 9)21bcc; Cascading

TDS =2423 mg /1

Nitrate =522 mg /1

(B- 1- 9)22bcb; Perched

TUS =1402 mg /1

Nitrate =1 mg /1

(B- 2- 9)14bbb; Perched

TDS =3126 mg /1

Nitrate =86 mg /1

(B- 2- 9)26bbb; Perched
TDS =3229 mg /1

Milliequivalents per liter

Sodium

Calcium

Magnesium

20 10 0 10
4O Chloride

Bicarbonate

ii
/

Sulfate

SELECTED IRRIGATION WELLS

PUMPING FROM THE MAIN AQUIFER

(B- 1- 9)11bbb

TDS =733 mg /1

Nitrate =15 mg /1

(B- 1- 9)20ccc

TDS =641 mg /1

Nitrate =15 mg /1

(B-2-9)14bbb
TDS=589 mg/1

Nitrate =21 mg /1

(B-2-9)26adc
TDS=486 ng/1

Nitrate =151 mg /1 Nitrate =l5 mg /1

Figure 3. Stiff Diagrams of Analyses of Perched and Cascading Water, and of Water Pumped From the
Main Aquifer, Harquahala Valley, Arizona.
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water in wells. Samples of water from the perched zone generally showed severe deterio
ration of chemical quality with respect to the main aquifer, however individual cons-
tituents may be significantly attenuated or enriched. More work is needed to better
characterize the quality of irrigation- derived percolating water, and to understand
the reasons for dilution or concentration of individual constituents.
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SEASONAL AND SPATIAL TRENDS OF EPHEMERAL FLOW IN THE TUCSON BASIN:
IMPLICATIONS FOR GROUND WATER RECHARGE

by

Susan Jo Keith
Water Resources Research Center

University of Arizona

ABSTRACT

Stream channels in the Tucson Basin experience two ephemeral flow regimes: the violent, silt -
laden, short -lived summer flow regime; and the gentle, clear, long- duration winter flow regime. This
paper addresses the question "Which regime is more effective in recharging the aquifer ?" by (1) defin-
ing where and to what degree each regime is present; and (2) evaluating seasonal streamflow loss
volumes as a percent of inflow. It was found that streams draining mountainous watersheds are winter
flow dominant and streams draining a piedmont topography are summer flow dominant. Therefore, winter
precipitation is primarily responsible for recharge along the mountain front and summer precipitation
is responsible for recharge along piedmont streams. On the Rillito River, which drains both types of
watersheds, the data suggest that the winter flow regime has a greater loss rate than the summer flow
regime. These relationships can be useful when extrapolated to unstudied, analagous basins in defin-
ing where (topographically) and when (seasonally) streamflow recharge events potentially may occur.
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INTERMITTENT FLOW EVENTS - SALINITY
LOADING RELATIONSHIPS IN THE LOWER
COLORADO RIVER BASIN, SOUTHERN NEVADA

by

William W. Woessner
Water Resources Center, Desert Research Institute,

University of Nevada System, Las Vegas, Nevada

ABSTRACT

The Bureau of Land Management (BLM), in recognition of the need to identify the
mechanisms and significance of salinity loading from arid ephemeral drainages in the
Lower Colorado River Basin, sponsored this reconnaissance effort. The principal
project objectives were to sample the water quality of flash flood events over a two
year period in selected drainage basins and relate field data to the probable type
and magnitude of salinity loading that ungaged arid basins could contribute to the
Colorado River. Remote water samplers were placed in four tributary basins along the
north shore of Lake Mead. Calculated average TDS values for flows ranged from 1,270
to 2,000 mg /R. Water was generally a calcium sulfate type. TDS generally increased
down -channel during an event. Estimates of peak discharges and volumes showed that
the largest events occurred in the two largest drainage basins. Results of analyses
based on a series of conservative assumptions showed that 2,700 and 1,200 metric tons
of salt entered Lake Mead from the study area in 1978 and 1979, respectively. This
influx of salt would have increased the total dissolved solids (TDS) of the Colorado
River at Hoover Dam by .08 mg /R in 1978 and .04 mg /R in 1979. Extrapolation of
generalized study results to include similar drainage basins associated with both
Lake Mead and Lake Mohave showed that a total annual increase in TDS of .50 mg /R could
be attributed to ephemeral basin runoff.
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INTRODUCTION

It was in recognition of the need to identify the mechanisms and significance of
salinity loading from arid ephemeral drainages in the Lower Colorado Basin the Bureau
of Land Management (BLM) sponsored this reconnaissance effort. The project proposed
to study the quality and quantity of intermittent flow events originating on lands
administered by the Bureau of Land Management that are tributary to the Colorado
River in southern Nevada. Work was begun in November 1977. Principal project objec-
tives were to sample the water quality of flash flood events over a two year period in
selected drainage basins and relate field data to the probable type and magnitude of
salinity load arid basins could contribute to the Lower Colorado River Basin. The
study area encompasses over 380 km2 of BLM land which borders the National Park
Service (NPS) Lake Mead Recreational Area boundary along the north shore of Lake Mead
in southern Nevada. Four drainage basins within the study area were selected for
instrumentation and detailed study (Figure 1).

CLIMATE

The climate of the region is typical of the arid southwest desert. Summers have
maximum temperatures of 40 °C plus and minimums in the 20 °C. Winter temperatures
average in the 15 °C during the day and around freezing at night. Precipitation comes
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figure 1: Location of study basins, remote water quality sampling stations (WS101)

and runoff sampling sites (BLM100)

in the form of summer thunderstorms and winter Pacific frontal storms. On an annual
basis the area generally receives less than 25.4 cm of precipitation. The nearby
metropolitan area of Las Vegas has an average annual rainfall of 10.3 cm.

TOPOGRAPHY

The study sites are located in the Basin and Range physiographic province. The

basins head in the Muddy Mountains and have exterior drainage to the Colorado River
system. Ephemeral stream channels are generally narrow with steep gradients in the
mountainous areas and widen and flatten in the basin interiors.

GEOLOGY, SOILS AND VEGETATION

The majority of the basin areas are composed of Cenozoic fresh water clastics and
chemically deposited sediments, with the exception of Mesozoic sediments in the Valley
of Fire area which are both marine and non -marine in origin. Wash channels are com-
posed of clay, silt, sand and gravel and often included angular and sub -angular
boulders. Large broad areas within valleys are generally covered by desert pavement.

Soils found in the study area are classified principally as Entisols and Aridi-
sols. The soil is derived from weathering of the bedrock material and as a conse-
quence many soil groups contain horizons of saline mineral concentrations.
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Vegetation is sparse in the study area. All the drainage areas contain less than
ten percent vegetative cover. Cat claw, desert willow, rabbit bush and burro bush are
the principal species found in the wash channels. Mesquite and salt cedar are found
in isolated areas at which the ground water table is close to the land surface. The
majority of the basin surface is dominated by a bur -sage creosote community. These
species are typical of areas which receive less than 25.4 cm of annual precipitation.

INTERMITTENT FLOW EVENTS

An intermittent flow event of flash flood- debris flow in an arid environment is a
unique hydrologic event. It is generally initiated as a result of an intense precipi-
tation event within a basin. Runoff from steep, low permeable surfaces in basin up-
lands can combine with sheet flow from the more gentle basin floor to create stream
flooding in the shallow basin channel. The flash flood involves water and debris
moving at high velocities. The durations of events are short with most lasting only
a few hours. The quality and frequency and magnitude of intermittent events are
generally difficult to predict because of the absence of detailed data collection net-
works needed to provide information on the distribution and intensity of precipitation
events and resulting flood characteristics.

PREVIOUS STUDIES

The BLM published quality and discharge records for one intermittent event ob-
served in Utah and reported on data for two other events for which the United States
Geological Survey (USGS) had limited data in their discussion of salinity loading from
ephemeral drainages in the Upper Colorado River Basin (USDI, 1978). Prior to this
study and the Upper Colorado River study little attention had been given to examining
the water quality of flash flood events. The principal concern of previous investi-
gators has been prediction of peak flows for engineering design purposes and protec-
tion of life and property. Work in the Lower Colorado River Basin by the USGS has
centered on documentation of a severe flood event at Eldorado Canyon, Nevada and
prediction of possible flood peaks at Willow Beach, Arizona (Glancy and Harmsen, 1975;
Mooseburner and Glancy, 1978). Researchers at the Department of Agriculture Southwest
Rangeland Watershed Research Center (SRWRC) in Tucson, Arizona have conducted numerous
research efforts on highly instrumented semi -arid ephemeral watersheds near Tucson.
However, the absence of parallel data in the arid southern Nevada region hampers
identification of the transferability of methods and results. The USGS developed a
relationship of peak flow to total event volume for the Arizona Department of Highways
which was applicable to this study (Aldridge, 1980, Personal communication). Numerous
methods to predict flow peaks and volumes based on geology, soils, basin geomorpholo-
gy, vegetative cover and land use have been developed over the years. However, the
absence of detailed data on precipitation distribution and intensity, and basin dis-
charge precluded their use in this reconnaissance study.

METHODOLOGY

The four drainage basins were selected for study based on the following criteria:
1) flash floods had been observed in each drainage area; 2) each basin contained a
large percentage of BLM land that drains directly into the Colorado River; 3) basins
had as much variation as practical in criteria such as topography, size, geology, soil
type and vegetation which influence flash flood volume and water quality; and 4) a

paved road provided easy access to the sites.

Remote runoff sampling devices were placed in each wash at the BLM -NPS boundary
and upstream at major channel bifurcations (Figure 1). The sampling devices consisted
of a steel fence post with 1,000 ml bottles attached in a manner that the tops of the
bottles were at 5, 30 and 60 cm above the wash bed (Figure 2). From four to eight
.32 cm holes were drilled in the bottle caps to permit filling with water as the
bottles were over -topped by flood water. The length of time between sample collection
and the probable precipitation event varied. Delays in collection during the begin-
ning phases of the project probably resulted in partial evaporation of a small quanti-
ty of water for some samples. Resulting analyses would show higher concentrations of
constituents than were actually in the original sample, particularly in the summer
months. It is believed that this would introduce the maximum error in the samples
collected in October, 1978. Error because of evaporative loss for other samples is
believed to be minimal as they were collected within one to two days after an event.
New bottles were secured to the post when water samples were collected.
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Water was analyzed for pH, specific conductance (SpC), HCO3 , C032-, Cl-, S042

Na +, K +, Ca2 +, Mg2+ and Si2+ using standard techniques. Comparison and contrasts of
general water quality were done in terms of the concentration of total dissolved
solids (TDS). These values were calculated multiplying the laboratory specific con-
ductance (SpC) by a factor 0.77. The factor was derived by comparing calculated TDS
values and SpC values from laboratory analyses and taking an average of the resulting
factors. Water types were determined from analyses of Stiff diagrams (Hem, 1970).

Additional water quality samples were collected during one event for which flow
was observed at North Shore road in Government and Valley of Fire Washes. Samples of
minor spring discharge in Echo Wash and Valley of Fire Wash were also analyzed.

Estimates of peak discharge at each station by using the Manning equation
(Barnes, 1967) and assuming flow was uniform and that the hydraulic energy gradient
was equal to the bed slope:

-
1.486 R.67 S.5 (1)

where Q = peak discharge in m3 /s; A = cross section area in m2; R = hydraulic radius
in m; S = energy gradient dimensionless and n = Manning number. Water stages were
determined by estimating the depth of water at the pole sampler from water marks and
debris lines. If the water level could not be discerned from other evidence, the
elevation of the highest sample bottle containing water was used. Cross sections at
each site and stream gradients were surveyed using a steel tape, stadia rod and
standard hand level techniques. It was suggested by the USGS that a Manning number of
.02 to .03 be used as typical of the channels in the study area (Mooseburner, 1980,
Personal communication). The Manning number was selected to be .025 for all sections.

In an effort to estimate the volume of water associated with each peak event the
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following relationship developed by the USGS for the Arizona Department of Highways
was utilized:

V = 2067.8 P1'5 (2)

where V = volume in m3 and P = peak discharge in m3 /s. This relationship was devel-
oped by comparing measured volumes and peak discharges from gaged watersheds in
northern Arizona (Aldridge, 1980, Personal communication). The annual total dis-
charge of events which occurred at the BLM -NPS boundary within each basin were then
coupled with calculated TDS values at those stations and the quantities of salt
derived from the basins within the study period were calculated. The expected in-
crease in the TDS of the reservoir was calculated by comparing total study area
tons of salt added on a yearly basis with the maximum capacity of the reservoir and
assuming total mixing.

It was assumed that the flood waters containing calculated quantities of salt
reached the Colorado River system by either directly flowing into Lake Mead or
moving to the lake as interflow or ground water flow. It should be realized that
this is a simplification of the actual transport mechanisms and that a portion of the
salinity and flow from each event may be retained in the unsaturated zone or used
by phreatophytes.

STUDY RESULTS

WATER QUALITY

Nine intermittent flow events were observed in one or more of the study basins
during the period of January 1, 1978 through December 18, 1979.

Analyses of samples of the flood water are summarized for each basin in Table 1.
Forty samples were collected and analyzed for gross chemical constituents. Calcula-
ted TDS values ranged from a high of 2,600 mg /k at WS303 (60 cm bottle) collected on
10 -17 -78 to 540 mg/.2. at WS401 (5 cm bottle) collected on 8- 21 -79. The average TDS
values at the four stations at the BLM -NPS boundary are listed below:

# of TDS
Basin Station Samples mg /k

Government Wash
West End Wash
Echo Wash
Valley of Fire Wash

WS101

WS301
WS402

3

3

2

2,000
no data
1,570
1,270

The TDS of the highest bottle full for each event was used as it is believed that it
would also relate to the water quality of the major volume of each flow.

Analyses of data presented in Table 1 indicated that the water quality varied
with depth of flow at stations where more than one bottle was filled by the event.
In a general sense it appears that at the 5 to 30 cm interval two -thirds of the
samples showed a decline in TDS at the higher sampling point. At the 30 to 60 cm
interval samples indicated the opposite trend. The difficulty in generalizing from
the data is illustrated by samples WS303 (10- 17 -78) and WS304 (10- 27 -78). Both are
in the same basin and TDS values are available at all three positions, yet analyses
of data shows opposing trends.

Water quality variation with location within the three basins for which data
was available is illustrated in Figure 3. The TDS appears to change very little in
the 600 m distance between the two stations in Valley of Fire Wash. However,
analyses of the TDS data for Government Wash and Echo Wash show a general increase in
TDS down -channel.

Generally, runoff was a calcium sulfate type for the study area. It can be
generalized from analyses that calcium /sulfate type water is dominant in intermittent
events in Government Wash at all stations and in Echo Wash at WS301, WS302, WS304 and
Bitter Spring. The water sampled at Echo Wash WS303 was a calcium /bicarbonate /sul-
fate type. Water samples in Valley of Fire Wash varied from a calcium /bicarbonate
dominated water at WS401 to a calcium /magnesium /bicarbonate /sulfate water at WS402
and a calcium /magnesium /sulfate water at Valley of Fire spring. Surface runoff
samples from Government Wash and Valley of Fire Wash collected at North Shore Road
were a calcium /sulfate type for the one event sampled.
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TABLE 1: WATER QUALITY DATA

AREA DATE SAMPLE SAMPLE LAB pH IONIC CONSTITUENTS (mg /L)

of NUMBER POSITION SpC

COLLECYION (cm) limbos/cm HCO3 Cl SO4 Na K Ca Mg Si

GOVERNMENT 2/10/78 BL8100 runoff. 1524 7.4 204 4 634 6 300 16

WASH

WEST END
WASH

5/24/78 145101 5 1413 7.3 255 8 813 10 315 26

WS102 5 1642 7.4 222 11 3059 20 367 27

WS104 5 2189 7.5 193 14 1560 22 540 21

10/18/78 81101 5 2360 7.126 332 21.0 2008 13.0 9.6 640 38.5 12

85102 5 1680 7.332 218.4 11.0 920.3 11.0 6.4 346 33.2 10

85104 5 2243 7.244 148.0 13.0 1446.2 12.4 8.7 524 33.4 6

8/21/79 85101 5 4010 7.2 139 0.7 11.5 2.4 3.4 58 5.3 20

WS102 5 696 7.0 04 4.3 208 5.0 10.5 102 5.1 10

5/24/78 85201 Insufficient Volume for Analyses

ECHO WASH 10/17/78 WS301 5 2437 7.423 151.2 38.0 1420 39.3 8.7 520 45.6 14

88302 5 2796 6.978 357.0 58.0 1578 26.4 7.6 702 37.5 19

85302 30 2078 7.093 210.0 25.0 1025.6 11.5 6.3 484 22.2 12

W8303 5 798 7.192 265.0 12.0 159.9 9.2 4.7 130.0 21.8 5.0

88303 30 991 7.237 280.6 60.0 236.7 22.8 14.7 178 13.1 18

316303 60 3389 - - - - - - - - -

10/26/78 85301 5 2525 7.392 162 15.0 1504.1 36.8 7.5 626 44.5 5

W8301 30 1825 7.172 176.4 16.0 947.3 18.6 6.4 464 18.4 10

88302 5 1251 7.493 133.4 3.6 594.2 2.5 2.1 260 9.4 9

88303 5 389 7.323 184.8 0.8 <10 0.3 1.9 62.0 4.8 3

85304 5 2408 7.599 136.5 5.0 1343 6.0 5.8 642 38.3 4

WS 334 30 2408 7.098 281.4 3.2 183 4.4 6.1 702 30.1 19

85304 60 1524 7.084 168.0 1.8 806 1.7 4.0 478 12.2 11

ECHO WASH 8/15/79 85301 5 2780 7.1 -- 22.4 -- 68.9 13 514 58.4 26

W5301 30 1850 6.9 140 16.4 667.9 18.1 10.2 359 21.4 21

85302 5 1500 7.1 417 33 27.6 14.7 10.8 332 27.9 26

85302 30 1590 6.9 153 4.6 541 16 8 308 20.2 16

85303 5 825 6.8 296 4.9 30.0 7.7 6.2 130 9.2 15

95303 30 668 6.9 134 2.5 187 6.0 5.2 112 7.1 17

W5304 5 2750 6.7 511 6.85 1339 8.8 12.4 500 24.4 32

85304 30 3130 6.9 334 18.3 1398 8.2 13.7 548 38.4 60

3/23/78 Bitter Spring 4076 7.2 254 123 2303 256 14.6 510 155 15

VALLEY OF
FIRE HASH 2/10/78 BLM400 runoff 858 7.6 114 13 307 13 145 8

8/02/78 WS401 5 2043 1.4 1104 19 116 16 322 37

00401 30 1398 7.2 363 28 472 22 250 24

WS402 5 3279 7.3 810 90 1416 120 595 425

WS402 30 2365 7.0 390 51 1072 56 88 53

10/17/78 85401 30 918.0 7.062 273 -- -- 14.3 13.1 246 48.6 10

WS401 60 791.0 7.532 336 15.0 -- 12.4 0.7 208 21.0 8

W0402 30 857.0 7.594 330 16.0 170.9 14.1 11.0 266 30.4 9

94402 60 934.0 7.265 369.8 14.0 158.0 12.9 8.6 190 22.6 10

8/21/79 145401 5 850 6.7 235 22.3 76.2 13.2 7.0 142 12 16

5/24/78 Valley of Fire Spring 3781 7.6 222 185 2378 290 40.5 480 206 20

=Runoff = grab sample from flowing water. numbers arc depths in centimeters of collection device above channel bottom
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PEAK DISCHARGE AND VOLUME

Discharges based on estimated water depths at each site, hand leveled channel
cross sections and channel slope measurements were calculated and are reported in
Table 2. These peak discharge values along with estimates of total volumes of each
event should be viewed as more illustrative than quantitative.

Approximations of peak discharge indicate that Valley of Fire Wash and Echo Wash
had the highest peak discharges during the study with West End Wash having the lower
peak flows. Analyses of data indicate that only once during the two years of record,
related to the sample collection data of 10 -17 -78 and the probable event date of 9 -14-
78 and 9- 15 -78, that discharge was recorded in all four washes. Valley of Fire Wash
had five recorded events, Echo Wash four, Government Wash three and West End Wash two.
It should be noted that the values of over 30 m3 /sec recorded for Valley of Fire Wash
and Echo Wash stations are within reason, based on the basin area, channel cross sec-
tions, recorded water depths and probable velocities of 1.5 to 3 m /sec.
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TABLE 2: ESTIMATED PEAK FLOWS

Peak Flows, m3 /sec

Dates of field data collection

Basin Site 5 -24 -78 8 -2 -78 10 -17 -78 10 -26 -78 3 -29 -79 6 -14 -79 8 -15 -79 8 -21 -79

Government 101 4.48 +10.30 .06

Wash
102 6.72 + .36 .06

104 5.04 + .40 .36

West End
Wash 201 .17 + .17

202 .36

Echo Wash 301 12.04 31.92 1.82

302 7.28 5.6 11.48

303 +29.96 .31 .31 9.8

304 14.28 7.0 1.68

Valley of 401 NI 1.51 19.88 <.06 81.2* .08

Fire Wash
402 NI 16.24 73.92 <.06 58.8* **

+ water depth was between two bottles but no clear water mark. The discharge for the lowest

bottle height was used.

* sampling station destroyed

** station not re- instrumented

NI not instrumented at the time of event

Yearly volumes of flood water leaving BLM lands were calculated using techniques
devuluped by the USGS (Aldridge, 1980, Personal communication).

Volume of_water

Basin Station* 1978 m3 x 103 1979

Government Wash WS101 89.8 0.02
West End Wash WS201 0.25 0

Echo Wash WS301 464 6.05
Valley of Fire Wash WS402 1477 951
*furthest down channel station

Analysis of this data shows that during 1978 an estimated total of 2 x 106 m3 of
water left these four drainages tributary to the Colorado River as flash flood events.
In 1979 the total was approximately 9.5 to 105 m3. The quantity of salt associated
with the annual discharge of each basin was calculated by utilizing average TDS values
reported previously and assuming that the average TDS for flows from West End Wash was
the same as Valley of Fire Wash. It was assumed that little additional salt pickup
occurs down gradient from the last sampling point and that the volume of salt which
rgached the lake from BLM lands totally mixed with the maximum lake volume, 3.2 x 1010
m'. Comparison of the total annual salt load from the study area with the lake volume
shows that intermittent events probably contributed .08 mg /.e and .04 mg /R to the TDS
of the Colorado River system in 1978 and 1979, respectively.

FACTORS EFFECTING QUANTITY AND QUALITY RESULTS

The occurrence and distribution of precipitation, basin topography, geology, soils
and vegetation influenced the quantity and quality of events occurring within the study
site. Available data were reviewed and an attempt to relate each component to observed
flow qualities and quantities was made.

The reconnaissance nature of the study precluded detailed instrumentation and
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correlation techniques to evaluate the region. However, based on limited data the
following observations were made:

1. The two years of study coincided with a wetter than usual period which has
only been equalled or exceeded four times in the past 42 years.

2. The largest of the two study basins had more frequent runoff events and
larger peak discharges.

3. Gypsic soils found in the basins probably contributed the calcium sulfate
which dominated water chemistry.

4. Vegetation was similar in each basin and could not be correlated with the
characteristics of events.

EXTRAPOLATION OF SALT LOADING ANALYSES

Extrapolation of salinity loading data beyond the individual study basins is
intended to be illustrative. Salinity loading from areas of ephemeral drainages tri-
butary to Lake Mead and Lake Mohave was attempted based on study data and the fact
that basins are similar in character to those in the study area. An approximation of
the basin area over which to apply salt load is shown in,Figure 4. The area includes
the basins immediately adjacent to the reservoirs and excludes the Virgin and Moapa
River drainages and the upper portions of major washes such as Detritus Wash.

:'i,;ure 4: Drainage area utilized for the
prediction of annual TD: increases
at Davis Dam

Numerous assumptions have already been incorporated in calculations intended to
quantify the contribution intermittent flow events have on the salt loading of the
Colorado River. Generally, assumptions have been conservative in nature; i.e. using
minimum water level and TDS values when calculating salt loading and assuming total
mixing in the reservoir at maximum capacity.
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The 1979 rate of salt loading calculated for the study area was also utilized in
an attempt to remain conservative. It is realized that this rate may be high as data
were collected in a wetter - than -normal period. However, other2 data were not avail-
able. As a result, a salt loading rate of 2.4 metric tons /km was applied over a
total area of 7,100 km2 of mainstream drainage area. Using these numbers, it was
calculated that 17,040 metric tons of salt may be added to the Lake Mead and Lake
Mohave system. When this amount of salt is compared to the combined storage capacity
of the two reservoirs and total mixing is assumed, it can be shown that the TDS at
Davis Dam may increase by 0.50 mg /i as a result of annual intermittent flow salinity
loading.

SUMMARY AND CONCLUSIONS

1. The calculated average TDS values of intermittent flow water ranged from 1,270
to 2,000 mg /R.

2. Water quality of events was generally a calcium sulfate type. This is most likely
a result of flood water dissolution of gypsum in basin soils.

3. TDS vs. distance analyses within individual basins showed that the TDS of inter-
mittent events generally increased down -channel during an event. TDS vs. depth
analyses at sampling points showed a general decrease in TDS at the 30 cm bottle
position. For depths exceeding 30 cm TDS - depth relationships varied.

4. Estimates of peak discharges showed the largest events occurred in the Valley of
Fire basin and Echo Wash basin. It is believed that the large basin areas and
the distribution of rainfall account for these peak events.

5. The only generalization evident from the data relating basin topography and
physiography to recorded events is that the largest two of the four basins had
more frequent events and larger peak discharges.

6. The period of study coincided with a period of above -average annual precipitation,
which has been equalled or exceeded four other times within 42 years of record.

7. TDS values coupled with the annual approximated volume of water leaving the BLM
portion of the basin resulted in 2,700 and 1,200 metric tons of salt entering
Lake Mead from the study area in 1978 and 1979, respectively. Assuming total
mixing in the maximum volume of this lake, Colorado River quality at Hoover Dam
may have increased by .08 mg /i in 1978 and .04 mg /i in 1979 as a result of
intermittent flow salt loading.

8. Results of an extrapolation of salinity loading rates from intermittent events to
the area immediately tributary to Lake Mead and Lake Mohave, excluding the Moapa
and Virgin River drainages, showed an approximate increase in TDS of 0.5 mg /i
at Davis Dam.

9. Due to the reconnaissance nature of the study many generalizing assumptions were
necessary to extrapolate water quality and quantity data. Additional research
is needed to better define and predict flood discharge peaks and volumes, and the
relating salt loading from intermittent flow events in arid environments.
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SNOWPACK DYNAMICS IN ARIZONA'S ASPEN FORESTS

Michael J. Timer, Peter F. Ffolliott, and William O. Rasmussen
School of Renewable Natural Resources, University of Arizona

INTRODUCTION

Quaking aspen (Populus tremuloides) is the most widely distributed tree species in North America
(Little, 1971). In Arizona, however, aspen does not occur as extensive, continuous forest, but this
species is found as isolated stands varying in size from less than 10 to several hundred acres. A

large portion of these aspen stands are found in the vicinity of the White Mountains in eastern Arizona,
on the lower slopes of the San Francisco Mountains near Flagstaff, and on the Kaibab Plateau north of
the Grand Canyon.

Although not extensive in area, aspen forests in Arizona may be important from a hydrologic stand-
point. For example, annual water yields approaching 3 to 7 inches have been estimated for many aspen
stands (Ffolliott and Thorud, 1975), with much of this water originating from snow. Unfortunately,
little is known of snowpack dynamics in Arizona's aspen forests.

DESCRIPTION OF THE STUDY

While investigations of relationships between snowpack dynamics and associated vegetative- physio-
graphic characteristics in ponderosa pine (Pinus ponderosa) and mixed conifer forests have been con-
ducted in Arizona, little information is available to describe these relations in aspen forests. The

study was implemented to obtain empirical information necessary to describe snowpack accumulation and
melt processes in aspen forests, and to compare these processes with those reported in ponderosa pine
forests. Information collected from the first year (1978 -79) of a two -year study period is reported
here.

STUDY AREAS

Study areas were located in the snow zone near the San Francisco Mountains (Figure 1). Three cri-
teria determined the acceptance of the areas: accessibility, integrity of aspen stands, and proximity
of coniferous stands.

Two study areas were established 13 and 20 miles northwest of Flagstaff, along State Highway 180
on the Coconino National Forest. Each area included a relatively pure stand of aspen and a representa-
tive stand of ponderosa pine within one -third mile of the aspen stand.

The site nearer Flagstaff, Crater Lake, is situated at the base of a small volcano. The average
slope is less than 5 percent; the aspect is westerly. Elevation is approximately 8,000 feet. Soils

are derived from basalt and range from shallow to moderate in depth.

The second site, Kendrick Park, is adjacent to a cienaga of that name. The average slope of the
aspen stand is less than 5 percent, while the average slope of the adjacent ponderosa pine stand is 7
percent. The aspect of both stands is easterly. Elevation is 7,900 feet. Soils are derived from ba-
salt and range from shallow to deep.

FIELD PROCEDURES

Thirty sample plots were established in each of the two aspen stands, and 10 sample plots were in-
stalled in each of the two ponderosa pine stands. Individual plots consisted of a diamond -shaped
cluster of five sample points within a one -fifth acre circular plot. A plot was considered the primary
sampling unit and consisted of the five sample points. Sample plot locations were determined by choos-
ing areas most representative of the stand in terms of density, age, and size class distributions
(Table 1).
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Figure 1 - Study areas in the snow zone near the San Francisco Mountains.

Table 1 - Minimum, mean and maximum values of forest density values.

Forest Type

Value Aspen Ponderosa Pine

Min Mean Max Min Mean Max

Diameter
inches 0.5 9.3 26.2 0.5 13.7 48.0

Basal Area
sq. feet /acre 50 115 245 65 115 190

Stems

number /acre 8 243 624 58 112 195

Volume
cubic feet /acre 1168 2305 4665 948 1662 2959
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Starting on February 18, 1979 for the Crater Lake site and on March 11, 1979 for the Kendrick Park
site, snowpack measurements were taken every two to three weeks until the snowpack disappeared. Snow
depth and snowpack water equivalent (WE) were measured with a Federal snow sampler.

An initial inventory of the aspen and ponderosa pine forest overstories was made in May 1979, using
standard point sampling techniques (Avery, 1975). Basal area and number of stems per acre were calcula-
ted . These two widely used expressions of forest density were used as input variables in evaluating
the effect of aspen forests on snowpack dynamics. Slope percent and aspect measurements were taken to
compute potential direct beam solar irradiation (gram calories cm-2), using tables prepared by Frank
and Lee (1966).

A second inventory was made in August 1979 because a limited timber cut had removed a portion of
the ponderosa pine forest overstory on the Crater Lake site. It is anticipated that the timber removal
will not affect snowpack dynamics in the second year of measurements.

ANALYTIC METHODS

In addition to basic summaries of the source data, simple regression analyses were performed using
peak seasonal accumulation (March 24) and a storage- duration index as dependent variables. A storage -
duration index (the summation of snowpack WE measurements taken in successive surveys) is indicative of
the integration of initial snowpack accumulation and subsequent melt rates (Wilm, 1948). Maximum index
values are obtained with large initial accumulations followed by slow melting; while low initial accumu-
lations followed by a rapid melting provides minimum values. The storage- duration index developed in
this study was a summation of snowpack WE measurements taken on March 24, April 7, and April 28, 1979.

The independent variables used in the regression analyses were aspen basal area, total (aspen and
ponderosa pine) basal area, total number of stems, and potential direct beam solar irradiation. Inver-
ses, squares, and logarithmic expressions of the independent variables were included in the analyses.

PRELIMINARY RESULTS

The results of the snowpack measurements taken during 1978 -79 are summarized in Table 2 and illus-
trated in Figure 2. In general, these results indicate greater snowpack accumulations under aspen than
under ponderosa pine forest overstories. These differences are presumed to be due to less interception
of snow in the aspen stands. Also, it is suggested that snow melt rates are higher in aspen than pon-
derosa pine forests, although a detailed assessment of the melting process is incomplete.

Table 2 - Snowpack water equivalent, depth, and density for Crater Lake
and Kendrick Park study sites, February -April, 1979.

DATE

CRATER LAKE KENDRICK PARK

Aspen Ponderosa Pine Aspen Ponderosa Pine

WE Depth Density WE Depth Density WE Depth Density WE Depth Density

-- inches -- -- inches -- -- inches -- -- inches --

Feb. 18 10.3 30.9 0.33 9.1 25.7 0.35

Mar. 11 10.0 28.6 0.35 8.2 23.3 0.35 9.1 26.3 0.35 6.5 17.1 0.38

Mar. 24 10.6 31.9 0.33 8.3 25.8 0.32 9.4 28.6 0.33 5.8 17.6 0.32

Apr. 7 9.0 23.6 0.38 7.9 20.6 0.38 7.3 20.3 0.36 4.0 10.1 0.39

Apr. 28 0.0 0.0 0.0 0.4 0.8 C.50 0.0 0.0 0.0 0.0 0.0 0.0
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Figure 2 - Sample WE measurements taken during 1978 -79.
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Studies conducted elsewhere have found greater snowpack WE accumulations in aspen than in conifer-
ous forests, again due, in part, to the relative losses attributed to snowfall interception. For ex-

ample, Dunford and Niederhof (1944) reported an average of 10.9 inches of snowpack WE in aspen stands,
and 8.4 inches in lodgepole pine (Pinus contorta) stands in Colorado. The general trend illustrated by
these averages was consistent over a two -year study period, suggesting that aspen was more efficient in
accumulating snow than was the coniferous forest type evaluated.

In New Mexico, Gary and Coltharp (1967) found a small difference in snowpack accumulation between
aspen and Douglas -fir (Pseudotsuga menziesii) stands on warm sites. On cool sites, however, aspen

stands accumulated 40 percent more snowpack WE at peak seasonal accumulation than did Douglas -fir stands.

With respect to snow melt rates, inconsistent results have been reported. Dunford and Niederhof

(1944) found no differences in the rates of snow melt between aspen and lodgepole pine stands. In

Minnesota, Weitzman and Bay (1959) reported similar snow melt patterns under aspen and red pine (Pinus

resinosa) stands. In contrast to these two studies, Gary and Coltharp (1967) indicated greater rates
of snowpack depletion under aspen than under Douglas -fir stands.

Regression analyses indicated that potential direct beam solar irradiation was a nonsignificant
(in all transformational forms) independent variable in relation to both peak seasonal accumulation and
the storage- duration index (at the 90 percent confidence level). This finding was attributed, in large
part, to a lack of variation in slope and aspect among the sample plots. Regressions with independent

variables involving expressions of forest density had significant forms, although none were highly cor-
related with snowpack WE in terms of coefficients of determination. For example, aspen basal area and

total (aspen and ponderosa pine) basal area accounted for only 8 and 10 percent, respectively, of the
variation in peak seasonal accumulation. Similar results were obtained using number of stems.

ANTICIPATED FUTURE ANALYSES

Following the collection of snowpack measurements in 1979 -80, all source data will be collated and
subjected to regression analyses to determine the relative magnitudes of vegetative -physiographic in-
fluences on the snowpack dynamics in Arizona's aspen forests.

Including the above analyses, a computer simulation model, called SNOW, will be expanded to des-
cribe impacts of alternative land management practices on snowpack dynamics in the forest ecosystems in

Arizona (Ffolliott and Rasmussen, 1979). Through application of this model, land management practices
designed to affect water yields from these forest ecosystems can be prescribed to achieve desired hydro-
logic objectives.
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CONCLUSIONS

Preliminary results obtained in the first year of a two -year study on snowpack dynamics in
Arizona's aspen forests indicated: (1) snowpack accumulations were greater under aspen than under pon-
derosa pine stands; (2) snow melt rates may be higher under aspen than under ponderosa pine stands (this
finding is tentative); and (3) only forest density variables appeared useful in inventory -prediction

equations. Refinement of these preliminary results will, hopefully, allow for the expansion of a com-
puter simulation model to include snowpack dynamics in aspen forests.
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SNOW INTERCEPTION AS INFLUENCED BY
FOREST CANOPY VARIABLES

by

Nader Biroudian and Charles C. Avery
School of Forestry

Northern Arizona University

INTRODUCTION

The interception of falling snow by forest trees is one of the significant effects of forests on
supplies of snow water. Most forest trees offer a canopy on which a sizeable fraction of the falling
snow becomes lodged and is kept from immediately reaching the ground or snowpack surface of the forest.
This snow is exposed on all sides to evaporation losses. An understanding of the relationships between
tree crown characteristics and the proportion of snow reaching the ground as throughfall and snowslide
is essential to control such loss.

The primary objectives of this study were to determine whether forest treatments such as timber
harvesting, tree planting, thinning, pruning, and type conversion affects the snow interception storage
capacity of forests. Other objectives were to determine the effects of geometrical characteristics of
the forest canopy on snow -interception storage. The forest itself may be characterized by such attri-
butes as type, density, arrangement, and basal area.

The study was designed to determine the effects of crown geometric shape, density (leaf area
index), and foliage distribution on snow -interception storage. On the other hand, it was also designed
to evaluate the effects of stand arrangement and crown closure on snow catch.

LITERATURE REVIEW

Factors influencing the amount of snow lodging in a forest canopy include snow characteristics,
air movement, and the geometry of the forest biomass (Jeffrey 1973). Hoover (1962) pointed out that
trees with dense, stiff foliage, horizontal or upturned stiff branchlets, considerable vertical spacing
between branches, and which are closely crowded together, hold a maximum of snow in their crowns.

CROWN SHAPE

Trees can take so many shapes that it would take an infinite number of parameters to express all of
them accurately. Horn (1971) found a simple equation that can represent a wide variety of shapes in
transverse vertical section, with only a few easily interpreted parameters; that is

Xa (b,)a = ca

where X and Y are variable Cartesian coordinates and a, b, and c are constants (X and Y are position
variables which describe the position of every point on the primeter of the vertical plane; a, b, and c
depend on the characteristics of the specific "shape" of the crown). This equation behaves nicely in
the quadrant where X and Y are positive. When a . 1, it is a straight line; when a = 2, it becomes
convex and bows out from the origin to form part of an ellipse; if (a) is larger than 2, it is more
convex, becoming rectangular as (a) approaches infinity. The ratio of height to width is measured by
(b) and the absolute size by (c).

We can therefore represent the shape of a tree with only three parameters, each having a simple
geometrical interpretation, size, ratio of height to width, and convexity.

The type of morphology of the vegetation cover affects the variation of interception loss. Delfs
(1967) compared snow interception in spruce varieties with different crown shapes; it was least in
" Kammfichte" (comb spruce) and greatest in "Burstenfichte" (brush spruce = spruce with side branches
which rise sharply upward). A photographic report (Anonymous 1954 as cited by Miller, 1964) shows
natural selection among races of spruce, particularly the contrasting " Kammfichte" and " Plattenfichte"
(flat spruce). The flat spruce has spreading horizontal branches and is more vulnerable to snow break,
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but is strong in ice and rime loading.

Wide separation of branch whorls in Scotch pine is described by Miller (1966) as reducing the sur-
face storage for snow, in spite of its long needles. Models of separated stacked boards show greater
relative catch per board when they are separated, but the separations were not large, and this result
may reflect transport of snow into the interior of the stack (Japan (1952) cited by Miller (1964)).
Some idea of deposition of snow from an air stream can be gained by studying Japanese measurements of
snow load on models and on a tree. The snow load on models was measured with reference to that
received on a flat, elevated board, and it has been computed at zero and one meter per second wind speed
(Miller 1964). Deposition of snow on flat, exposed boards decreased by 35 per cent and a stack of
shelves or a pyramidal stack of shelves increased by 140 per cent, but on solid pyramid and crown of
cryptomeria it decreased 30 -40 per cent. The decrease of snow on the tree at a wind speed of 1 m /sec.
is like that on the solid pyramid, where all snow accumulates on the outer surface.

FOLIAGE DENSITY

Crown depth, crown volume, and crown density are more undefined characteristics than are crown
coverage or crown closure, the first group can characterize the three dimensional nature of a forest
canopy. These characteristics can be used as an index of interception of precipitation or radiation
(Miller 1961), both of which bear certain analogies to each other. Horn (1971) used a method to measure

the proportion of unobscured sky directly above each sapling in the forest by photographs, and he con-
structed histograms of the amount of shade cast by each species of canopy tree. Satterlund and Haupt

(1967) used the leaf- area -index (ratio of leaf surface area to projected area) as a factor to compare
snowfall interception storage of lower vegetation and that of trees and shrubs.

Miller (1964) commented that surface area and volume of foliage play a role in interception storage
but their exact importance is not well defined. Love (1955) observed that insect -killed lodgepole pine
and Engelmann spruce, which had lost needles and finer branches, intercepted less snow than live trees
but he was unable to estimate the relative importance of the remaining branches which still intercepted
some snowfall.

FOLIAGE DISTRIBUTION

Horn (1971) defined two different spatial distributions of leaves in a plant community. His dis-

tributions were stated as: 1) monolayer and 2) multilayer, or leaves loosely scattered among many

layers. A monolayer can obviously expose no more than one unit of self- sustaining leaf area for each

unit of ground area. A multilayer, however, can expose much more leaf area, and its leaves pay for

themselves if they are small and far enough apart so that no leaf completely eclipses the sun from any
leaf in the next layer.

Zinke (1967) summarized the results of the American interception studies and pointed out that:

1. Interception storage is greater for trees in forests than for isolated trees, because of leaf

distribution and other factors.

2. Interception losses vary with species and forest types because of thickness and density of
foliage and crown. Generally, tolerant species intercept more than intolerant, climax more

than preclimax.

Miller (1964) believed that the ratio between branchwood and stem size is an important factor in

interception storage. He said that the stands damaged worst in a severe storm in 1916 were in an age

class in which dense stocking produced slender, high- crowned trees. Molnau (1973) showed that branch

angle does have an effect on snow -interception and that this effect is represented by more interception

by trees with smaller angle. Hoover (1962) believed that the vertical spacing between branches is an

important factor in snow deposition on crown canopy.

CROWN CLOSURE

Observations made by Morey (1942) in central Vermont indicated that a correlation may exist between
the degree of snow -interception and crown density, stem density, and stem size. He compared crown depth

and closure and concluded that a stand with more trees per acre and thinner canopy intercepts less snow
than one with fewer trees and deeper canopy.

Johnson (1942) concluded that, under specific condition, an average of 81.4 per cent of the total

precipitation reached the ground under the ponderosa pine tree -crown. Yet this amount varied signifi-

cantly among the watersheds, probably because of a variation in density of the crown closure.

Snow depth and water equivalent were measured in each of the vegetation types in Tuolumne County,

California by Kittredge (1953). The total depth of snow was found to be greatest in the open areas or
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in the stands with large openings. The smallest water equivalents were found in the dense white fir
type and ponderosa pine stands.

Twelve measurements of the canopy density were obtained at each sampling station in the Upper
Columbia River Basin with a "ceptometer," a type of spherical densiometer by Packer (1962). The amount
of water in the snowpack increased 4.2 inches as the vertical density of the forest canopy was reduced
from 100 per cent in density stocked stands to zero in clear -cut and natural openings. Because the
forest canopy effect was uniform in all aspects, the effect on snowpack water is inferred to be due pri-
marily to interception losses rather than differential melting during the snow accumulation period.

CROWN DISTRIBUTION

Canopy interception is a function of biomass and spatial arrangement of vegetation cover, in
addition to other factors. Cover modification or removal, influences the amount of precipitation
reaching the earth's surfaces, and accordingly the magnitude of interception loss (Gray 1973).

Results of research on managing forest snowpacks by Anderson (1969) have indicated that forest
cutting patterns and forest- terrain interaction have a major impact on snow accumulation, snowmelt,
and water yield.

Snow accumulation as affected by three types of logging in a red fir forest was studied by Anderson
and Gleason (1959) in the snow zone of the Cascade -Sierra Nevada mountains of California. First year
results show that all three methods of logging -- strip cutting, block cutting, and commercial selection
cutting -- increased maximum snow accumulation and decreased annual water losses by interception. At
maximum snowpack there was an average of 8 to 10 inches more water in strip cutting area than in the
adjacent uncut forest; the block -cut and commercial diameter -limit cut areas had 5 to 7 inches more than
the uncut forest.

METHODS

MODELS AND VARIABLES

To evaluate the effects of crown shape and foliage density on snow -interception storage, 32 tree
models with identical projected area and different shape and foliage density (leaf area index) were
employed in this study. The tree models were constructed of artificial dwarf- juniper -like branchlets
made of plastic (composition unknown) which were obtained from a floral supply firm, and 3 mm diameter
aluminum wire. Eight stand models with different arrangement and spacing were used to determine the
effects of stand closure and crown distribution on snow -interception storage. The stand models were
made of tree models hanging from 76 by 76 cm wire frame.

Shredded polyethelene film was used to simulate falling snow in this study. Molnau (1973) tested
sawdust, soap flakes, and shredded polyethelene as artificial snow. The shredded polyethelene film
was suitable for modeling interception of dry light snow on trees because of the manner in which it
accumulates on the tree, the mounding effect as it is caught, and the manner in which the individual
particles are caught by the needles.

A single module of a snowfall apparatus designed and reported by Molnau (1973) was used in this
study. The screen was made of 0.5 mm polyester sheet by punching 6 mm in diameter circular holes in a
grid pattern (2.5 x 5.0 cm) attached to an 80 x 80 cm wooden frame. It allowed all but the coarser
material to pass through the screen. The module was connected to an electric shaker by a special type
of spring to fix the screen vibration speed.

The trial runs were made on all stand models and individual tree models for durations of 30, 60,
and 120 seconds, yielding consistently 0.4, 0.8, and 1.6 grams per 100 square centimeters of snowfall.

Tests were also conducted to determine the uniformity of snow coverage of the net area (76 X 76)
within the snowfall simulator. Nine cylindrical shaped snow gages were placed on the floor in both a
grid pattern and irregular positions. The first part of this test resulted in a mean of 2.7 grams per
gage and a standard deviation of 0.6 grams. The range was from 2.0 to 3.5 grams. The second part of
this test resulted in a mean 2.65 grams per gage and a standard deviation of 0.65 grams. The range was
from 1.8 to 3.7 grams.

PROCEDURE

The trials were conducted in the following fixed sequence to insure consistency of any procedural
errors or bias.

I. Evaluating the effects of tree crown characteristics on snow -interception storage.
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A system for automatically recording weight changes was designed and used in this study. The stem
of the tree model was passed through the middle of a circular hole on a small plastic table and stuck to
a piece of sponge mounted on a very sensitive electronic scale. The small plastic table covered all

parts of the electronic scale. In this position the balance was showing the mass of the tree model and
any snow deposition on it. All tree models were used to measure snow -interception in this procedure.

Snow depositions on each tree model crown were measured at three levels of storm duration; 30, 60,
and 120 seconds. The snowfall depths and masses were checked during the trials with a cylindrical snow
gage mounted under the snowfall simulator. This snow gage had a cross -sectional area precisely equal to
projected area of tree models (123.33 cm2).

2. Evaluating the effects of stand characteristics on snow -interception storage.

For simulating different stands of trees, 18 to 42 tree models were hung in different patterns from
a thin wire screen fixed solidly to a 76 by 76 cm wooden frame. For example, 42 tree models were hung
in grid pattern (12.7 by 10.9 cm) from wire screen to yield 92.61 per cent crown closure.

The amount of intercepted snow by the stand canopies was calculated by subtracting throughfall
(accumulated snow under the stand canopy) from total snowfall. Snow accumulation under the stand
canopies was measured automatically by a 76 by 76 cm cardboard sheet mounted on an electronic scale.

RESULTS

Snow -interception tests were conducted on both single tree and stand models to enable some com-
parison between the forest and the isolated tree. Each type will be discussed separately and a general

conclusion will be made.

Even though the simply- designed snowfall simulator and other elements of the experiment did not
allow control over all appropriate variables, relatively useful results were obtained. These results

show the effect of tree and stand geometrical characteristics on the rate of snow- interception storage.
They further show some effects of storm size on snow deposition over the tree and stand canopy. The

results indicate that the potential amount of snow interception loss in forest stands can be estimated
from basic characteristics of the precipitation and the forest.

The amount of snow -interception storage on ellipsoidal- shaped tree crowns was more than storage on
conic- shaped tree crowns when the leaf area index (LAI) was 3 for all levels of foliage distribution.
For the other LAI values (2, 4, and 5) responses were less striking and limited to the trees with H/D
value of 1.5 and 2.0.

There was a highly significant difference between trees with different leaf area indices, trees
with dense foliage (LAI = 5) showing the greatest snow -interception storage and trees with sparse
foliage having the smallest snow loads. These differences were not so large on trees with low vertical

spacing (H /D = 0.5) especially on conic -shaped trees because of snow sliding from crown surfaces.

The extremely high interception storage value for the dense ellipsoidal tree crowns led to a highly
significant interaction between crown shape and leaf area index.

Trees with ratio of crown height to diameter equal to two (H /D = 2) had the maximum intercepted
snow when the leaf area index was greater than 3 for both shapes. Only the trees with sparse crowns

(LAI = 2) and ellipsoidal shape responded to change in the H/D ratio. The interactions between foliage
distribution and leaf area index and also foliage distribution and crown shape were significant and
there was a significant difference for interaction between crown shape, foliage distribution, and leaf
area index. This significant difference points out clearly that ellipsoidal trees with dense foliage
and considerable vertical spacing had the maximum snow interception storage.

There was a significant difference between different storm sizes for conic and ellipsoidal trees
with sparse foliage (LAI = 2) but for dense and intermediate dense trees (LAI = 3, 4, 5) there was no
significant difference between storm sizes.

EFFECT ON SNOW- INTERCEPTION STORAGE BY FOREST STAND

There were highly significant differences between pooled means for crown distribution, crown
closure, and storm size. The stand with regular crown distribution (grid pattern) had higher snow -
interception storage than the stand with random crown distribution in all closures for any storm size.
The extremely high snow deposition over the regular stand with high crown closure led to a highly sig-
nificant interaction between stand density and crown arrangement.

Snow -interception storage increased with the percentage of crown closure in all storm sizes and
crown arrangements. There was a positive linear relationship between crown closure and interception
storage with coefficient of determination between 0.88 and 0.98.
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There was no significant difference between both regular and random crown distribution for differ-
ent storm sizes in low and intermediate crown closure values (up to 66.15 per cent). Conversely the
difference between storm sizes was highly significant for high crown closure values (79.38 and 92.61 per
cent). In regularly distributed stands maximum snow was intercepted in the intermediate storm size
because in big storms overloaded branches shed their snow loads.

CONCLUSIONS AND MANAGEMENT IMPLICATIONS

The model studies on snow -interception storage provide numerous detailed conclusions that are use-
ful to watershed managers and silviculturists. Some of the most significant are:

1. The amount of snow catch by tree crown is related to the geometric shape of crown; species
with ellipsoidal or spherical crown catch more snow than those with conical crowns. The difference is
more significant for dense foliage trees.

2. The leaf area index is an important parameter in the rate of snow -interception storage and it
can be described as a function of foliage density (trees with high leaf area index value have larger
interception storage capacity than those with lower leaf area index).

3. The ratio between crown height and crown diameter reflects the type of foliage distribution
and the rate of vertical spacing within foliage. Tall crown trees with considerable vertical spacing
catch more snow than short crowns with closely crowded branch whorls.

4. The amount of intercepted snow varies by storm size in a manner similar to that reported by
Satterlund and Haupt (1967). It appears that heavy snow loads on flexible branches bend them downward,
and at some point trees can hold no more snow.

5. Snow storage in the stand canopy is related to the arrangement of the crowns in the forest
stand. The stands with regular crown distribution catch more snow than those with irregular crown dis-
tribution and variable opening sizes.

6. In the forest stand the increase in snow -interception storage appears to be directly pro-
portional to the percentage of crown closure.

Snow accumulation beneath a forest canopy can be increased by silvicultural treatments of the tree
crowns. Replacing ellipsoidal species with "conical" species in the forest stand would probably de-
crease snow -interception storage about 15 per cent. Shortening tree crown by pruning lower branches to
reduce the crown height ratio or thinning out the tree crown by removing branches to reduce leaf area
index would probably decrease intercepted snow by about 21 to 43 per cent.

After planting in a clearcut area (afforestation) the amount of accumulated snow would be related
to the pattern of tree plantation. The provision of openings sharply increases snow accumulation; con-
versely stands with uniform sapling distribution and closely crowded together catch most of the snow-
flakes and accumulate minimum snow on forest floor. The effects of other silvicultural treatments such
as timber harvesting, thinning, road constructing, and prescribed burning on the size of snow accumula-
tion are related to the intensity and severity of the treatments.

It is further concluded that physical models of trees and stands can be used to study the effect of
various forest and climate parameters on interception loss, especially on snow accumulation and water
yield.

REFERENCES CITED

Anderson, H. W. 1969. "Snowpack management" in Snow. Oreg. State Univer. (Corvallis, Or.). Water
Resources Inst. Seminar Publication: WR011 -69, pp. 27 -40.

Anderson, H. W. and C. H. Gleason. 1959. Logging effects on snow, soil moisture, and water losses.
Western Snow Conf. Proc. 4:17 -24.

Delfs, J. 1967. "Interception and stemflow in stands of Norway Spruce and Beech in West Germany;" in
Forest Hydrology (eds. W. E. Sopper and H. W. Lull), Pergamon Press, Oxford, pp. 179 -186.

Gray, D. M. 1973. "Introduction to Hydrology;" in Principles of Hydrology. (Ed. D. M. Gray), Water
Information Center. Huntington, N.Y. pp.: 1.1 -1.4.

Hoover, M. D. 1962. Water action and water movement. FAO. Forest Products Study. 15:31 -80.

Hoover, M. D. and C. F. Leaf. 1967. "Process and significance of interception in Colorado Subalpine
Forest;" in Forest Hydrology (Eds. W. E. Sopper and H. W. Lull). Pergamon Press. Oxford pp.
213 -223.

131



Hera, H. S. 1971. The Adaptive Geometry of Trees. Princeton, N.J. Princeton Univer. Press. 144 p.

Jeffrey, W. W. 1973. "Hydrology of land use;" in Principles of Hydrology (Ed. D. M. Gray), Water
Information Center. Huntington, N.Y. pp. 13.1 -13.57.

Johnson, W. M. 1942. The interception of rain and snow by a forest of young ponderosa -pine. Trans.
Am. Geophys. Union. 23:566 -570.

Kittredge, J. 1953. Influence of forests on snow in the ponderosa- sugar -pine fir zone of the Central
Sierra Nevadas. Hilgardia 22:1 -96.

Love, L. D. 1955. The effect on streamflow of the killing of spruce and pine by the Engleman spruce
beetle. Trans. Am. Geophys. Union. 36:113 -118.

Miller, D. H. 1961. Meteorological influences on interception of falling snow. Abstract Bulletin,
Am. Meteorl. Soc. 42:289 -296.

Miller, D. H. 1964. Interception processes during snowstorms. Berkeley, Ca. U. S. Forest Serv.
Res. Paper PSW -18. 24 p.

Miller, D. H. 1966. Transport of intercepted snow from trees during snowstorms. Berkeley, Ca. U. S.
Forest Serv. Res. Paper PSW -33. 30 p.

Molnau, M. 1973. Laboratory modeling of snow -interception on trees. Univer. of Idaho. Water Resour.
Res. Institute. Technical Completion Rpt. B- 009 -IDA. 47 p. (Available through National Tech.
Information Serv. as PB -226.)

Morey, H. F. 1942. Discussion of: W. M. Johnson. The interception of rain and snow by a forest of
young ponderosa pine. Trans. Am. Geophys. Union. 23:569 -570.

Packer, P. E. 1962. Criteria for designing and locating logging roads to control sedimentation. For.
Science. 13:2 -18.

Satterlund, D. R. and H. F. Haupt. 1967. Snow catch by conifer crowns. Water Resour. Res. 3:1035-
1039.

Zinke, P. J. 1967. "Forest interception studies in the United States;" in Forest Hydrology (Eds.
W. E. Sopper and H. W. Lull), Pergamon Press. Oxford. pp. 137 -159.

132



EXPLORATION FOR SALTWATER SUPPLY FOR SHRIMP

AQUACULTURE, PUERTO PENASCO, SONDRA, MEXICO

by

K. J. DeCook, S. Ince, B. P. Poplçin,
J. F. Schreiber, Jr. and J. S. Sumner

Water -Supply Study Team
Water Resources Research Center

University of Arizona
Tucson, Arizona 85721

ABSTRACT

The University of Arizona's Environmental Research Laboratory, with the Universidad de Sonora, has
operated a research station at Puerto Peñasco, on the northeastern Gulf of California, since 1962.
Controlled- environment shrimp aquaculture, the Laboratory's most recent research interest, requires a
large, dependable supply of filtered, temperate seawater. A University Water -Supply Study Team
explored for a supply in an 850- hectare site near the Estero Marua for a proposed ten -hectare shrimp
farm. The study included geological, geophysical, and hydrological investigations, and consideration
of groundwater, Gulf, estuarine, and combined seawater sources. A thick, fine sand, in the study area,
has a very low permeability, contains highly saline water, and could sustain low yielding wells. A
thin, coquinoid beachrock, along the Gulf coast near the study area, has a high permeability, contains
seawater, and could sustain high yielding wells. Gulf and estuarine water sources have unacceptable
temperature ranges, though they could be utilized if mixed with groundwater, stored, and insulated.
Recommendations include: drilling, testing, and analysis of coquina; modeling of groundwater heat flow,
water -quality effects, and potential well -field designs and impacts for beachrock development;
analyzing well design and performance; relaxing temperature and salinity constraints; reusing
aquacultural wastewater; and reducing water demand.

INTRODUCTION

A water -supply feasibility study for shrimp aquaculture at Puerto Peñasco, Sonora, Mexico, was
undertaken in July 1978 at the request of the Environmental Research Laboratory ( ERLAB) of the
University of Arizona. Carl N. Hodges, Director of the Laboratory, appointed Lee Mahler as Project
Coordinator in Tucson, and Fausto Soto as Site Coordinator in Puerto Peñasco.

A University Water- Supply Study Team was established by the University's Water Resources Research
Center (WRAC). Sol D. Resnick, Director of the Center, was Project Advisor. The principal
investigators of the study team are this paper's authors. They assembled over 30 others to provide
technical support, and assist in the field and laboratory.

The Laboratory, with the Universidad de Sonora, has operated a research station (Unidad
Experimental Peñasco, U.E.P.) at Puerto Peñasco, on the northeastern Gulf of Califrrnia, since 1962.
Solar seawater distillation, g.oenhouse vegetable agriculture, controllc -environment shrimp
aquaculture, and halophyte cultivation have been the Iaboratory's research interests r;. Peñasco.
Recent interest in aquaculture requires a large, dendable supply of filtered, temperate seawater.
Riley and Percious (1974) and Percious (1976) described the local hydrogeology and assessed the
feasibility of water -supply expansion near the U.E.P.

An 85U -ha site, north and west of the west arm of the nearby Estero Marua, was selected by the
Laboratory as a potential aquacultural site requiring large amounts of seawater (Figure 1). The
Water -Supply Study Team explored for a suitable salt -water supply in and near this site. This paper
summarizes that exploration activity, and more recent work conducted by the Laboratory.
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EXPLORATION METHODS

Exploration methods include those required for geological, geophysical, and hydrological

investigations.

GEOLOGICAL METHODS

Geological methods include field studies in the study area, beachrock studies at selected coastal
and estuarine localities, laboratory examination of well cuttings and pit and soil samples, analysis of

maps and aerial photographs, and review of existing geological data.

GEOPHYSICAL METHODS

Geophysical methods include shallow seismic refraction profiling for water -table and beachrock

mapping, deep explosive -source seismic refraction techniques for subsurface stratigraphic and bedrock

topographic mapping, earth resistivity methods to locate water- quality interfaces, and gravity and

magnetic surveying to estimate depth to bedrock.

HYDROLOGICAL METHODS

Hydrological methods include exploration, mapping, and evaluation of groundwater, Gulf, estuarine,

and combined seawater sources. Slim -hole test -well drilling (Figure 1), Gulf data, estuarine

profiling, and conjunctive -use analyses were performed. Previous data were reviewed, and results of

geological and geophysical investigations were synthesized and incorporated. Limited hydrologic

modeling, graphical data analysis, and relative alternative cost considerations were completed.

EXPLORATION RESULTS

The complete results of this study were presented to the Environmental Research Laboratory as a

three -volume report (Water-Supply Study Team, May 1979). The following is paraphrased from that

report.

The study area has a dry tropical, warm desert climate, and is part of a young, neotrailing edge

coast of the Gulf of California. Soils are recently formed, without developed profiles. Vegetation is

desert, intertidal, and marine. Hydrology is controlled by low rainfall and high tidal pulses, though

older inland sea levels and evaporating basins influence current groundwater.

Surficial geologic units include a Pleistocene aged coquinoid beachrock (coquina) along the Gulf

coast, Recent beach and dune sands, and estuarine deposits. Subsurface geologic units in the region

include Peñasco basalt, the coquina, Estero sand, Cerro Peñasco regolithic conglomerate, and a Mesozoic

aged granitic bedrock. Subsurface units in the study area include the coquina, Estero sand, and

granitic bedrock.

The Gulf of California is subject to the second highest tides in North America. The Estero shows

the same tides with distortion. The maximum surface -water volume in the western arm of the Estero

Marue is about nine million cubic meters. Though the water supply in the Gulf and Estero is

essentially infinite, seasonal temperature variations reduce its potential supply for intensive shrimp

aquaculture.

A thick, fairly uniform, fine sand (0.16 mIn), the Estero sand, occurs in the study area. It is at

least from 460 to 490 m thick, comprises a water -table aquifer, has a very low permeability (4 m /day),

ana contains highly saline groundwater. Relatively deep, low yielding, 6.3 -lps wells are possible in

the Estero sand.

A thin, coquinoid beachrock occurs along the Gulf coast near the study area. It is from 6 to 21 m
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EXPLORATION METHODS

Exploration methods include those required for geological, geophysical, and hydrological
investigations.

GEOLOGICAL METHODS

Geological methods include field studies in the study area, beachrock studies at selected coastal
and estuarine localities, laboratory examination of well cuttings and pit and soil samples, analysis of
maps and aerial photographs, and review of existing geological data.

GEOPHYSICAL METHODS

Geophysical methods include shallow seismic refraction profiling for water -table and beachrock
mapping, deep explosive -source seismic refraction techniques for subsurface stratigraphic and bedrock
topographic mapping, earth resistivity methods to locate water -quality interfaces, and gravity and

magnetic surveying to estimate depth to bedrock.

HYDROLOGICAL METHODS

Hydrological methods include exploration, mapping, and evaluation of groundwater, Gulf, estuarine,
and combined seawater sources. Slim -hole test -well drilling (Figure 1), Gulf data, estuarine
profiling, and conjunctive -use analyses were performed. Previous data were reviewed, and results of
geological and geophysical investigations were synthesized and incorporated. Limited hydrologic
modeling, graphical data analysis, and relative alternative cost considerations were completed.

EXPLORATION RESULTS

The complete results of this study were presented to the Environmental Research Laboratory as a

three -volume report (Water- Supply Study Team, May 1919). The following is paraphrased from that
report.

The study area has a dry tropical, warm desert climate, and is part of a young, neotrailing edge
coast of the Gulf of California. Soils are recently formed, without developed profiles. Vegetation is
desert, intertidal, and marine. Hydrology is controlled by low rainfall and high tidal pulses, though
older inland sea levels and evaporating basins influence current groundwater.

Surficial geologic units include a Pleistocene aged coquinoid beachrock (coquina) along the Gulf
coast, Recent beach and dune sands, and estuarine deposits. Subsurface geologic units in the region
include Peñasco basalt, the coquina, Estero sand, Cerro Peñasco regolithic conglomerate, and a Mesozoic
aged granitic bedrock. Subsurface units in the study area include the coquina, Estero sand, and
granitic bedrock.

The Gulf of California is subject to the second highest tides in North America. The Estero shows
the same tides with distortion. The maximum surface -water volume in the western arm of the Estero
Marua is about nine million cubic meters. Though the water supply in the Gulf and Estero is
essentially infinite, seasonal temperature variations reduce its potential supply for intensive shrimp
aquaculture.

A thick, fairly uniform, fine sand (0.16 mm), the Estero sand, occurs in the study area. It is at
least from 460 to 490 m thick, comprises a water -table aquifer, has a very low permeability (4 m/day),
and contains highly saline groundwater. Relatively deep, low yielding, 6.3 -lps wells are possible in

the Estero sand.
A thin, coquinoid beachrock

occurs along the Gulf coast near the study area. It is from 6 to 21 m
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thick, comprises a water -table aquifer, has a relatively high permeability, and contains seawater.

Relatively shallow, high yielding, 63 -lps wells are possible in the coquina.

CONCLUSIONS

Conclusions are based on consideration of water- quantity and quality requirements, and what was

found in the study area.

1. Inland groundwater development is limited by low permeabilities, high salinities, and

potential well -completion and land- subsidence problems. Artificial recharge is likewise

restricted.

2. Coastal groundwater development is possibly sufficient for a ten -hectare facility if a long

enough stretch of land is available.

3. Combined use of surface -water and groundwater sources is possible if surface waters can be

stored and insulated.

4. If appears infeasible to meet the ten -hectare requirements in the study area without

groundwater contribution.

5. Engineering water- supply costs are lowest with increasing groundwater contributions.

RECON41ENfATIONS

The following hydrological recommendations are made:

1. Drill large- capacity, deep, production -test wells in the study area and along the Gulf coast

for detailed logging, sampling, aquifer test, and analyses. This is needed to obtain better

estimates of aquifer properties, water quality, and well performance, in addition to deeper

and more comprenhensive lithologic and hydrologic information.

2. Mathematical modeling and analysis of groundwater heat flow, water -quality effects, and

potential well -field designs and impacts for beachrock development.

3. Engineering analysis and field testing of various methods of well design, completion, and

development to increase future well performance.

The following management recommendations are made:

1. Conduct a hydrological investigation along a Gulf coastal strip in the beachrock zone

adjoining the U.E.P. The strip should extend at least 1500 m along the shore and a least 150

m inland.

2. Relax water -quality constraints on water supply.

3. Reduce new seawater demand.

4. Treat and reuse aquacultural wastewater.

MORE RECENT WORK

A second study phase was completed (Popkin, 19'9, 1980a) by the Environmental Research Laboratory.
This phase combined the first hydrological and management recommendations. Five well sites were

evaluated, one near the Shipwreck in the 850 -ha study area, and four along the coastal strip east of

the 0.1.P. (Figure 2). A 6 -in. direct rotary supply and observation well, and a nearby 16 -in. reverse

circulation test -production well, were completed at each site.
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Results showed the following:

1. Coquina was absent, but a thin, non- extensive alluvial gravel was found near the Shipwreck.
Large -scale groundwater development cannot be maintained in this material which contained
highly saline water.

2. About seven meters of coquina, with an average particle size of 2.0 mm, was found in the Gulf
coastal wells, 240 m inland. This water -table aquifer is highly permeable (180 m /day), and
contains seawater.

3. Recharge from the nearby Gulf guarantees a continuous seawater source to potential well fields
along the Gulf coast.

4. The coquina aquifer along the Gulf coast can sustain 63 -ips wells, with current methods, and
likely greater than 95 -lps wells with improved methods.

Phase II conclusions are that 36 ha of aquacultural development are possible, if all coastal land
were available, from a well field paralleling and within 90 m of the Gulf. If about 3050 m of coastal
land were available, which appears likely, a filtered, temperate seawater supply could support 12
aquacultural hectares from a similar well field.

Recommendations from this recent work include continued well- performance improvements, inland
drilling from the coast to determine inland extent of coquina, and mathematical modeling. Hopefully,
these activities will comprise a third water -supply study phase. Concurrently, well and well -field
designs are being evaluated. These designs are discussed in an accompanying paper to these proceedings
(Popkin, 1980b) .
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ABSTRACT

The University of Arizona's Environmental Research Laboratory, with the Universidad de Sonora, has
operated a research station at Puerto Peñasco on the northeastern Gulf of California, Sonora, Mexico,

since 1962. Research projects have included solar distillation, greenhouse agriculture, shrimp

aquaculture, and halophyte irrigation. These require a dependable supply of filtered, temperate

seawater. Proposed aquacultural expansion requires a large water supply. The thin, coastal,

water -table coquinoid- beachrock aquifer has a high permeability, contains seawater and could sustain

high yielding wells from a limited area. Well performance indicators (yield, specific capacity,

efficiency and losses) are influenced by design, drilling, development and siting, and aquifer

properties and hydrogeologic boundaries. Design should include full aquifer penetration, open -area

screens, sized gravel pack and proper pump sutmergence. Drilling should be by mudless reverse

circulation. Development should consist of simultaneous air lifting and jetting. Siting should

include proximity to the recharging Gulf and adequate well spacing. Total well -field production is

controlled by individual and collective well performance, and by regional hydrogeologic conditions.

INTRODUCTION

The University of Arizona's Environmental Research Laboratory ( ERLAB), with Universidad de Sonora,

has operated a research station (U.E.P., Unidad Experimental Peñasco) at Puerto Peñasco on the

northeastern Gulf of California, Sonora, Mexico, since 1962 (Figure 1). Research projects have

included solar distillation of seawater, greenhouse vegetable agriculture, controlled- environment

shrimp aquaculture, and halophyte irrigation. These require a dependable supply of filtered, temperate

seawater.

In 1978, a one -acre prototype shrimp farm was built. The facility's success has encouraged

proposed aquacultural expansion, which requires a large water supply. Various water -supply studies

have sought to describe the local hydrogeology, assess the feasibility of expansion, and evaluate

aquifer and well performance (Riley and Percious, 19/4; Percious, 19/6; Water -Supply Study Team, 1979;
Popkin, 1979, 1980; and DeCook and others, 1980).

This paper summarizes current thinking on well -field design criteria for groundwater development

of coastal seawater at Puerto Peñasco. This thinking is based on a combination of hydrogeologic

theory, engineering and field experience, professional and trade literature, consultation, and

water -well and pump institutes.

WATER WELLS

Water wells are constructions which allow the development of a groundwater source. They are

commonly vertical. Wells usually consist of a casing and screen, possibly a gravel pack, and a pump.

Water -well performance includes factors, indicators, improvements, and effects.
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WELL -PERFORMANCE FACTORS

Well- performance factors include design, drilling, development, siting, and aquifer properties and
hydrogeologic boundaries. Wells should be completed and maintained to take best advantage of the

hydrogeologic environment to achieve best well performance.

WELL -PERFORMANCE INDICATORS

Well- performance indicators include well yield, drawdown, specific capacity, well and aquifer

losses, and well efficiency. Best performing wells will have high yield, capacity and efficiency, with
relatively low drawdown and well losses.

Indicators for future good -performing, coastal seawater wells in Peñasco are anticipated to have a
well yield of 1,500 to 2,000 gpm, drawdown of 25 to 30 ft, specific capacity of 50 to 70 gpm /ft, well

losses of five to ten ft, and well efficiency of 40 to 50 percent. Current wells show well yields of

250 to 1,000 gpn, drawdowns of 20 to 40 ft, specific capacities of 11 to 54 gpm /ft, well losses greater

than 10 ft, and efficiencies of less than 25 percent for the eight existing production or

production -test wells in the coquina.

Once the aquifer properties are estimated from pumping tests, some useful equations for

well -performance indicators are:

SC = (T x E) / (1440 x 100) , (1)

Y = SC x D, (Todd, 1964) (2)

D = B Q +C Qn, (Todd, 1964) (3)

E= (100 xBQ) /D, (4)

where SC is specific capacity (gpn /ft), T is aquifer transmissivity (gpd /ft), E is well efficiency

(percent), Y is well yield (gpn), D is drawdown (ft), B Q is aquifer loss (ft) and C Qn is well loss

(ft), Q is well discharge (cfs), and n is generally 2.00. B is the aquifer loss constant (sec/ft2) and
is equal to In (ro/rw) / 2,,Pb, where ro and rw are radii of influence and well (including gravel pack)

respectively, P is aquifer hydraulic conductivity (ft /sec), and.b is saturated aquifer thickness (ft).
C is the well loss constant (sect /ft5). Related methods of estimating efficiency and well losses

include time- drawdown analysis of multiply space observation wells (Johnson, 1975) and step-drawdown or

production tests (Walton, 1970). Well efficiencies of the best, newly drilled wells are probably no

better than 70 percent.

WELL -PERFORMANCE IMPROVEMENTS

Improvements in existing wells may include simultaneous pumping and jetting for redevelopment,

bailing for well cleaning, removing screen encrustation by acidizing or low- explosive blasting, well
deepening to screen more of the aquifer, lowering pump bowls to increase pump submergence and reduce

cavitation, shrouding pumpimpellars against screened zones to better distribute entrance velocity and
provide pump cooling, redesigning pumps for higher efficiency, installing recharge sources in the zone

of influence, and sealing aerated screens and /or using floating baffles to reduce cavitation.

Improvements in planned wells include use of best design, drilling, development, and siting. Well

design should include strong and stable well materials, full aquifer penetration, open -area screens,

sized gravel pack, and proper pump submergence. Well drilling should be by mudless reverse

circulation, with nearby supply- observation well or wells for proper aquifer tests. Aquifers may be

stimulated with acid, hydraulic pressure, or blasting, in some cases, to decrease flow resistance near

a well. Well development should consist of simultaneous air lifting and jetting to remove fines and
settle gravel pack. Well siting should include proximity to recharge source, and adequate well spacing
to minimize well interference.

Existing seawater production wells in Peñasco use: slotted fiberglass, asbestos cement, or

polyvinyl chloride casing (six- percent open area); some slotted sections above the pumping water level;

coarse, angular and unsorted gravel; and inadequately submerged pump bowls. They were drilled

initially by direct rotary, and later by reverse circulation. Development was by air lifting and

overpumping. Observation wells were not installed with the initial direct rotary wells, though they

were completed with reverse circulation wells. Proximity to the recharging Gulf and well spacing are

adequate. Asbestos cement casing unfortunately has a tendency to separate.
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Future wells (Figure 2) should screen the lower 5 /6ths of the coquinoid aquifer with at least
16 -in. diameter, fairly open (>50%), wire -wrapped #316 stainless steel, use round and smooth 1/8 to 1/4
inch gravel for three -inch gravel pack, and have a pump sump. Mudless reverse- rotary drilling, and
simultaneous air lifting and jetting well development should be used. Careful siting to recharge
source and for well spacing should be reviewed.

WELL -PERFORMANCE EFFECTS

Well- performance effects include cost, energy, engineering, supply and quality considerations.
Poorly performing wells have lower yields, higher drawdowns, lower specific capacities, higher well
losses, and lower efficiencies. They increase pumping costs, require more wells, pumps and controls
for the same total design yield, and need more frequent maintenance and replacement. They lead to
overestimation of aquifer storage, and underestimation of aquifer transmissivity and hydraulic
conductivity, which leads to underestmating well -field potential, and available groundwater, and
overestimating arrival time of contaminants. Poorly performing wells increase sand pumping, gravel
pack instability, screen corrosion, and localized subsidence, and decrease well life. Wells sited too
far inland may induce flow of highly saline groundwater.

WATER -WELL FIELDS

Well fields are composed of two or more production wells. Properly designed fields should
maximize water production, minimize production costs, and provide an adequate and potential water
supply for the project life.

TRANSIENT CONDITIONS

Short -term well -field operation may only respond to transient conditions, until equilibrium or
steady state is reached. Equilibrium occurs when drawdown becomes constant. Well interference, and
hydrogeologic barriers are particularly important during transient conditions.

Aquifer transmissivity and storativity, anticipated well yield, and Theim and Theis type analyses
are used to space wells to minimize well interference (Todd, 1960, 1964; Viesanan and others, 1977).
The total drawdown at a well in a field is the sum of drawdowns induced by interfering well yields. A
hydrogeologic barrier or recharge boundary can be mathematically analyzed as an image source or sink
(Jacob, 1950; Wisler and Brater, 1959; Todd, 1960, 1964; DeWiest, 1965; Viessman and others, 1977).

EQUILIBRIUM CONDITIONS

When steady state is reached, anticipated well yield and drawdown, and aquifer hydraulic
conductivity, saturated aquifer thickness, and recharge boundary are the controlling factors of
well -field performance for a linear well field paralleling the Gulf coast. Since the recharging Gulf
acts as the steady -state water source to nearby wells, well and field yields are dependent on the
distance of the field to the recharge boundary, the length of the boundary through which recharge water
flows to each well, and hydraulic properties of the aquifer.

A LINEAR COASTAL WELL FIELD

A linear coastal well field may be designed from steady -state considerations. The following
analysis can be applied to a continuous or segmented well field. If the anticipated yield of each
well is Q w (gpm), based on well- performance characteristics, the recharge border yield to each well is
Q b (g[m), and convergence loss factor of (1 -f) occurs, then the following equation relates border yield
to well yield.
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Qw= f Qb. (5)

Values of f likely range from 0.50 to 0.70 (see Appendix).

The recharge border yield is derived from the continuity equation of discharge equals velocity
times cross- sectional area, or

Qb =c VA =c K IA =c KDRB /G, (6)

where Qb is recharge border yield (gpn), V is groundwater flow velocity (ft /day), A is cross -sectional
area of flow (ft2), K is aquifer hydraulic conductivity (ft /day), I is groundwater hydraulic gradient,

D is drawdown in the pumping well (ft), G is inland distance of the well field from the Gulf recharge
boundary (ft), R is distance between production wells (ft), and B is saturated aquifer thickness (ft).

The c is a unit conversion factor, equal to 7.48 gal /ft3 /1,440 (min /day), or 5.19 X 10 -3.

This analysis assumes that the static groundwater level is approximately equivalent to sea level,
so that drawdown D represents the change in hydraulic head from the recharge boundary to the pumping
well.

Substituting equation 6 in equation 5, and rearranging terms, we can calculate the maximum
allowable distance between wells, R, by

R= G Qw/ c f K D B, (7)

and for the maximum allowable distance between the well field and the Gulf recharge boundary, G, by

G =c f KDBR /Qw. (8)

The calculation is made by first estimating R or G (see Appendix). If the length of available
land paralleling the recharging Gulf is L (ft), the number of possible wells, N, from this analysis is

N =L /R, (9)

where N is rounded off to the lower integer.

The total water yield from the production field, Qt (gpn), is

Qt = N Qw . (10)

If the aquacultural water -use rate is Qt, (gpn /ac), then the total design aquacultural acreage or
farm size, F (ac), is

F=Qt /Qu, (11)

where F is rounded off to the lower integer.

PROJECTED WELL FIELD

Two linear coastal well fields are hypothetically projected in the coquinoid aquifer paralleling
the coast, based on the above analysis. If all the coastal land from Cerro Peñasco to the Estero Marua
(Figure 1) is available for a well field, 60 wells could provide enough water for about 90 acres of
shrimp aquaculture. If the coastal land from the U.E.P. to the Las Conchas Park is available, 20 wells
could provide enough water for about 30 acres of shrimp aquaculture.

CONCLUSIONS AND COMMENTS

Total well -field production is controlled by individual and collective well performance, and by
regional hydrogeologic conditions. Proper design, drilling, development and siting of a linear well
field, paralleling the Gulf coast of Puerto Peñasco must take advantage of the recharging Gulf. Such a
well field can provide large, dependable amounts of filtered, temperate seawater for

controlled- environment shrimp aquaculture.

Complete well -field analysis should include evaluation of aquifer, well, field, pump, hydraulic,
energy, and water -use components. Though economics, land -use impacts, and pipeline engineering are not
reviewed here, the operation of a large -scale coastal seawater well field for aquaculture appears
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feasible in Peñasco.

Well testing, maintenance, treatment and pump selection are not discussed here, as there is
abundant literature (See References). Wells require proper and periodic testing to evaluate
performance, maintenance to continue best operation, and treatment to correct declining production.
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APPENDIX

It is useful to make a plot of inland distance of a linear well from the Gulf recharge boundary

(G), versus steady state well drawdown due to well interference and Gulf recharge for a family of wells

a given distance apart (R). Such a plot is made using aquifer properties of transmissivity and

storativity, long -term pumping time (ten years), well yield, and the Theis equations applied to

discharge wells and recharge images. From this plot, it is possible to select a suitable combination

of R and G to give acceptable interference drawdown (see equations 7 and 8). It appears that an R of

about 500 ft, and a G of about 300 ft is the optimal siting, given a transnisssivity of about 200,000
gpd /ft and a storativity of about 0.25. This is equivalent to an f value in the range of 0.50 to 0.70

(See equation 5), where f reflects convergence losses from a recharge border to a well, or the

cumulative drawdown impact from interfering wells and recharge images.
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Figure 2.

Sketch of Proposed Well Design
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WAX WATER -HARVESTING TREATMENT
IMPROVED WITH ANTISTRIPPING AGENT AND SOIL STABILIZER

by

Dwayne H. Fink
U. S. Department of Agriculture, Science and Education Administration

INTRODUCTION

Presently, with wax -treated water -harvesting catchments, the wax serves both as the water repellent
and the soil stabilizer (Fink et al., 1973; and Cooley et al., 1978). This works adequately for most
sandy loam soils because they already have considerable structural stability in the dry, compacted
state. The wax preserves that structural stability primarily by keeping the soil dry.

However, other textural -type soils are more difficult to treat: sandy soils erode easily, whereas
clay loam or finer textured soils are subject to shrink -swell and freeze -thaw cycling damage. These
structural problems can be partially overcome by increasing the wax application rate from 1 to 2
kg /m2 or more, (Frasier et al., 1980). However, this increase may not be the best solution: (1) these
petroleum derivatives are becoming increasingly expensive; (2) waxes are not good soil stabilizers,
bonding only weakly to soil surfaces; and (3) theoretically at least, only small amounts of wax are
required to obtain adequate water repellency. A logical solution would seem to be to stabilize the
soil by some other means, and use only enough wax to create the water -repellent surface.

Soils are stabilized to stop water and wind erosion and /or convert the soil to a load- bearing
surface; they are conditioned to improve their physical agronomic properties, such as aggregate stabil-
ity, tilth, water -holding capacity, and aeration. These two (stabilization and conditioning) are
related since both imply manipulation of soil physical properties. Stabilization, however, usually
requires greater alteration.

Many techniques and materials have been tested to alter soil -physical properties. Many involve
some organic or inorganic additive mixed with or sprayed on the soil (Ingles, 1968; Lyles et al., 1969;
and Sultan, 1974). For example, various carbohydrates have been used, but mainly as soil conditioners
(Lynch et al., 1956; and Parfitt and Greenland, 1970). One of the most promising carbohydrate soil
conditioners is cellulose that has been xanthated to make it water -soluble for application ease (Smith
et al., 1958). Menefee and Hautala (1978) found that this cellulose xanthate also could be used for the
more rigorous demands of soil stabilization.

Since waxes form only weak bonds with the soil surfaces, water can easily interpose itself at this
interface and "strip" off the wax. This same phenomenon operates to destroy asphalt roads -- especially
in cold, wet climates. Many "antistripping" agents have been developed that, when added to asphalt,
selectively and strongly hind to the rock aggregate, preventing this water intrusion at the interfaces
(Ma_jidzadeh and Brovald, 1968).

'in this study, soil from a potential runoff -farming site was evaluated in the laboratory to deter-
mine if cellulose -xanthate soil -stabilizer and an anti- stripping agent would make wax- treated soil more
resistant to the physically destructive forces of water erosion and freeze -thaw cycling. Furthermore,
these treatments were also evaluated to determine whether wax -treatment cost could be reduced by using
a surplus, residual -grade wax applied at a low application rate. The experiment was designed to deter-
mine optimal field application rates of these three materials for treating the water- catchment area of
the runoff -farming site.

The author is a Soil Scientist at the U. S. Water Conservation laboratory, 4331 East Broadway, Phoenix,
Arizona 85040.

Trade names and company names are included for the benefit of the reader and do not imply any endorse-
ment or preferential treatment of the product listed by the U. S. Department of Agriculture.
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METHODS

The runoff -farming site is located on Prescott National Forest land near Camp Verde, Arizona. The
red -colored, well -graded, fine -sandy- textured soil apparently is depositional material that eroded from
weathered sandstones and shales of the nearby Colorado plateau. Soil for the laboratory analyses was
sieved (<2 mm) to remove trash and stones. Textural analyses of the <2 -mm fraction showed the soil was
79, 13, and 8% sand, silt and clay, respectively.

Sample preparation procedures were similar to those already described (Fink, 1976). Ninety samples
were prepared: 150 g of the soil was placed into each 9 -cm- diameter petri dish, smoothed, uniformly
wetted, packed, and air dried. The experimental design for treatments is shown in Table 1, and in-
volved three levels of soil stabilization, with two waxes applied at three rates, each amended with
five levels of antistripping agent.

The soil stabilizer was cellulose xanthate, prepared from used computer cards according to the
method of Menefee and Hautala (1978). Xanthate was applied at three levels for stabilization: controls
which received no xanthate, and samples sprayed with 1.5 14/m2 of water solutions of the xanthate, con-
taining 0.2 and 0.5% by weight of cellulose. Samples were air dried for several days prior to treating
with wax.

The two waxes tested were refined paraffin (128 -131 AMP) and Chevron Unrefined (slack) Wax 140.
The slack wax is a residual product of the refining process and contains a mixture of long- chain,
branched paraffins, and other complex hydrocarbons. It congeals at 61 C and contains 18% oil. The

antistripping agent was Trymeen 6639, a cationic, nitrogen- containing formulation developed primarily
for the asphalt industry. Antistrip -wax mixtures of 0, 0.5, 1, 2 and 4% by weight of antistripping
agent were prepared. These mixtures were brushed onto the soil samples as hot melts and further
melted -in, using heat lamps. Application rates of the wax -antistrip mixtures were 0.25, 0.5 and 1.0
kg /m2. The peripheral edges of the soil samples were sealed to the glass dishes with a ring of high
melting paraffin to prevent water wicking.

The treated samples were subjected to the weathering -testing sequence shown in Figure 1. Samples

were tested initially for water repellency and structural stability using the 4- hour -hydration test
(Fink, 1976). In this test, a large (about 3- cm- diameter) water drop was placed atop the center of
the treated sample surface. By definition, if the drop completely infiltrated the soil within 4 hours,
or if the soil beneath the drop swelled and subsequently cracked upon drying, the sample was judged to
have failed and was not tested further.

Samples that passed the initial 4- hour -hydration test were next evaluated for structural stability
against water erosion using the dripolator test (Fink, 1976). For this test, 1000 5 -mm- diameter water

drops were dropped onto the center of the treated soil surface from a 2 -m height in 5 minutes. Again,

by definition, samples were judged to have failed if resultant pitting punctured the treated surface
layer.

Samples surviving the initial tests were subjected to a cyclic weathering- testing sequence that
included accelerated weathering in a freeze -thaw chamber, another 5- minute dripolator test, air

drying, and another 4- hour -hydration test. A 3 -cm diameter water drop was centrally placed on top
of the soil of samples in the freeze -thaw chamber, and the chamber was cycled between + 20 C at 7 to
9 cycles /day. After a day, the samples were taken out, given the dripolator test and the 4-hour-
hydration test, and then placed back into the freeze -thaw chamber. This sequence of weathering and
testing was repeated until the sample either failed one of the two tests (loss of structural stability
or water repellency) or attained a total of 200 minutes under the dripolator (40 dripolator events and
a total of 340 freeze -thaw cycles). Samples that cracked were noted, but were continued in the normal
testing sequence.

RESULTS

All samples passed the initial 4- hour -hydration test, i.e., all had liquid water remaining on the
soil surface after 4 hours, and none of the samples swelled and cracked upon drying. The area under
the large drop remained relatively constant during the 4 hours for most samples; i.e., evaporation
reduced only the height of the drop. However, some water spreading occurred on some samples treated
with the combination of slack wax and the two highest rates of the antistripping agent. Presumably,

if antistripping agent is present in excess of that needed to coat the soil, it reacts with compounds
in the slack wax and becomes concentrated at the planar surface in an orientation exposing enough polar
or other high surface energy groups to the water interface to permit spreading. No spreading was

observed on any sample during the second 4- hour -hydration test. Two intervening 5- minute washes under

the dripolator must have effectively removed these high energy molecules from sample surfaces.

All samples also passed the initial 5- minute dripolator test. Untreated soil samples will erode
to the bottom of a petri dish in only a matter of a few seconds, indicating the severity of the test.
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Samples were then subjected to 9 freeze -thaw cycles, and given another dripolator test. All three
paraffin -only treatments and the 0.25 -kg /m2 slack wax treatment failed this test by eroding through the
treated soil zone (top row of data of Table 1). The two higher slack wax treatments lasted only
slightly longer (22 and 30 minutes). This quick failure was not surprising; previous laboratory studies
had shown that most wax treatments were rather vulnerable to the destructive forces of freeze -thaw
cycling, provided that water was present on top of the soil (Fink and Mitchell, 1975). Generally, more
than 1.0 kg /m2 wax was necessary under freeze -thaw weathering conditions for the wax to serve both as
a water repellent and as a soil stabilizer. Undoubtedly, at such large application rates, the wax acts
more as a water barrier than as a water repellent.

Complete results of the time the samples survived under the dripolator are listed in Table 1. I

did not distinguish whether the samples finally failed by the dripolator or by the 4- hour -hydration
test, because in either case the gradual erosion of the treated zone was responsible for failure.

The top three rows of data in Table 1 show the combined effects of the cellulose xanthate soil
stabilizer and the two waxes -- without benefit of antistripping agent. Increasing the application rate
of xanthate increased weatherability in all but one instance. Increasing the wax application rate also
generally improved weatherability.

What constitutes an adequate treatment based on these results is somewhat arbitrary. Data from
several weather stations near the runoff- farming site indicated that the area of the site naturally
undergoes between 50 to 100 freeze -thaw cycles each year. Of course, only a small fraction of these
cycles are associated with the wet conditions necessary for treatment degradation. Based on this
information, I selected 100 minutes under the dripolator as being the minimal necessary survival time
to constitute an adequate treatment for this soil. This represented 180 freeze -thaw cycles.

Based on this survival time criterion, the 1 kg /m2 of paraffin and the 0.5% xanthate in combina-
tion, survived 90 minutes under the dripolator and was almost adequate; and the 0.5 kg /m2 slack wax -
0.5% xanthate combination treatment survived 100 minutes. However, the 1 kg /m2 slack wax -0.5% xanthate
combination treatment survived only 65 minutes. This inconsistency suggested that something more was
needed.

The antistripping agent appears to meet that need. A preliminary study (Fink, 1978) had shown
that adding 5% antistripping agent to wax could markedly improve wax -treated soil's resistance to
freeze -thaw cycling. Table 1 shows that most samples treated with the antistripping agent survived
the 100 -minute minimum survival time under the dripolator, and most samples even survived the 200 -
minute maximum testing limit. One hundred minutes under the dripolator represents 20 5- minute erosion
cycles and 180 freeze -thaw cycles. Two hundred minutes represent 40 5- minute erosion cycles, and 340
freeze -thaw cycles.

However, if this soil was not stabilized with xanthate, one could only be assured of adequate
weatherability (100 minutes under the dripolator) by applying a high rate of wax (1 kg /m2) plus anti-
stripping agent. With the paraffin treatment, 2% antistripping agent was required (180 min); with
the slack -wax treatment, 0.5% antistripping agent was adequate (200 minutes). None of the 0.25- and
0.5 -kg /m2 unstabilized paraffin -antistrip treatments survived the 100 -minute survival time; nor did
any of the unstabilized, 0.25 kg /m2 slack wax antistrip treatments. Two of the unstabilized, 0.5 -kg /m2
slack wax -1 or 2% antistrip treatments survived 200 minutes, but the unstabilized, 0.5 kg /m2 slack wax -
4% antistrip treatment survived only 40 minutes. Thus, for both wax treatments, the 1 kg /m2 rate-
antistrip treatment seems necessary to treat this soil if it has not previously been stabilized with
xanthate. There is no ready explanation as to why the unstabilized, paraffin treatment required four
times as much antistrip as the unstabilized slack wax treatment (2 vs 0.5 %, respectively).

Only by combining all three treatments: xanthate, wax, and antistrip, could high freeze -thaw
weatherability be achieved with really low chemical application rates. Table 1 shows that adequate
freeze -thaw weatherability was attained for this soil with only 0.25 kg /m2 of wax provided that the
soil had been first stabilized with the cellulose xanthate and provided an adequate amount of
antistrip was present.

Results using the low rate (0.25 kg /m2) were slightly different for the two waxes. For the paraf-
fin, adequate weatherability was attained with the high xanthate concentration (0.5 %) and 2% antistrip
in the paraffin. For the slack wax, adequate weatherability was attained with either the 0.2 or 0.5%
xanthate solution and only 0.57 antistrip in the wax. The 0.5% xanthate concentration provided slightly
better weatherability than the 0.2% concentration, so the higher xanthate rate is preferred for either
wax. Again, the slack was required only one -fourth as much antistrip as did the paraffin (0.5 vs 2 %).

Since the antistripping agent is the most costly of the three soil additives, it is prudent to use
as little as possible. If the antistrip serves no other useful function than to prevent infusion of
water between the soil -wax interface, then only enough antistrip is needed to coat this interfacial
surface. In Figure 2, the resistance to weathering is plotted vs the accumulated amount of antistrip-
ping agent added to unit planar area of the sample for the paraffin was treatments. Weatherability is
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clearly maximized at about 5 g/m2 antistrip, and practically nothing is gained by adding more antistrip.
The slack wax treatment required only 1.25 g /m2 of antistrip for maximum benefit. Possibly the slack
wax naturally contains molecules that bond tightly to the soil and compete successfully for adsorption
sites with the antistripping agent.

Cracking of wax -treated catchments could constitute a serious problem because of enhanced potential
for water infiltration and channeling. Table 2 summarizes the data shown in Table 1. None of the 45
slack wax -treated samples cracked, whereas 20 of the 45 paraffin samples did. Incongruously, stabili-

zation intensified cracking. Cracking was greatest for the treatment combination of stabilizer (either
rate) and lowest rate of paraffin, but was unrelated to the amount of antistripping agent present.
These results, combined with economic considerations, essentially rule out paraffin as a potential
treatment for this runoff -farming site.

The recommended treatment for this site, then, will be to compact the soil when wet, stabilize it
when dry with a 0.5% concentration of cellulose xanthate applied at 1.5 R /m2, and then make it water
repellent with 0.25 kg /m2 slack wax, containing 0.5% of the 6639 antistripping agent.

Chemical costs (1979) for this treatment would be less than 10 cents /m2 ($1000 /ha or $400 /A). If

runoff (treated) and runon (untreated) areas are equally divided, treatment costs for the combined
areas would be half those listed above ($500 /ha or $200 /A). Corresponding water costs attributable to
the chemicals would be $160 /thousand cubic meters ($200 /acre -foot) in this 300 -mm (12 -inch) rainfall
zone (assuming 100% runoff from treated areas), if principal costs are amortized the first year.
Actually, there would be 600 mm (2 ft) of water available to the crop; half from direct precipitation
and half from runoff. By amortizing costs over 10 years (estimated treatment life expectancy), this
water cost due to chemicals is reduced to only $16 /thousand cubic meters ($20 /acre- foot). These costs

must be correspondingly altered as the ratio of runoff to runon area is adjusted to meet the crop's
water requirement. Accordingly, selecting crops with low water requirements, and sites with high
precipitation would reduce the water -harvesting treatment costs.

These low water costs make this runoff -farming treatment attractive for a number of applications,
including growing certain high value crops, landscaping, and vegetation establishment of disturbed
lands.

CONCLUSIONS

1. Laboratory studies showed that an antistripping agent -wax additive markedly improved the structural
stability of a wax -treated soil against the destructive weathering forces of freeze -thaw cycling.

2. Treating soil with cellulose -xanthate (a soil stabilizer made from waste paper) before coating

with wax also improved performance.
3. Combining the three treatments, i.e., stabilizing the soil with cellulose xanthate (0.5% solution

applied at 1.5 i /m2) and adding 0.5% antistripping agent to the wax provided adequate structural
stability and water repellency, using only 0.25 kg /m2 of an inexpensive residual -grade slack wax.

4. Cost of chemicals for this treatment (1979 prices) on this soil was less than 10 cents /m2, making
the treatment attractive for certain high value runoff -farming crops.

5. Water costs (based on initial cost of the chemicals only) were estimated at $16 /thousand cubic
meters ($20 /acre -foot), based on a crop requiring only 2 acre -feet of water per year, grown in
a 300 -mm (12 -inch) rainfall zone, and assuming a 10 -year treatment life.
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Table 1. Structural stability (minutes under dripolator) of a variously amended wax -

treated soil as affected by freeze -thaw cycling.

Structural stability

Paraffin (kg /m2) Slack wax (kg /m2)

Antistrip Xanthate 0.25 0.5 1.0 0.25 0.5 1.0

% % min

0 0 10 10 10 8 22 30

0.2 231/ 221/ 35 30 30 100

0.5 301/ 30 90 80 100 65

0.5 0 17 21 70 45 35 200=/

0.2 231/ 60 1601/ 95 135 200

0.5 80 301/ 200 200 200 200

1.0 0 23 23 65 35 200 200

0.2 551/ 135 2001/ 90 200 200

0.5 351/ 2211'2/ 200 200 200 200

2.0 0 40 65 180 40 200 200

0.2 75 1881/ 2001/ 178 200 200

0.5 1001/ 2001/ 2001/ 95 200 200

4.0 0 401/ 501/ 200 90 40 200

0.2 751/ 2001/ 200 200 200 200

0.5 2001/ 200 200 200 200 200

1/ Surface cracks developed during weathering.
2/ Sample inadvertently destroyed.
3/ Testing was terminated after 200 minutes under the dripolator.

Table 2. Number of samples which cracked during testing.

Slack wax Paraffin (kg /m2)

Xanthate (all 3 rates) 0.25 0.5 1.0 Total

no.

0 0 1 1 0 2

0.2 0 4 3 3 10

0.5 0 4 3 1 8

Total 0 9 7 4 20
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Figure 2. Structural stability (minutes under dripolator) of stabilized, paraffin- treated soil as a
function of amount of antistripping agent applied per unit planar soil area.
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THE MOUND AND VALLEY WATER HARVESTING
SYSTEM: A POTENTIAL MINE RECLAMATION ALTERNATIVE

by

Charles L. Constant and John L. Thames
School of Renewable Natural Resources

University of Arizona
Tucson, Arizona

ABSTRACT

A mound and valley water harvesting system was installed adjacent to Peabody Coal Company's Kayenta
mine on Black Mesa in the spring of 1979. The project is testing the effects of four water catchment
treatments (natural, seeded, compacted, and salted and compacted) on the establishment and production of
four plant species (yellow clover, crested wheatgrass, four -wing saltbush, and western wheatgrass). The
site consists of three parallel mounds or catchment areas (with 13 to 16% slope) alternating with two
topsoiled (10 to 12 inches deep) collection valleys (800 feet long and 120 feet apart). This past grow-
ing season was dry (3.35 inches). Despite the drought, plants did establish and survive. The plant
density was not high, but it greatly exceeded that of Peabody's reclaimed and planted areas. Even in
places where some plants germinated early in the season, the subsequent dry period took an extremely
high toll. At present the vegetation on the site is undergoing severe stress, but with decreasing tem-
peratures it appears likely that survival will remain satisfactory until freezing weather. By using
this technique the average cost per acre reclaimed could be reduced significantly.

INTRODUCTION

Black Mesa is a region rich in coal located in the northeastern portion of Arizona known as Navajo
Land. In the next 25 to 35 years Peabody Coal Company intends to strip mine an area of approximately
14,000 acres. This semi -arid area lies at an elevation between 5,500 to 7,000 feet. The geology of
the mesa consists predominantly of outcropings of Navajo sandstone and natrarigid soils. The natural
vegetation of the area depending upon altitude is juniper -pinon, sagebrush, and grassland (Thames and
Verma, 1977). The total annual precipitation ranges between 8 to 15 inches depending upon the location
and altitude on the mesa. Normally the months of July through October have been considered the rainy
season but for the past two summers, 1978 and 1979, rainfall has been abnormally low with only 1.85
and 3.35 inches respectively. Low precipitation and the high evaporation rates, characteristic of the
Black Mesa also prevail over most of the western coal mine region, and greatly complicate the reclamation
of strip mined areas.

In order to cope with these harsh environmental conditions Ronald Sauer, of Battelle Pacific North-
west Laboratories, has developed a mound and valley water harvesting system for concentrating precipita-
tion to maximize crop yield, and to reduce reclamation time and expense of recontouring. The system
works by collecting runoff water from the smoothed slopes of the mine spoils and directing the rainfall
to strips of topsoil placed between the spoil banks. The crops are planted in the topsoil while the
slopes which are the precipitation catchment areas are compacted or otherwise treated to increase run-
off (Sauer and Thames, 1979). The system was tested on simulated mine spoils in the arid Columbian Basin
region in Southeastern Washington and gave promising results (Anonymous, 1978). Described here are the
results of a first test on actual spoil banks of the Black Mesa mine.

SITE CONSTRUCTION

A 4.9 acre mound and valley water harvesting system was installed on the Peabody's Kayenta N -1 mine
of the Black Mesa in the spring of 1979. The purpose of the project is to test the effects of four water
catchment treatments on the establishment and production of four plant species, and to perform a cost
analysis on this technique.

The project site was the only area available at the time of site selection with at least three rows
of ungraded spoil. It was located adjacent to and only one row behind an active pit. The site consists
of three parallel mounds or catchment areas having slopes of 13 to 16% and slope lengths of 56 to 60
feet; and alternating with two topsoiled, 10 to 12 inches deep, collection valleys that are 800 feet long
and approximately 120 feet apart. The collection valleys are oriented north and south. Each collection
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valley was divided into eight, 100 foot vegetative plots which received concentrated runoff from two

400 foot catchment areas. The catchment treatments used were seeded and fertilized, untreated, com-

pacted, and salted and compacted (Figure 1.). The four plant species used in this study were yellow
clover (Melilotus officinalis), crested wheatgrass (A ro ron desertorum), four -winged saltbush (Atri-

plex canescens , and western wheatgrass (Agropyron sm The site construction began on March 23,

1979 and was completed one month later, April 24, with the planting of the four plant species.

Catchment Treatment Sloes

Seeded 8 Fertilized A 9 B
Untreated C 9 D
Compacted E d F
Salted & Compacted G 9 H

Plot No. Seed T e
Yellow Clover

2 Crested Wheatgrass
3 Four Winged Sabbush

4 Western Wheatgrass

Figure 1. Sketch of the mound and valley water harvesting site showing the
four catchments and sixteen vegetative plots.

RESULTS

SOIL MOISTURE

Soil moisture was sampled gravimetrically at monthly intervals in the collection valleys. Samples

were taken from the 0 to 8 cm depth at three points on a transect across each vegetation plot within

each collection treatment for a total of 48 samples on each sampling date.

On August 17, one day following a small storm two replicate samples were also taken from the same
depth from each treatment on the catchment areas and compared to moisture contents of the collection
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areas (Table 1).

Table 1. Moisture content of catchment areas and collection
areas, August 17, 1979.

Treatment Catchment Areas Collection Areas
East Slope West Slope

moisture content -- percent by weight

Seeded, fertilized 3.63 3.90 9.48

Untreated 7.43 6.82 8.82

Compacted 3.19 2.92* 7.96

Salted, compacted 5.42 16.13 11.66

Sample taken in heavily crusted area.

Based on these samples, the data indicate that water content was higher on the collection areas
than the catchment areas for all treatments. The differences between catchment areas and collection
areas followed the order: 1) salt compacted (omitting a sample taken from a salt crusted area);
2) fertilized and seeded; 3) compacted; and 4) untreated. Differences ranged from 6.2 percent for the
salt compacted treatment to 1.7 percent for the untreated area. These differences may be confounded
by the physical differences between treatments in the slopes and areas of the catchments. For example,
the ratio of catchment area to collection is 7.8:1 for the fertilized- seeded treatment, 6.4:1 for the
untreated plot, 8.2:1 for the compacted treatment, and 6.3:1 for the compacted and salted catchment;
respected slopes were 14.2 percent, 13.1 percent, 14.4 percent, and 16.2 percent. Thus, the moderate
differences between these roughly similar catchments could be due in part to configuration rather than
treatment.

During the growing season, from planting on April 24 to the first severe freeze in early October,
moisture contents of each vegetative plot were averaged (n =54 samples /each plot) and compared to the
moisture content Peabody's reclaimed topsoiled area adjacent to the experimental site (Figure 2.).
Moisture contents for all the vegetative plots in the collection valleys were generally higher than
those of the catchment areas (Table 1) and of Peabody's reclaimed area. It was expected that differ-
ences in moisture would be apparent (e.g., more moist along the edges of the slopes) because of uneven
topsoiling. However, the transect data indicated that there may be minor differences in localized areas
but that overall differences were negligible. Plots that exhibited high moisture contents in figure 2
contained depressions where ponding occurred after brief rain showers thus biasing the moisture contents
for those vegetative plots.

Definite conclusions cannot be made from one very dry (3.35 inches of precipitation) summer's data
on differences in moisture content due to the effects of catchment treatment. Confounding factors such
as natural variability, catchment configuration, catchment to collection area ratios, collection valley
leveling, and possible lateral flow of runoff would mask real differences. However, it is apparent that
water content is moderately higher than wilting (6.0 to 7.8% moisture content at 15 bars) thus producing
successful growth in all the vegetative plots.

VEGETATION

The collection areas were planted with four species recommended by the Plant Materials Center of
the University of Arizona. The species are yellow clover, crested wheatgrass, four -winged saltbush,
and western wheatgrass (see Figure 1 for plot arrangement). The seeds were broadcast on April 24 with
a cyclone seeder using application rates of 15 pounds per acre for yellow clover and western wheatgrass
and 10 pounds per acre for crested wheatgrass and four -winged saltbush. These application rates were
recommended by Valley Seed of Phoenix, Arizona. At the time of seeding, one of the catchment areas was
seeded and fertilized with a seed mix used by Peabody Coal Company at a rate of 26 pounds per acre
(Begay, 1979). All plots were fertilized with a 6- Nitrogen -12 Phosphorus -6 Potassium pelletized mixture
at a rate of 120 pounds per acre (Valley Seed, 1979).

Three transects six inches wide and extending across the width of the collection area were estab-
lished on each vegetation treatment plot for density counts and height measurements. The transects were
located in the center and near the north and the south boundaries of each plot for a total of 48 tran-
sects. Measurements were made at monthly intervals.

Plant densities within the vegetation treatments were not high this first season. However, with the
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Figure 2. A comparison of soil moistures and plant growth during the
growing season for four plant species affected by different
catchment treatments.

exception of three transects, all other transects had some of the seeded plants established. The three

transects with no germination were in areas of ponded water which persisted for extended periods after

rain. Some Russian thistle and yellow mustard established naturally on some of the plots, but their
establishment were not extensive.

The plot density summary for the first growing season (Table 2) indicates that yellow clover and
crested wheatgrass germinated the largest number of seedlings per square meter, but also had the highest
mortality rates (50 to 52 %) during the dry summer. Four- winged saltbush and western wheatgrass ger-
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Table 2. Plant density summary for the 1979 growing season
on the mound and valley water harvesting site.

Plant Density (plants /m2)

Yellow Crested Four -Winged Western
Clover Wheatgrass Saltbush Wheatgrass

Catchment
Treatment Germ. Surv. Germ. Surv. Germ. Surv. Germ. Surv.

Seeded and 98 35 19 35 9 10 7 10
Fertilized

Untreated 124 66 237 90 3 2 2 3

Compacted 129 46 57 23 2 3 7 4

Salted and 10 4 24 12 8 15 9 15

Compacted

1Number of plants germinated 4 weeks after planting.

2Number of plants surviving after 20 weeks and prior to first freeze.

minated in fewer numbers, due to longer germination periods, but after twenty weeks of growth their num-
bers had actually increased on some of the vegetative plots. It should also be noted that the catchment
area (non-topsoiled area) treated with Peabody's seed mixture and fertilized had no success, not even one
blade of vegetation during the entire growing season. Peabody's reclaimed area adjacent to the site
which was topsoiled and had two tons per acre of straw mulch also experienced no germination of seed-
lings. Both the site and Peabody's reclaimed area received no additional moisture other than whatwas
naturally provided.

Effects of different catchment treatments on the four plant species seemed to have a minimal impact
on their performances except for the salt compacted treatment. Yellow clover and crested wheatgrass
appears much less tolerant to increase soil salinity, due to salt runoff into the vegetative plots, than
do four -winged saltbush and western wheatgrass. This fact agrees with the physiological characteristics
of the plant species (Valley Seed, 1979).

Plant growth during the twenty week growing season (Figure 2.) was actually stunted due to inade-
quate soil moisture. All four species require a minimum of 12 inches of precipitation, instead of 3.35
inches, for normal growth. Under normal environmental conditions all species should attain heights of
at least 75 cm. as opposed to 3.0 to 6.0 cm. for yellow clover, 7.2 to 8.3 cm. for crested wheatgrass,
5.6 to 22.5 for four -winged saltbush, and 6.0 to 13.1 for western wheatgrass. Again four -winged salt -
bush and western wheatgrass seemed to be more adaptable to these harsh conditions than the other two
species.

COSTS ANALYSIS

The on- the -ground costs of the experimental installation are listed in Table 3.

Table 3. Cost as of October 1979.

214 Dozer hours @ $76 /hr.

36 Scraper hours @ $74 /hr.
$16,264.00

2,664.00
216 dozer operator hours @ $10.79/hr. 2,330.64
32 dozer operator hours, 1 1/2 time @ $16.18 /hr. 517.92
40 scraper operator hours @ $10.79 /hr. 431.60
Project supplies: salt, seed, fertilizer, etc. 1,106.73

$23,314.89
4.9 acres $4,758.14 /acre
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These costs include lost time and inefficient use of time by the operators in becoming accustomed
to the unfamiliar type of grading required by the project, overtime for weekend work, unnecessary work
due to difficulties in communication with the Navajo operators through the union hierarchy, and inef-
ficiencies because of not being able to obtain equipment at times when needed to complete a sequence
of operations. Solution to these problems could realistically reduce the costs per acre by 10 to 20 per-
cent.

Despite the problems and the apparent high cost per acre, the method is considerably less costly
than the normal reclamation costs expended by Peabody Coal Company on the Black Mesa. The company's
best estimates at present vary from 14,000 to 28,000 dollars per acre depending upon haulage distances
for topsoiling.

At present, Peabody is required to reclaim 1200 acres. The lowest estimate is 16.8 million dollars
and the highest is 33.6 million. If the water harvesting technique being demonstrated in this project
becomes acceptable and if it were applicable to the entire mine site, savings would be on the order of
11.1 to 12.7 million dollars based on Peabody's lowest present estimates.

SUMMARY

Plant establishment, though not particularly outstanding this first season, was far superior to
plant establishment on adjacent areas. Plant establishment can be enhanced quite probably in future
trials by precultivation and drilling the seed since soil moisture was significantly higher in the plan-
ted areas than of adjacent regraded spoils. The salt treatment of catchments is questionable, but data
from at least two growing seasons will be needed to provide definite conclusions. Costs of the method
are considerably less than costs of traditional methods presently employed and experience gained in
installing the project will help reduce costs on subsequent installations. The fact that success was
experienced with the method during a season when normal reclamation experienced almost complete failure
points up the potential suitability of the method for dry western conditions.
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WATER HARVESTING: SOIL/WATER IMPACTS
OF SALT TREATMENT

by

Albert H. Todd
USDA, Tahoe National Forest
Nevada City, California

ABSTRACT

The responses of mined -land and natural soil materials to additions of various
salt solutions in irrigation water from water harvesting were evaluated by an exper-
imental soil column study. A pilot water harvesting agrisystem on the Black Mesa in
northeastern Arizona was the source of data and soil materials used in the study. A
salt leaching simulation model provided predictions for comparison to the experimental
results. In general, Na, Ca, and Mg were all easily leached from both soil materials,
with higher concentrations yielded from the minespoil. When sodium was applied in
solution, the minespoil accumulated 20% of the amount applied in the upper 10 cm of
the soil column, while the natural soil retained 50% in the upper 25 cm. In addition,
the natural soil retained 60% of the Ca applied in solution. The simulation model
produced good results for Na but only fair prediction of Ca and Mg. A discussion of
the experimental conclusions'applicability to field conditions, the difficulties of
the salt leaching model, and recommendations for further research is given.

INTRODUCTION

The future of large -scale surface mining of coal has been ensured by ever- increas-
ing worldwide energy demands. In the western United States, surface mining activities
are relatively new, but have been rapidly accelerating. The largest mining operation
in Arizona is the Peabody mines on the Indian lands of the Black Mesa. These mines
have a projected life of at least 30 years with production goals of 400 acres annually
(Verma and Thames, 1975). Current legislation has established strict regulation of
mining operations and extensive reclamation as a major concern. Today, mined lands
must be recontoured and revegetated, leaving them in a condition similar or superior
to the surrounding landscape. The reclamation of mined lands in the Southwest has pre-
sented some unique problems. In these arid and semi -arid climates, water is the limit-
ing factor to meeting the requirements of the strip mine regulations. Reclaiming the
land, even to its previous premining use, is costly and often unpredictable. A recla-
mation technique having a greater assurance of success depends upon better utilization
of available moisture. Various techniques of increasing soil moisture such as surface
manipulation, mulching, topsoiling, condensation traps, etc., have been tested. The
success of these activities, however, is dependent upon a naturally- occurring moisture
supply and sensitive to variable climatic conditions that are often critically limiting.

Water harvesting can offer a practical method of increasing severalfold, the
amount of water available for plant growth under arid conditions. A water harvesting
system has the added advantage of water storage for use in critical periods when natur-
al precipitation is insufficient. Although the concept is not new, the practice has
seldom been used in reclaiming minespoils. When properly regraded, the bare soil that
remains following surface mining can serve as an excellent water catchment. In addi-
tion, numerous methods are available for improving runoff efficiency. Of these, salt
treatment is by far the simplest and least costly treatment for use in reclamation.
Sodium salts, when added to and mixed into the surface layer of soil, reduce perme-
ability of the soil by the processes of wetting and clay dispersion. Sodium chloride
is very inexpensive and easily obtained in large quantities in most areas. Harvested
water used for irrigating various crops on mined -land could provide economic and
social benefits that may be a better use of this land. Water harvesting adds greater
flexibility to reclamation alternatives and is feasible, to some degree, on all sites
no matter how arid the climate (fluff and Dutt, 1975).
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In 1978, the Bureau of Mines approved and funded a project to investigate the
feasibility of water harvesting techniques as an alternative to more traditional
methods of reclaiming coal -stripped lands. One portion of the project was the devel-
opment and test of a prototype system at the Black Mesa to develop surface runoff from
disturbed lands for agricultural use. During 1978 -79, researchers at the University
of Arizona designed and constructed a water harvesting agrisystem. This development
made possible the research contained in this report. Using soil samples and water
quality information from the site, an experimental study was designed to investigate
the potential impacts of salt treatment on the quality of harvested water and the soil
characteristics when irrigated, of mined -land and natural soil materials.

STUDY METHODS

THE STUDY AREA

The Black Mesa is located on the Navajo Indian Reservation in northeastern
Arizona. It is a massive, moderately dissected highland covering over 2500 square
miles. Vegetation on the Mesa is dominated by pinyon and juniper at the higher ele-
vations grading to big sagebrush and grasses at the lower levels. The climate is dry

and harsh. Average precipitation is 12 inches annually with extreme variability typ-
ical of arid regions. Low relative humidities and strong winds accompanied by warm
temperatures result in a high evaporation rate. Current land use on the Black Mesa is
primarily grazing of sheep, goats, and cattle. Several strip mines are presently

operating. Reclamation plans usually call for recontouring the spoils material to
pre -mining conditions, topsoiling, and revegetating with range plants to maintain

grazing as the principle post -mining use. Success at revegetation has been fair.

At the water harvesting site, approximately 40 acres of spoils were regraded to

form a catchment area, three small storage reservoirs, and several field plots.

Figure 1 illustrates the design plan. In 1978 NaCl was applied at a rate of 5 tons/

acre to the 15 acre catchment area followed by light raking and compaction. Plans

were made to convert this cathment to a fiberglass- asphaltic surface the following

year and to develop an additional 25 acres of salt- treated runoff -producing land.
Presently, the water harvesting system is being tested for its ability to collect,
store, and distribute sufficient water for flood and /or sprinkler irrigation of agri-

cultural, cash, and forage crops.

SOILS

Potential
catchment

area

Figure 1. Schematic diagram of the Black Mesa water harvesting
agrisystem (from Van der Puy, 1979).

Natural soils on the Black Mesa are poorly developed and severely eroded. Poor

vegetative cover resulting from overgrazing has left the soil low in plant nutrients

and organic matter. Samples of natural soil used in the experiment were collected in
undisturbed (no mining or construction) areas surrounding the water harvesting site.

Reclaimed overburden material consists of shale, sandstone, siltstone, and mudstone
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which has been crushed, mixed, and regraded. The soils that remain are fine -textured,
structureless, practically unweathered and contain little or no organic material.
Spoils at the study site were less than three years old and ranged from 30 to 80 feet
in depth. Minespoil samples were collected from both agricultural terraces and the
orchard area of the water harvesting site.

Methods for the preparation of representative composite samples are discussed by
Todd (1979). Physical and chemical properties of mined -land and natural soils are
given in Table 1.

Table 1. Physical and chemical characteristics of Black Mesa mined -land and natural
soils.

Soil Texture pH ECx103 CEC ESP TSS Na Ca Mg CO3 SO
4(mmhos /cm)(meq /l00g)( %)(mg /1) meq /1

Minespoil sandy clay loam 7.28 2.90 20.46 2.15 2032 6.3 25.62 10.0 8.1 44.7
56.7% sand
24.9% silt
22.4% clay

Natural Soil clay loam 7.80 0.43 21.70 2.58 298 4.91 13.6 3.54 11.3 1.1
36.9% sand
41.3% silt
21.9% clay

EXPERIMENTAL DESIGN

The introduction of irrigation from water harvesting operations on coal -mined
lands provides a change in hydrologic regime as well as a route for addition of sol-
uble salts to the soil. These situations are unnatural and as yet their relations to
minespoil development and reclamation practices are either unknown or not well estab-
lished. It has been suggested that natural topsoil be stockpiled during mining activ-
ities to serve as a growing medium following reclamation. In many areas this process
is required by law. It is uncertain in arid areas, that this would necessarily be a
better soil for irrigation. For this reason, the study of minespoil irrigation is
important especially when correlated with chemical and physical interactions with the
soil. It is well known that a close relationship exists between the hydrologic
processes occurring in the soil- moisture zone and the movement, leaching, and accumu-
lation of salts dissolved in the water or bound to the soil particles (Kovacs, 1977).

The salt hazard involved in the use of a water for irrigation is determined, in
part, by the absolute and relative contributions of the principal cations, sodium,
calcium, and magnesium. It is clear that irrigation water after entering the soil
becomes more concentrated with regard to salts without change in relative composition.
As presented in Table 2, runoff from untreated natural and mined -land soils contain
moderate amounts of soluble salts.

Table 2. Water quality analysis, natural and
mined watersheds, Black Mesa, Arizona.

Runoff water TSS Na Ca Mg Cl SO4 003 SAR
mg /1

Natural 177 21 24 3.6 3 65 80 .11

Mined 310 22 41 13.2 3 100 129 1.02

from Verma and Thames, 1975.

To evaluate the exchange and transport capacity for various salt ions of the
minespoil and natural topsoil, a soil column study was designed. The use of soil
columns provides the researcher with the ability to isolate soil- water -solute rela-
tionships directly in the laboratory for interpolation to field conditions.
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PROCEDURES

Soil columns with leaching lengths of 45, 30, and 15 cm were constructed of
Plexiglas tubes with 10 cm inside diameters. Outlets were provided at the bottom
such that water could flow out without contracting its path. Plastic tubing attached
to each outlet allowed for adjustment in the height of the outlets. Layers of glass
wool and glass cloth at the bottom of each column prevented soil losses through leach-
ing. Leaching solutions chosen for the experiment were 6.5 meq /1 Na (as NaCl), 2,0
meq /1 Ca (as CaC12), and 0.8 meq /1 Mg (as MgC12). Solution was allowed to pass
through the soil column continuously. By changing the gradient through adjusting the
level of the outlets, the rate of flow is kept constant (i.e., one pore volume dis-
placement per 24 hours). A total of four pore volumes of solution was passed through
each soil column per run. Leachate was removed and sampled in spore volumes or every
12 hours. An initial run using distilled water served as a control. This was follow-
ed by repititions of the salt solutions for three columns each of the minespoil and
natural soil. Columns were repacked with new soil materials following each treatment.
Soil columns were packed to a field bulk density of 1.20 -1.30 g /cm3 and 1.25 -1.35g /cm3
for the natural soil and minespoil, respectively.

Chemical analysis of leachates and soils. Immediately following removal of the
leachates, the volume was recorded and the pH and EC determined using a standard glass
electrode pH meter and conductivity cell and bridge, respectively. About 1 ml of
leachate was diluted l0X and .5 ml of 1000 ppm pure cesium chloride solution was added
to facilitate analysis. The amount of the cations Na, Ca, and Mg was determined by
atomic absorption spectroscopy (U.S. Environmental Protection Agency, 1971). To study
ion layering and accumulation, soil samples were also analyzed. At the completion of
each treatment, soil was removed from the columns in 5 cm increments of depth. The

samples were then dried. Determination of exchangeable Na, Ca, and Mg was obtained
from ammonium acetate extraction (U.S. Salinity Laboratory Staff, 1954).

RESULTS AND DISCUSSION

It would be difficult to present the complete results of this comprehensive
investigation. This information is available elsewhere (Todd, 1979). Only a summary
of the more pertinent findings of the study will be presented here.

IMPACTS ON WATER QUALITY

Samples of harvested water at the study site were taken from the collection
system as well as the storage reservoirs during the first year of operation. Most of
the salt applied to the catchment area to induce runoff, remained in the surface layer
of soil. Water samples of the first storm runoff following treatment indicated con-
centrations as high as 1600 mg /1 Na. Concentrations of total soluble salts in runoff
three weeks following salt treatment were as high as 4300 mg /l, indicating some
initial release. These initial concentrations quickly declined; however, small
amounts of salts appeared to be continually released for some time. Although diluted,
these salts are retained in the storage reservoirs and a percentage will be conveyed
'to the irrigated soils. Continued additions in conjunction with evaporative water
losses will tend to increase salt concentrations over time. Table 3 gives a summary
of sample measurements of storage ponds on the water harvesting site. Pond water
represents storage of 1 years runoff from the salt- treated catchment.

Table 3. Water quality analysis of water harvesting site
storage ponds.

Site ECx103 SAR TSS Na Ca Mg Cl SO4 HCO3
(mmhos/cm) mg/1

upper #1 0.64 1.69 361 55 38 1.35 44 94.5 112

middle #2 0.96 7.92 607 174 12.5 3.50 122 30 210

lower M3 0.46 0.78 363 22 20 5 19 14.5 102
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IMPACTS ON SOIL QUALITY

The soluble salts accumulated or removed from the system were evaluated on the
basis of the cation concentrations and EC of the leachates and post- treatment soils.
In general, large amounts of all ions measured were removed from the columns when
leached with the solutions tested. In addition, for all cases, the the total ions
leached from the natural soil were significantly lower than for the minespoil. Most
significant was the accumulation of sodium salts. When sodium was applied in solu-
tion, the minespoil retained twenty percent of the amount applied while the natural
soil retained almost fifty percent. Analysis of post- treatment soils indicated sodium
accumulation in the upper 10 cm of the minespoil and the upper 25 cm of the natural
soil. These results are presented in Figure 2. When calcium was applied in solution,
more Ca was removed from the minespoil than was added. The natural soil, on the other
hand, retained more than sixty percent of the calcium applied. Leaching with a
magnesium solution produced results similar to the control run. It was found that the
length of the soil columns had no significant effect on the results.

0
I I I I I I 1 I I I I I I I

o

10 - - - -10

20 - - - - 20

.- - - -30

40 -
11 Mined - -- - 40
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Mg (meq/1OOg)

Figure 2. Analysis of ion concentrations in soil samples following treatment with
a sodium solution.

CHEMICAL THERMODYNAMICS

Thermodynamics describes the direction of reactions whereas kinetics considers
the rates and mechanisms of reactions. A computer program developed by Dutt, Terkel -
toub, and Rauschkolb (1972) was adapted to simulate the experimental study. This
model incorporated the principles of chemical thermodynamic and equilibrium and ion-
exchange functions to predict salt movement. Theoretical basis and program operation
may be found in Todd (1979). Comparisons of experimental and theoretical results in-
dicated good prediction of sodium but that the model encountered difficulties with the
prediction of calcium and magnesium. Inconsistencies in both the experimental and
simulated data were made evident by calculation of the salt balance for each test run.
Problems with the Ca and Mg ions were attributed to the interference of carbonates and
sulfates in the laboratory analysis of samples and the inability of the simulation
model to deal with carbonate precipitation in the soil.

CHEMICAL KINETICS

Plots of the milliequivalents of ions leached per unit weight of soil per time
were made using the data from all three column sizes. Good fits to the linear rela-
tionship of first order reactions were found for all cases. The slopes of these lines
are the reaction rate coefficients, k, and have units of concentration (meq /100 grams
of soil) per time (hours). Table 4 lists the calculated values of k.
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Table 4. Reaction rate coefficients for experimental treatments.

Soil
Treatment
applied kNa kCa kMg

Minespoil Distlled H00 -0.014475 -0.005032 -0.002974
6.5 meq/1 a +0.002308 -0.006962 -0.005105
2.0 meq/1 Ca -0.014368 -0.005378 -0.005349
0.8 meq/1 Mg -0.017628 -0.001221 -0.008721

Natural Soil Distilled H20 -0.007167 -0.005208 -0.002180
6.5 meq/1 Na +0.004942 -0.002110 -0.001105
2.0 meq/1 Ca -0.014323 +0.003721 -0.003663
0.8 meq/1 Mg -0.006545 -0.002026 +0.001453

The application of these coefficients provides a means for obtaining rough approx-
imations of conditions pursuant to irrigation of the soils in question. Changes in
the salt status of the soil would be determined by the following equation:

2.0736 kT (Wt) = + meq of salt

where k is the reaction rate coefficient for a given ion, T is the time in days of
irrigation, Wt is the weight in 100 grams of a given volume of soil in cubic feet, and
2.0736 is a conversion constant.

CONCLUSIONS

The results of laboratory research cannot be applied directly to making conclu-
sions about field conditions. Under normal flood irrigation the amount of water
applied to the soil materials would be somewhat less than the volume used in the ex-
perimental study. Soil columns were continually maintained near saturation for the
duration of the tests. In the field, these conditions might be quite different.
Irrigated soils would be subjected to periods of wetting and drying, thus causing the
magnitude and types of hydrologic functions occurring to fluctuate.

The following conclusions are based on the assumption that' adequate drainage is
available in the field. This research indicates that overall, the probability is
small that a salt problem will result from irrigation of these soils. Accumulation
of excessive amounts of sodium in these soils would develop only if high concentra-
tions of this ion were applied for long periods of time. It is unknown whether the
retention of small amounts of sodium in these fine -textured soils wouls result in .

any significant degree of dispersion and thus decrease both permeability and plant
growth. The addition of small amounts of calcium would further displace some of the
sodium present. It is not recommended that natural topsoil be applied to irrigated
areas for improvement of the growing medium due to its greater afinity for soluble
salt accumulation. Accumulation of calcium is only rarely a problem. Where evapor-
ation rates and available carbonates are high, a process similar to accelerated ca-
liche formation and soil bonding may occur. This limits both infiltration and plant
growth. Observations of both soils, when saturated, indicate that aeration may be a
major problem and mulching or artificial drainage may be required for successful
irrigation.

From examination of the effluent samples from all tests, it is presumed that
increases in the salinity of ground water supplies as a result of irrigation of these
soils would not occur over time. This conclusion is further reinforced by the belief
that in the field situation on the Black Mesa, drainage of irrigation water will not
even be accessible to ground water suprlies. It is unknown at this time whether
waterlogging of the sabsurfaco possible after some period of irrigation.
Considering the latter' case t:, b-: t'ru.., striificeri conclusions c,erld not be made from
this study alone. It is the opinion of the author that if water in the field is not
cached beyond the depth used in the lnr:7e soil _ol amps experimentally, the possibility

o,f salt problems will be increase I. This orn lit ion would be further compounded by
,.oriel;; uf drying in the profile.

Further research might include the testing of waters containing all three ions
and variations in sodium concentration. It is further suggested that experimental
time be extended to allow passage of a greater number of pore volumes or permit per-
iodic wetting and drying of the soil.
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WATER IMPOUNDMENT APPLICATIONS FOR SBR /ASPHALT
MEMBRANE SYSTEMS

by

Carlon C. Chambers
Technology Management, Inc.
Grand Junction, Colorado

INTRODUCTION

Engineering studies of one year duration (1979) examined the permeability, teach-
ability, chemical resistance and stress /strain characteristics of hot sprayed styrene-
butadiene block copolymers in asphalt blends applied directly to soil. The purpose of
this study was to determine if such thermoplastic, elastomeric systems were suitable
for use as pond and reservoir lining membranes for the impoundment of waste and or pot-
able waters. Permeability values were lower than that obtainable with HypaloneW
liners of equivalent thickness. Substances which could be leached from the hot sprayed
membrane were of an extremely low order. Chemical resistance is excellent to most in-
organic ions including strong acids or bases. An ultimate elongation of 1300% and
favorable stress /strain characteristics allow the material to be used on unstable sub-
strates. Overall evaluation of the data shows that a large cost savings, compared to
alternatives, can be realized on most projects.

BACKGROUND

Asphalt has a long history of use as a water -stop material; some applications have
been successful, some have not. The main drawback to the use of asphalt has been its
limited range of cohesive flexibility which is generally restricted to the range of 4°
to 38 °C (40 °to 100 °F). In cold weather, asphalt is brittle and will shatter when
stressed. It is soft and fluid in hot weather. Also, any deformation is usually
permanent as the material lacks resilience.

Asphalt does, however, have some very good points that need to be considered.
Besides being a relatively low cost material, it exhibits low permeability to water,
it is inert to most inorganic acids, bases and salts, and is usually in good supply.

Most successful water -stop applications have relied on the use of modifications to
the base asphalt to extend its useful temperature range and improve other properties.
These modifications have included such things as air blowing, adding chemical catalysts,
adding organic or inorganic fillers (ground or fibers) and blending with polymers. All
of the above modifications improve the performance of asphalt at temperatures above
38 °C (100 °F), but only the addition of elastomeric polymers significantly improves low
temperature flexibility and adds resilience. These latter two properties are of ex-
treme importance if the water -stop material is to maintain its integrity when used on
substrates which are unstable,non- cohesive, discontinuous or have significant expansion/
contraction movement with temperature change.

Although there are many elastomeric polymers which can be used with asphalt, this
paper is restricted to discussing the properties of only one, styrene- butadiene block
copolymers (SBR).

THERMOPLASTIC SBR

SBR refers to any of a multitude of styrene- butadiene rubbers. All of the possi-
bilities have one thing in common, the styrene exists as discrete, rigid blocks within
the butadiene rubber polymer chain (Saltman, 1973). The styrene blocks usually serve
as the termination or anchor points for several butadiene rubber chains so that the
bulk material consists of an interconnected network of discrete rubber chains with
styrene blocks at the nodes. The bulk properties of the SBR polymer depend on the
styrene to butadiene ratio and the repeating polymer chain length as well as the degree
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to which chain length and number of chains per node are uniform. SBR used for tires is
very random in chain length and chains per node and is vulcanized (cross- linked) during
the manufacturing process, while SBR intended for thermoplastic hot -melts is more uni-
form in composition and is not vulcanized. It is the thermoplastic varieties of SBR
that will be considered.

Thermoplastic SBR has unique properties, in that, it behaves as a cured elasto-
meric rubber at room temperature. When heated above the glass transition temperature
of polystyrene, - 100 °C (- 212 °F), the styrene segments lose their rigidity and the
polymer behaves like an uncured elastomer (Saltman, 1973). The technical and com-
mercial importance of thermoplastic elastomers was estimated by Kesser (1960), but since
that time, actual commercial developments have far exceeded the early predictions.
For those interested, various methods of preparing thermoplastic elastomers have been
reported in the literature (Zelinski and Childers, 1968: Fetters, date unknown).

SBR /ASPHALT MEMBRANE SYSTEMS

By blending thermoplastic SBR polymers with prime grades of asphalt, it has been
possible to achieve a thermoplastic material which in its bulk properties behaves as
if the whole were an elastomeric polymer. This material is very inert to inorganic
acids, bases and salts and has low permeability to water. The useful temperature
range has been extended, -40° to 82 °C ( -40° to 180 °F), and resilience is exhibited
throughout the range. Also, the blended membrane is still relatively low in cost.
This is because the bulk material contains 70 to 80 weight percent asphalt.

PAST USE HISTORY

SBR /asphalt membrane systems are not something new. Some, such as Membrane No. 5

as manufactured by the Gilsabind Co., Mack, Colorado, have been used for selected
services for almost 15 years. In general, these services have involved hot spray
application of the membrane only to solid, competent substrates such as concrete, steel
or asphalt paving. These uses have included application as:

Bridge deck membrane. Used between the concrete structural bridge deck and the asphalt
paving wear surface to keep the salts used during the winter season from destroying
the supporting structure.

Stress absorbing membrane. Used between old and new paving lifts to stop reflection
cracking. Especially useful when overlaying old concrete paving with asphalt paving.

Expansion joint material. Used to form watertight expansion joints in engineered
structures such as bridges, buildings, and concrete lined canals and reservoirs.

Water -stop membranes. Used on concrete sewer pipe and below grade concrete con-
struction to stop ground water infiltration and to protect the concrete from the
deleterious action of ground water salts.

Crack and joint fillers. Used for street and highway applications to prevent further
paving deterioration.

Miscellaneous applications. Corrosion protection for steel and other materials.

The use of SBR /asphalt membranes on large diameter sewer pipe has been detailed
elsewhere (Nicholson, 1979). Figures 1 -3 show bridge and steel structure applications.

More recently, service applications have been perfected to allow the use of SBR/
asphalt membranes for roofing installations. This was a departure from the solid
substrate concept (most roofs are flexible and have significant movement with temp-
erature change), but the unqualified success of these applications has led to the
understanding that a stable substrate is not a valid requirement for satisfactory
performance.

WATER IMPOUNDMENT APPLICATIONS ON SOIL SUBSTRATES

As a natural outgrowth of looking for suitable new service applications for SBR/
asphalt membranes, soil substrates were investigated. Tests showed that soil was in-
deed a suitable substrate for Membrane No. 5, when properly prepared. The unique pro-
perties of Membrane No. 5 allow it to serve as a water -stop membrane in spite of an un-
stable base. Proper preparation of the soil includes the following:
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Fig. 1 (top). Application of Gilsabind Membrane
No. 5 to concrete bridge deck prior to laying
asphalt paving, 2.54 mm (0.1 in.) thick coating.
Fig. 2 (bottom left). Overall view of an elevated
steel canal flume that was protected on the water
side by Membrane No. 5. Fig. 3 (bottom right).
Coated surface of canal flume. Membrane was hot
troweled, 3.18 mm (0.125 in.) thick coating.

1) Dewater the site if required.
2) Excavation.

3) Smooth the surface. This is usually done with a vibratory roller. If the
surface is a coarse textured gravel, fine material must be spread on the
surface until a smooth texture can be obtained. Compaction, while not of
great importance, must be sufficient to prevent rutting by the tires on the
distributor equipment.

4) Prime the soil surface with about 0.1 to 0.3 L /m2 (0.031 to 0.095 gal /yd.2).
This is to lay the surface dust to prevent its incorporation into the membrane.
Priming also displaces surface moisture so it will not interfere with membrane
application at 177° to 190 °C (350° to 375 °F).

5) Apply membrane to the thickness specified for the project.

Side slopes of less than 3:1 (run:rise) can be installed as above. A polyester
scrim cloth is usually recommended for slopes steeper than 3:1. The membrane can even
be applied to vertical sides if the base is competent rock or undisturbed cohesive soil.
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The above installation technique along with the physical and chemical properties
of the material open a wide variety of new applications for SBR /asphalt membranes.
Most of these applications have to do with:

Water impoundment. Linings to prevent seepage in waste water evaporation and /or hold-
ing ponds, sewage oxidation ponds, water recycling ponds and fresh water storage ponds
or reservoirs.

Water harvesting. Converting aquifer recharge water to surface runoff in selected
areas where the harvested water can be impounded. Also used to laterally transport
soil moisture from unused adjacent areas to tree rows or other vegetation where it is
needed.

Water transporting. Linings to prevent seepage in canals or ditches.

Fig. 4 (left) and Fig. 5 (right). A 2023 m2 (I acre) recreation and pumped lawn irrigation pond being

constructed in Grand Junction, Colorado. The pond is located in a residential park. After lining
with Gilsabind Membrane No. 6, the membrane will be covered with soil and riprap and landscaped. The

membrane will not be visable.

The material used for testing the above applications was Gilsabind Membrane No. 6.
This material has a lower viscosity then Membrane No. 5 to allow spraying at lower
temperatures, otherwise all of the properties of both materials are the same.

PROPERTIES OF SBR /ASPHALT MEMBRANE

The following section gives results and discusses the properties of SBR /asphalt
membranes that are important to water impoundment applications on unstable substrates.

PHASE COMPATIBILITY

For the SBR /asphalt membrane to be able to achieve maximum performance with a
minimum amount of polymer in the blend (to minimize cost), the SBR must be in true
solution with the asphalt. Any trace of phase incompatibility will cause lower physi-
cal performance ratings in the material.

Unfortunately, one does not automatically get a phase compatible blend with most
asphalts. Most asphalts are low in aromatic content which prevents the dissolution of
the polymer. Aromatic extender oils are used in these cases to achieve the desired
phase compatibility. The extender oils used are of high molecular weight, have no
solubility in water, and are permanently incorporated within the membrane matrix.

The old method of determining phase compatibility was to place a container of a
trial blend in a 177 °C (350 °F) oven for 24 hours, which would allow total phase sep-
aration of an incompatible blend, followed by visual inspection. By using in -house
developed slide preparation techniques, we have been able to make this determination
in 30 minutes utilizing phase contrast microscopy.
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The basic procedure involves placing a - 3mm (- 1/8 inch) diameter piece of the
material to be tested on a microscope slide that has been preheated to 177 °C (350°F)
As soon as the test material has liquified, the edge of a second preheated slipe is
used to spread it the length of the slide into a thin film that will pass light. The
prepared slide is then placed in a 177 °C (350 °F) oven for 20 minutes to allow any phase
separation tendency to develop to the point that it can be identified. The slide is
then cooled and examined, without using a cover glass, with a phase contrast microscope
using a 40x objective and a 10x eyepiece. If the polymer is not phase compatible with
the asphalt, it will show up as discrete internal phase droplets within an asphalt
continuous phase. Figures 6 -9 show the type of equipment used and several typical
photomicrographs. The original color photomicrographs show much more detail than the
black and white copies reproduced for this report.

Fig. 6 (top left). Binocular phase constrst microscope used to make phase compatibility determinations.
Fig. 7 (top right). Grossly incompatible blend. The maximum diameter of the SBR internal phase drop-
lets is 15 pm. Fig. 8 (bottom left). Mildly incompatible blend. The maximum diameter of internal
phase droplets is 4 um. Fig. 9 (bottom right). Phase compatible blend, no internal phase droplets
visable.

PERMEABILITY

The published values for permeability of film or sheet materials seldom agree with
good correlation when data from different sources are compared. This is because there
is a wide variety of testing methods and procedures. Unfortunately, test conditions
seldom accompany the published values. Accordingly, to obtain good comparative data,
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we performed a small series of tests in which several common water vapor barrier
materials were compared to SBR /asphalt membranes. All materials tested were supplied
commericially for the experiment. The SBR /asphalt membrane tested was Membrane No. 6
as manufactured by the Gilsabind Co., Mack, Colorado. All tests were identical, except
for material thickness, and were performed at the same time and under the same con-
ditions.

The test conditions were those specified in procedure "BW" of ASTM E -96, Tests for
Water Vapor Transmission. The test materials were sealed to the open mouth of suitable
containers(containing water of 25.4 mm (1 in.) depth). Each sealed container was
weighed to the nearest 0.01 mg, inverted and placed in a desiccator so that one side of
the test material was flooded with a 25.4 mm (1.0 in.) head of water and the other was
exposed to circulating air of 0% relative humidity. The containers were reweighed
every 24 hours. Two blanks were carried through the same series. One was a container,
with water, sealed with a piece of 0.51 mm (0.020 in.) thick brass sheet. This blank
was to obtain a correction for water vapor loss through the container walls (poly -
carbonate plastic). The other blank was an empty container, also seated with brass
sheet and was to obtain a correction for buoyancy effects due to changing barometric
pressure. The test was terminated after 8 days. Test temperature was 25 °C (77 °F).

The results of the permeability testing are reported in two different ways. Mat-
erials engineers will be familiar with the metric perm- centimeter which expresses the
permeability as grams per 24 hours per square meter per millimeter Hg (head plus vapor
pressure) per centimeter of thickness. Soils engineers will be more familiar with
values expressed as the coefficient of permeability, K, centimeters /second.

Table 1. Permeability values for several vapor barrier materials.

Test Material Metric perm- centimeter,
9/24h/m2/mm Hg /cm

K,
cm/s

Hycar® ' rubber, Mercer
HY -2660, 1.91 mm thick

Neoprene rubber, 2.29 mm
thick

Hypalon rubber, 1.98 mm
thick

Hycar/ SBR rubber, Mercer
H -1262, 1.96 mm thick

Viton ® 0 rubber, 2.03 mm
thick

Polyken ® '` 980 -20 pipeline
coating, 0.3 mm polyethylene
film plus 0.2 mm butyl rubber,
butyl on water side

Same as above, polyethylene on
water side

Polyken 950 -15 pipeline coating,
0.38 mm polyethylene film, slick
surface on water side

Same as above, dull surface on
water side

Gilsabind ® 0° Membrane No. 6,
SBR /asphalt membrane, 1.65 mm
thick

0.006 95

0.007 28

0.006 24

0.019 12

0.005 70

0.000 79

0.000 88

0.000 58

0.000 74

0.003 93

3.27x10 -"

2.85x10 -"

2.82x10 -"

8.75x10 -"

2.51x10-"

1.39x10 -"

1.55x10 -"

1.36x10-"

1.74x10 -"

2.13x10 -"

Table 1 reveals the performance of Membrane No. 6 to be superior to the other
elastomeric materials as to permeability. The polyethylene film materials have lower
permeability than Membrane No. 6, but they also have some serious drawbacks in thay
they are non -elastic, have limited elongation capability (200% versus 1300% for
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Membrane No. 6), and have poor low temperature characteristics because they become
brittle.

CHEMICAL RESISTANCE

Membrane No. 6 has excellent resistance to most inorganic chemicals including
strong acids and bases. The exception is concentrated solutions of strong oxidizing
acids such as nitric or sulfuric. Lower concentrations of these acids, however, are
resisted well. In all cases, the chemical resistance of Membrane No. 6 is equal to or
better than the chemical resistance of the base polymer used in the formulation. Con-
centrated organics do have a deleterious effect, but dilute amounts have very little,
if any, effects. Aromatics have more effect than do paraffinic substances.

Chemical resistance was evaluated by comparing the visual appearance, weight and
tensile stress /strain characteristics of the original coupons to those that had been
in submerged exposure for 14 Weeks. Weight and stress /strain results are expressed as
a percentage change from the original.

Table 2. Tabular evaluation data of Membrane No. 6 to 14 weeks submerged exposure to the listed dis-
solved chemicals. Test temperature was 25 °C (77 °F).

Percentage change in tensile
Weight stress necessary to cause the
change following deformation:

Solution Appearance* 8 100% 200% 300%

Ethyl Alcohol,
5 vol. % E + 1.27 + 50 + 13 + 6

20 vol. % E + 2.71 0 0 0

50 vol. % G + 3.64 0 0 - 7

100 vol. % F -24.6 +150 +116 + 75

Methyl Alcohol,
5 vol. % E + 0.94 + 25 0 + 6

20 vol. % E + 1.24 + 25 0 - 12
50 vol. % E + 1.91 0 - 16 - 12
100 vol. % E - 8.61 + 50 + 33 + 25

Deionized Water E + 0.89 +150 + 75 + 62

Sodium Chloride,
5 wt. % E + 0.30 + 50 0 0

10 wt. % E + 0.29 0 0 - 8

20 wt. % E + 0.26 0 + 8 0

Sodium Carbonate,
5 wt. % E + 0.19 + 50 + 16 0

10 wt. % E + 0.36 + 50 + 16 0

20 wt. % E + 0.43 + 50 + 16 + 12

Potassium Chloride,
5 wt. % E + 0.29 + 25 0 0

1.0 wt. 8 E + 0.33 + 12 0 0

20 wt. % E + 0.24 + 12 0 0

Potassium Carbonate,
5 wt. % E + 0.40 0 - 11 - 16
10 wt. % E + 0.30 + 12 0 0

20 wt. 8 E + 0.40 + 37 + 16 + 12

Ferric Sulfate,
5 wt. % E + 0.69 + 25 0 0

Potassium Chromate,
5 wt. % E + 0.44 + 50 + 16 + 12
20 wt. % E + 0.26 + 50 + 33 + 31

Ferric Chloride,
5 wt. 8 E + 0.85 + 50 + 16 + 6

20 wt. 8 E + 0.46 + 12 + 8 + 6
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Sodium Hydroxide,
5 wt. % E + 0.46 + 50 + 16 0

20 wt. % E + 0.34 + 36 + 25 + 25

Ammonium Hydroxide,
5 vol. % E + 1.44 + 48 + 9 + 9

15 vol. % E + 1.66 + 25 + 16 + 12

100 vol. % E + 1.75 + 50 + 33 + 25

Sodium Nitrate,
5 wt. % E + 0.43 + 36 + 25 + 22

Hydrochloric Acid,
5 vol. % E + 0.55 0 0 0

15 vol. % E + 0.24 + 25 0 0

100 vol. % G + 6.75 +200 +133 +100

Sulfuric Acid, 98%,
5 vol. % E + 0.14 + 50 + 16 0

15 vol. 8 G + 0.22 + 50 + 33 + 25

Nitric Acid, 71%,
5 vol. 8 G + 0.77 + 25 0 0

15 vol. % G + 0.79 + 50 + 33 + 25

Acetic Acid, 99.7%,
5 vol. % E + 6.64 0 0 0

15 vol. % G + 8.59 + 43 + 56 + 37

Calcium Chloride,
5 wt. % E + 0.44 + 50 + 16 0

10 wt. 8 E + 0.74 0 0 0

20 wt. % E + 0.36 0 0 0

Calcium Hypochlorite,
100 ppm E + 1.64 0 0 0

1000 ppm E + 1.12 + 25 0 0

10000 ppm E + 1.07 + 25 0 0

Phenol,
100 ppm E + 0.93 + 25 0 0

1000 ppm E + 1.86 0 - 14 - 12

Boric Acid,
5 wt. % E + 0.51 0 0 0

15 wt. % E + 0.64 + 12 0 0

Phosphoric Acid,
5 vol. % E + 0.32 0 0 - 12

15 vol. % E + 0.29 0 0 0

Magnesium Chloride,
5 wt. 8 E + 0.42 + 12 0 0

10 wt. 8 E + 0.63 0 0 - 12

20 wt. % E + 0.19 0 0 0

Saturated E + 0.25 0 - 16 - 25

Sodium Sulfate,
5 wt. 8 E + 0.40 0 0 0

10 wt. 8 E + 0.77 0 0 0

20 wt. 8 E + 0.53 0 0 0

Saturated E + 0.56 0 0 - 12

* E = Excellent, G = Good, F = Fair

Comments on the chemical resistance tests: It is obvious that Membrane No. 6 is

not the material of choice for 100% methyl or ethyl alcohol. Concentrations less than

50% can be tolerated. Concentrated hydrochloric acid and 15% acetic acid cause cross
linkage of the rubber and an increase in tensile strength. All of the other tested

chemicals were resisted exceptionally well. In fact, most caused less change in the
material than did deionized water. Other chemicals are being tested and will be added

to the list as results are obtained.
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STRESS /STRAIN BEHAVIOR

Membrane No. 6 has an average elongation capability of 1300% and is fully elastic
within this range. Typical tensile and compressive stress /strain values are given be-
low; these values are average and the actual material as supplied can vary ± 15%.

Table 3. Tensile stress /strain data.

Stress, kPa (PSI) Strain, %

34.5 5 50
51.7 7.5 100
110.3 16 200
193.1 28 300
289.6 42 400
399.9 58 500
551.6 80 600
751.5 109 700

1034 150 800
1338 194 900
1703 247 1000
2220 322 1100
2758 400 1200
3372 489 1300

Table 4. Compressive stress /strain data.

Stress, kPa (PSI) Strain, %

13.8 2 10
27.6 4 20
41.4 6 30
55.2 8 40
68.9 10 50

The loading rate for the determination of the above tensile data was 30.5 cm /min.
(12 in. /min.) testing temperature was 25 °C (77 °F). It is readily seen that Membrane
No. 6 can deform rapidly to conform to any localized settling or displacement such as
might be caused by fault movement or a void collapse.

is
Fig. 10 (left) and Fig. 11 (right). Demonstration of the elongation capabilities of a 25.4 x :1n.2 cm
x 3.2 mm thick (1.0 x 4.0 in. x 1/8 in. thick) test coupon of Membrane No. 6. After release, the

coupon returned to its original size in 45 seconds.
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Fig. 12 (left). Test machine used for full range tensile strength determinations. Fig. 13 (right).

Test machine used for limited range tensile strength and ambient temperature bond strength deter-

minations. This machine can also be converted to do the compressive strength testing.

SOLUBILITY IN WATER

On a permanent basis, less than 10 ppm by weight can be leached from Membrane No.
6 by continuous contact with deionized water.

ELECTRICAL RESISTANCE

Volume resistance, ohms - cm, by ASTM D -257 is normally 10". This can be de-

creased to any desired value by using additives or fillers.

BACTERIAL RESISTANCE

Membrane No. 6 is generally inert to bacteria and fungi. Bacteria can exist on
the surface of the membrane, but, the material will not support growth.

BOND

Membrane No. 6 bonds well to concrete, asphalt, metals, glass, and all plastics
and rubbers. Direct pull (tension) bond strength to concrete and metals is generally
in the range of 103.4 to 206.8 kPa (15 to 30 psi). Bond strength to glass, plastic
and rubber is generally 48.3 to 103.4 kPa (7 to 15 psi). The membrane bonds not at all
to loose soil (only to the individual surface grains) as the cohesion of the soil fails

in tension. The membrane can, however, bond to well compacted soils and develop bond
strengths in the range of 6.89 to 34.5 kPa (1 to 5 psi). Bond strength has only min-
imal importance in pond and canal lining, however, as the membrane is held in place by
the hydrostatic head.

RESISTANCE TO ULTRAVIOLET LIGHT

Continuous exposure to direct sunlight is a condition that should be avoided for
Membrane No. 5 or No. 6 if possible. Both materials have built in protection against
ultraviolet light (UV) exposure and will normally serve for several years before sur-
face alligator cracking appears. This is a surface phenomenon that does not effect
the barrier properties of the membrane - at least not for several more years. How-

ever, for short term esthetics and a 4 to 5 times extension of ultimate life, steps
should be taken to provide some additional protection.

The most feasible way to provide this protection is to cover the membrane, where
possible, with a few inches of soil. On steep side slopes above the water line where
the soil would not stay, or where changing water level and wave action would remove the
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soil, there are several elastomeric, reflective surface coatings available that
can give the desired protection. There are also two rejuvenation products avail-
able which can heal and renew an already cracked surface by applying a light sur-
face spray.

The manufacturer of the particular membrane should be consulted for approved
specifications for the above treatments.

GENERAL PHYSICAL PROPERTIES:

Specific gravity @ 15.5 °C (60 °F), ASTM D -70 1.05 - 1.1

Viscosity, SSF @ 177 °C (350 °F), ASTM E -102 600 - 1100

Cone penetration @ 250 °C (77 °F), ASTM D -217 50 - 80

Softening point, °C ( °F), ASTM D -2398 79.4 - 93.3 (175 - 200)

Resilience @ 25 °C (77 °F), 20 sec. recovery, ASTM D -3408 60 - 90

Flow, 5 hrs. @ 60 °C (140 °F) @ 75° angle, cm, 0.5 max.

Pliability, -17.8 °C (0 °F), bend around a 1.27 cm radius rod No cracks to pass

Bond to concrete, -17.8 °C (0 °F), 1.27 cm extension, 3 cycles, Pass
ASTM D -3408

Compatibility with asphalt Complete

Service temperature, °C ( °F) -40 to 82, ( -40 to 180)

COST DATA

In spite of rapidly increasing materials and labor costs during 1979 and the
first half of 1980, the installed cost of a Membrane No. 6 liner, exclusive of
earthwork, has remained at 50 to 60% of the installed cost of a Hypalon or similar
synthetic rubber liner.

CONCLUSIONS

Considering the useful properties and relatively low cost of SBR /asphalt
membrane systems, it could very well become the material of choice for seepage con-
trol in water impoundment applications. It may require a few years, however, for
this material to gain recognition for these new applications because it is, at pre-
sent, an unknown contender. The successful use of this material in other applica-
tions for up to 15 years will help. Also, the fact that engineering solutions
already exist for all foreseeable "site specific" problems makes these materials a
creditable contender.
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Endnotes

1, HYPALON is a trademark of the E. I. du Pont de Nemours & Co.

2, HYCAR is a trademark of the B. F. Goodrich Chemical Co.

3, VITON is a trademark of the E. I. du Pont de Nemours & Co.

4, Polykin is a trademark of the Kendall Co.

5, Gilsabind is a trademark of the Deery Oil Co.
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USE OF RADAR AS A SUPPLEMENT TO RAINGAGE NETWORKS

by

Herbert B. Osborn and J. Roger Simanton
USDA, Southwest Rangeland Watershed Research Center, Tucson, Arizona

INTRODUCTION

The USDA Southwest Rangeland Watershed Research Center (SRWRC) is investigating the possible use and
additional USDA need of a proposed National Weather Service (NWS) radar to be located in Tucson, Arizona.
The radar might serve to supplement rainfall data being collected on the USDA Walnut Gulch experimental
watershed near Tombstone, Arizona, and the Santa Rita experimental range south of Tucson. The 98 -gage
Walnut Gulch network of recording raingages has been operated for over 20 years, and the 8 -gage network
at Santa Rita for 4 years. The networks were established to identify characteristics of the high inten-
sity, short duration thunderstorm rains of limited areal extent that dominate rainfall- runoff relation-
ships in much of the southwestern United States. Based on data collected from these networks, the SRWRC
has contributed many publications on thunderstorm rainfall characteristics to the scientific and engi-
neering community. However, little work has been done to relate the development and movement of storm
systems to runoff- producing rainfall.

The SRWRC has recently developed, and continues to work on, a combined 3 parameter occurrence and
depth -area rainfall model for the Southwest (Osborn and Davis, 1977; Osborn et al., 1980). The model is

based on data from USDA raingage networks and NWS weather stations in Arizona and New Mexico. The model
parameters are latitude, longitude, and elevation. The model simulates rainfall "cells" and accumulates
rainfall from the cells at selected watershed locations (raingages or dummy points) to simulate total
storm rainfall. Although there appears to be a weak, but identifiable, preference for northwesterly
(downslope, as well as prevailing wind direction) cell propogation at Walnut Gulch, we currently assume
in our model that the propogation is random. We do not know if Walnut Gulch is typical of a larger re-
gion or is subject to local, possibly topographic, effects. If we can tie the apparent movement of

storms based on our raingage networks to that suggested by radar echoes, we might be able to develop
meaningful directional preferences to replace the random component in our model. Such a change could
have significant effects, since runoff from a specific watershed may be affected significantly by how
runoff -producing rain develops or "moves" on the watershed.

Also, operating a network of recording raingages for research purposes is becoming more and more ex-
pensive, and because radar has been shown to give quantitative statements as to thunderstorm location
over watersheds (Kuo and Orville, 1973), radar might h,Ip us reduce the number of field trips we make
during the thunderstorm season. In this paper, we investigate the need for and value of a proposed NWS
radar for our, as well as other, work on rainfall.

RELATED STUDIES

In the early 1960's, the SRWRC obtained a 3 -cm horizontal scanning radar unit from air base salvage
at Davis -Monthan Air Force Base (DMAFB), Arizona. The radar was installed at the field station in Tomb-
stone and was used for several years. We had hoped that the radar would help in quantifying thunderstorm
rainfall (Osborn, 1962). It did not. We did feel that a more sophisticated unit, which would include a
vertical scanning unit located at some distance from the watershed, might tell us more about storm dynam-
ics, but we could not justify the cost of such a unit.

Several studies have been reported on the use of radar in combination with raingage measurements to
improve thunderstorm rainfall estimates. For example, Wilson (1963, 1967, and 1970) reported on a study
in which Oklahoma thunderstorm data were used to determine how the estimation of area rainfall by radar
can be improved by using one or several raingages. He found that the error of radar measurements of
storm rainfall amounts for a 1000 miz area was reduced by 40% after the radar was calibrated with only
one raingage. Similar studies might be appropriate in Arizona using the proposed NWS weather radar and
the Walnut Gulch raingage network.

Complete 24 -hour weather radar coverage has been available in Arizona since 1970, when a unit was
installed at the Phoenix airport (approximately 175 air miles from Tombstone). Hales (1972) made a study
of radar echo distribution in Arizona for July- August, 1971 based on the Phoenix radar. He found that in
the Phoenix area "there is a surprisingly well organized pattern of diurnal distribution of convective
activity, and that thunderstorms which begin in the mountains early in the day move gradually toward the
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deserts." Unfortunately, this study has not been repeated with more data. We assume that a 24 -hour wea-

ther radar in Tucson would help to identify similar patterns (or the lack of such patterns) in southeast-

ern Arizona, particularly in the region of Walnut Gulch.

Hales also found a high correlation between radar echoes and rainfall occurrence, but warned against

using radar to predict rainfall intensities and areal extent. He published figures showing state -wide

frequencies of hourly radar echo distribution for July and August, 1971. From these figures, we develop-

ed an hourly radar echo detection curve for Tombstone, and then plotted hourly rainfall occurrences (0.01

in. or more) at Tombstone for the same two months (Fig. 1). The two curves are highly correlated, sug-

gesting that for ungaged areas radar could be useful in estimating seasonal rainfall occurrence.
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Figure 1. Comparison of radar echoes and rainfall occurrences
at Tombstone, Arizona, July- August, 1971.

ANALYSES OF AVAILABLE DATA

At present, DMAFB operates the only weather radar in southeastern Arizona. The purpose of the DMAFB

radar unit is to supply accurate weather information for aircraft operation, and busiest periods at DMAFR

often are the same as those most interesting to us. Weather data is logged on an hourly basis at DMAFR

(sometimes every half hour) during storm periods. Data include: storm system, type of precipitation,
precipitation intensity, and the height, direction, and distance to the highest cloud top at the observa-

tion time as well as direction and distance (but not height) of other radar echoes.

Early in 1979, we contacted the DMAFB group responsible for radar operation, and they agreed to

share their weather logs with us. We were unable to correlate echo intensity levels with rainfall inten-

sity from the available data, but the summer of 1979 was relatively dry. Based on cloud top data (a less

satisfactory rainfall indicator) one major event at Walnut Gulch was identified in the DMAFB logs. On 27

July (1610 hrs), a cloud top of 59,000 ft was indicated almost directly over Tombstone. Our raingage re-

cords showed that rain was falling on Walnut Gulch on that date at that time.

The time and duration of runoff -producing rainfall on Walnut Gulch are shown in Fig. 2. An isohye-

tal map of total storm rainfall for 27 July is shown in Fig. 3. Two storm "cells" are indicated, and the

radar reading was made during the maximum runoff -producing period of the storm. Unfortunately, this is a

small sample from which to reach any conclusions, but it is encouraging that the only recorded cloud top

of over 50,000 ft above Walnut Gulch was simultaneous with intense recorded rainfall. This suggests that

a continuously operating radar in Tucson not connected with military operation might he quite valuable in

tracing storm development and movement in the vicinity of Tombstone.

We also used the radar data to correlate rainfall occurrences to clouds whose tops were 50,000 ft or

higher. We then plotted these locations on an Arizona map and determined from Climatological Data publi-

cations (NOAA) the closest reporting precipitation station. Because of the limited areal extent of
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Figure 2. Periods of intense rainfall on Walnut Gulch, 27 July, 1979.

Figure 3. Total storm rainfall on Walnut Gulch, 27 July, 1979.

thunderstorms and the inherent problems in determining exact cloud location, the precipitation station
had to be within a 10 -mile radius of the cloud location. Of the 37 cloud locations determined in south-
ern Arizona during the 1979 summer thunderstorm season, 26 or 7O% had daily rainfall for the particular
event -day. These preliminary results are promising, considering that the DMAFR radar is strictly for
aircraft control and warning, and again suggest that a full -time weather radar could be valuable for our
research program.

CONCLUSIONS

Analyses of available data and information suggest that a 24 -hr weather radar located in Tucson
would be of value to the USDA and, possibly, others involved in research on thunderstorm characteristics
in the Southwest. In particular, the radar could be valuable in improving a regional rainfall occur-
rence, depth -area model developed by the USDA, SRWRC. Also, we may be able to improve rainfall estimates
for ungaged areas by comparing the intensity of radar echoes with Walnut Gulch rainfall data. Finally,
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if we can pinpoint the location of runoff -producing rainfall, we may be able to operate our research wa-

tersheds more efficiently. The limited data from DMAFB suggests this is a distinct possibility. The ra-

dar could aid in relating large -scale regional storm development to rainfall- runoff relationships on rel-

atively small rangeland watersheds. If 24 -hr weather radar coverage is established in Tucson, we would
hope to develop a mutually beneficial cooperative effort with the NWS to this end.
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GROUNDWATER EXPLORATION IN NORTHEASTERN ARIZONA USING LANDSAT IMAGERY

by

Kennith E. Foster and K. Jadies DeCook
Office of Arid Lands Studies and
Water Resources Research Center

University of Arizona
Tucson, Arizona 85719

ABSTRACT

Demands for electric power generation are rapidly increasing water -supply requirements in north-
eastern Arizona, where groundwater pumpage is expected to escalate sixfold during the next ten years. In

a study undertaken to determine the feasibility of using satellite imagery as a tool in exploring for
new sources of groundwater, lineaments detected on Landsat images of two study sites in Arizona were
mapped. Literature related to well data in the two study areas was researched and the data were plotted.
The lineaments then were correlated with the well data by means of a well- centered grid model. Corre-
lations developed between lineament density and water well data in the two study sites support the
hypothesis that a relationship exists between regional geologic structure and the presence of ground-
water, and indicate that Landsat images can be used as a tool in delineating structural features.

INTRODUCTION

Growth of energy production requirements is placing an increasing burden on water resources in
northern Arizona and the "Four Corners" area. It has been estimated (Southwest Energy Study, 1972) that
regional energy generation will increase from 27 gigawatts (GW) in 1974 to 109 GW by 1990.

In northeastern Arizona, increasing amounts of groundwater are being used in energy production, as
illustrated by power plant development at Joseph City and St. Johns, Arizona. The water system for the
120 megawatt (MW) plant near Joseph City consists of three wells and a storage reservoir. Present use
of water is 3,600 acre -feet per year (AFY). Construction is underway to add three units that will have
a generating capacity of 250 MW each. Operating the three new units will increase water demand to 13,500
AFY which will require developing additional wells. A plant under construction near St. Johns is de-
signed to produce 600 MW of coal -fired power for regional use. This facility will require approximately
12,000 AFY. Well field exploration and initial development is underway.

In the Colorado Plateau region, groundwater occurs principally in sandstones, limestones, and other
sedimentary rock units. These rocks commonly possess a dense, cemented matrix, displaying a relatively
low order of intergranular porosity and permeability, and groundwater movement is controlled largely by
rock fractures such as joints and faults, along which solution channels or other openings have been
formed. Such fracture systems in the subsurface rock strata may project a visually detectable trace on
the land surface.

In view of the geologic and water demand characteristics noted above, a study was undertaken in
1978 to develop methods of exploring for water supplies based upon faulting detectable in satellite
imagery. Northeastern Arizona was the study area (Figure 1). Control sites near Flagstaff (Site A) and
St. Johns (Site B) were selected for more detailed study. These sites were chosen because of the access
to, and availability of, groundwater data collected as part of the St. Johns and Cholla Power Plant
developments (Guyton and Associates, 1977) and the expansion of the Flagstaff municipal water supply
(Harshbarger and Associates and John Corollo Engineers, 1973).

GEOHYDROLOGIC FEATURES

The general geohydrologic features and groundwater controls in the northeastern Arizona region have
been summarized by Babcock, et al. (1979), ana sosie of the key features are recounted below.

A sequence of Permian and Triassic rock units which underlie the southern Colorado Plateau is
important in yielding relatively large amounts of water to wells. The formational units are, in ascend-
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FIGURE 1. LOCATION OF STUDY AREA

ing order, the Permian Supai, Coconino, and Kaibab formations and the Triassic Moenkopi and Chinle for-
mations. The principal water- bearing rock assemblage is the Coconino aquifer, consisting of the
Coconino sandstone together with some underlying beds of silty sandstone and limy siltstone in the upper
part of the Supai formation, and some overlying beds of sandstone and limestone in the lower part of the
Kaibab limestone. Cracks and solution openings along bedding planes and fractures locally improve
permeability and movement of water within the aquifer.

At study Site A, the Woody Mountain well field southwest of Flagstaff, recharge to the groundwater
reservoir (Coconino aquifer) occurs through permeable basaltic cinder deposits on the surface and
through fractures and solution openings in the underlying Kaibab limestone. Lateral movement of ground-
water in the subsurface is strongly controlled by faulting, as the Oak Creek fault system directs easier
flow of groundwater in a northeasterly direction.

Study Site B is in the open plateau region of northeastern Arizona. Recharge occurs in the
southerly part of the site area through permeable sediments and jointed rocks, and groundwater movement
proceeds towards the north -northwest, controlled by the regional dip of the aquifer formation. Movement
of water is influenced locally by faulting, and yield of water to wells is substantially increased where
drilling intersects joints and faults.

In order to evaluate these relationships in terms of existing wells, data on wells in the study
areas were tabulated and the well parameters were studied as indicated in Phase II below.

USE OF LANDSAT IMAGERY

The application of satellite imagery to detecting and mapping geologic lineaments was first re-
ported in 1973, at the Third Earth Resources Technology Symposium (Short, 1973). The major Landsat
contribution to geologic mapping is that it shows large structural features and regional tectonic re-
lationships. Shoemaker, Squires and Abrams (1974) and Goetz, et al. (1975) applied Landsat imagery to
geologic mapping in northern Arizona, and the correlation of lineaments to the presence of groundwater
was accomplished first in Arizona by Akers (1964), Cooley, et al. (1969), and Huntoon (1970), who found
that water well production in northern Arizona sandstone aquifers depends on deep fracturing.

Babcock, et al. (1979) conducted a three -part, largely methodological investigation into Landsat
application. Their techniques and results are spelled out in their report and by Foster, Schowengerdt,
and Glass (1980), only the main points are summarized here, in order to emphasize the hydrogeologic
aspects of the three -phase study.
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Phase I. Lineaments within the entire study area were mapped using standard Landsat 1:250,000-
scale, false -color composites. Six Landsat scenes (Figure 2) were selected for analyses, and Sites A
and B were studied in detail. Contrast manipulation, spectral band ratioing and spatial filtering
(edge enhancement) techniques were applied to the Computer Compatible Tapes (CCTs) that contained scenes
of the two study sites.

Ina. No
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FIGURE 2. LANDSAT COVERAGE OF NE ARIZONA USED
DURING INVESTIGATION

To verify structures mapped from satellite imagery, a comprehensive literature search was conducted
to identify known lineaments within the study areas. All data were transferred tc a 1:250,000 -scale U.S.
Geological Survey (USGS) topographic map. Lineaments reported in the literature were correlated to those
mapped from Landsat imagery by using geographic features common to both the imagery and the USGS topo-
graphic base maps as tie points. If a structure defined in the literature and the mapped lineament both
trended in the same direction within 15 degrees and were not more than 1,500 meters (ni) apart, it was
assumed that they were identical.

Phase II. An inventory was made within Sites A and B, of well location, depth, land- surface
altitude, yield, drawdown, specific capacity, and transmissivity. From these data, four hydrologic
parameters were chosen to correlate with lineament data collected during Phase I: Specific capacity
(gallons per minute per foot of drawdown); transmissivity (gallons per day per foot); water temperature;
and specific conductance (micromhos).

Phase III. A methodology was developed to correlate mapped lineaments with the hydrologic data.
A well- centered grid model was used in which the cumulative length of lineaments (hereafter referred to
as lineament density) within a specified radial distance (radius of influence) from each well was cor-
related with the four hydrologic parameters by use of linear regression (Figure 3).

The expected correlation signs are shown in Table 1. Specific capacity, transmissivity and water
temperature should show higher correlation values where the lineament density is greatest. Specific
conductance and lineament density are expected to show little or no correlation at Site A because of the
excellent quality of groundwater and recharge (250 micromhos). Water quality at Site B is generally poor
(300 -500 micromhos), therefore recharge along fractures is expected to improve water quality and to
produce a negative correlation.
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FIGURE 3. WELL -CENTERED MODEL FOR DATA CORRELATION

TABLE 1

EXPECTED SIGN OF THE CORRELATION COEFFICIENT

Hydrologic Parameter Site A Site B

Specific Capacity + +

Transmissivity + +

Temperature + +

Specific Conductance o

The well- centered model was used in the final analysis to correlate the four hydrologic parameters
with lineament density interpreted from 1:250,000 -scale enhanced Landsat imagery of Site B and from a
1.24,000 -scale verified structure map of Site A, as well as an additional site near Springerville,

Arizona. Table 2 shows the results of the linear regression correlation for each site, the well radius
of influence and the number of wells in the sample set.

SITE -SPECIFIC CORRELATIONS AND CONCLUSIONS

Flagstaff, Site A. Lineaments at 1:24,000 -scale were mapped near Flagstaff (Harshbarger and
Associates and John Carollo Engineers, 1973), allowing accurate plotting of wells relative to existing
lineaments. High correlations between lineament density, specific capacity, transmissivity and tempera-
ture indicate a strong relationship between fracturing and water movement. Good correlation of water
temperature and lineament density indicates the possible effects of secondary permeability on lateral
water movement and mixing of higher temperature recharge water with the cooler groundwater. Specific
conductance showed little correlation, owing to the good quality of the recharge and groundwater.

Snowflake, Site B. Temperature and specific conductance showed little correlation with lineament
density mapped from 1:250,000 -scale Landsat images. Specific capacity and transmissivity correlations
were unexpectedly negative. A number of reasons for these negative results have been advanced by Foster
and others (1980) and are summarized below.

Springerville. The area adjoining Site B between St. Johns and Springerville encompasses a well
field that belongs to Tucson Electric Power Company. The area was the subject of earlier studies by
Harshbarger and Associates (1976). Lineaments and existing wells were plotted at a scale of 1:48,000,
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TABLE 2

CORRELATION COEFFICIENTS

Site
Hydrologic
Parameter

Number
of Wells

Correlation
Coefficient

Well Radius of
Influence (km)

Site A
Flagstaff Specific Capacity 5 0.641/ 0.8

Transmissivity 6 0.99 0.8
Temperature 4 0.78 0.8
Specific Conductance 4 0.04 0.8

Site B
Snowflake Specific Capacity 42 -0.142/ 2.4

Transmissivity 14 -0.67 2.4

Temperature 74 0.09 2.4
Specific Conductance 82 0.02 2.4

Springerville Specific Capacity 5 0.793/ 1.6
Temperature 10 0.61 1.6
Specific Conductance 12 -0.64 1.6

1/ 1:24,000 scale structure maps (Harshbarger and Associates, and John Carol to Engineers, (1973)

2/ 1.250,000 scale enhanced Landsat imagery

/ 1:48,000 scale structure maps (Harshbarger and Associates, 1976)

offering an opportunity to apply the well- centered model to existing data. Lineament densities were
measured within a radius of 1.6 km. Specific capacity and temperature show a good correlation with
lineament density, again supporting the hypothesis that lineaments enhance groundwater movement. A

strong negative correlation between specific conductance and lineament density indicates a poorer water
quality than water near Flagstaff.

It can be concluded that (1) the correlations developed between lineament density and water data
for the Flagstaff and Springerville well fields support the hypothesis that a relationship exists be-
tween regional geologic structure and well production; and (2) small -scale Landsat imagery is appro-
priate for locating high lineament densities over large areas, if followed by further mapping using
conventional large -scale aerial photography, and augmented by use of well parameter tabulations and
conventional geologic maps to locate prime sites for test wells.

The negative results of correlative tests for the Snowflake Area (Site B), as compared with Site A,
may be attributable to several factors including the following: (1) Small -scale imagery. and resolution

may introduce.locational errors or may preclude mapping smaller lineament structures that could influ-
ence well production, (2) local well location may conform to land ownership patterns rather than to
optimal production sites, or (3) geohydrologic controls may differ from one area to the other. It is

essential that each area studied be treated as a distinctive geohydrologic environment for the occur-
rence of groundwater.
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ESTIMATING TRANSMISSION LOSSES IN EPHEMERAL STREAM CHANNELS

by

Leonard J. Lane, Virginia A. Ferreira, and Edward D. Shirley
Southwest Rangeland Watershed Research Center, USDA -SEA -AR, Tucson, Arizona

ABSTRACT

Procedures have been developed to estimate transmission loss volumes in abstracting (losing) ephem-
eral streams. A two -parameter linear regression equation relates outflow volume for a channel reach to
the volume of inflow. A simplified two -parameter differential equation describes the transmission loss
rate as a function of length and width of the wetted channel. Linkage relationships between the regres-
sion and differential equation parameters allow parameter (and thus, transmission loss) estimation for
channels of arbitrary length and width. The procedure was applied using data from 10 channel reaches.
Maximum loss rates were observed on Walnut Gulch, Arizona, and minimum loss rates were observed on Elm
Fork of the Trinity River, Texas. All other data were between limits established at these two locations.
Examples illustrate typical applications and show step -by -step procedures required to use the proposed
method. Results and interpretations were summarized, and needs for additional research were specified.

INTRODUCTION

In much of the southwestern United States, watersheds are characterized as semiarid with broad allu-
vium- filled channels that abstract large quantities of streamflow (Babcock and Cushing, 1941; Burkham,
1970a, 1970b; and Renard, 1970). These abstractions or transmission losses are important because stream -
flow is lost as the flood wave travels downstream, and thus, runoff volumes are reduced. Although these
abstractions are referred to as losses, they are an important part of the water balance. They diminish
streamflow, support riparian vegetation, and recharge local aquifers and regional groundwater (Renard,
1970). Therefore, procedures are needed to estimate outflow volume, and, from that, transmission losses
in abstracting streams.

Various procedures have been developed to estimate transmission losses in ephemeral streams. These
procedures range from simple regression equations to estimate outflow volumes (Lane, Diskin, and Renard,
1971) to simplified differential equations for loss rate as a function of channel length (Jordan, 1977).
Contrasted with these simplified procedures dealing only with the volume of losses are the procedures
used to route hydrographs through a losing channel. Lane (1972) proposed a storage -routing model as a

cascade of leaky reservoirs, and Wu (1972) used the leaky reservoir concept in modeling surface irriga-
tion. Smith (1972) used the kinematic wave model to route hydrographs in channels of ephemeral streams.
Smith demonstrated that the wave front becomes steeper due to shock formation, and that the hydrograoh
peak decreases in a downstream direction due to infiltration. Peebles (1975) modeled flow recession in
ephemeral streams as the discharge from a single leaky reservoir with loss rates proportional to the
depth of flow and storage volume proportional to the square of the depth.

Therefore, there is a range of complexity in procedures for estimating transmission loss volumes and
rates in ephemeral stream channels. In general, the simplified procedures require less information about
physical features of the channels but are less general in the application. The more complex procedures
may be more physically based, but they require correspondingly more data, and more complex computations.

The purpose of this study was to develop a simplified procedure for estimating the volume of out-
flow, and from that the transmission losses, given an inflow volume at a point upstream. We also sought
to develop procedures for estimating flow volume at any point along the stream between the inflow and
outflow stations (Lane and Staff of the Southwest Rangeland Watershed Research Center, 1979).

Since the study concerns streams where water is abstracted, the outflow volume must he less than the
inflow volume. We assumed that for a particular channel reach,infiltration rates and other properties
were uniform with channel length and width, so that the relationship between inflow and outflow volumes
is unique, given the same antecedent conditions.

We sought a simplified procedure with a minimum number of parameters and with reasonable hounds or
limits on the estimates of transmission losses. Although all physical characteristics affecting trans-
mission losses could not be explicitly incorporated in the equations, we sought a procedure that would
directly account for channel size (length and width) and, thus, facilitate transfer of results from gaged
to ungaged channel reaches. Finally, we sought a procedure that would be accurate for the average or
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representative conditions for a particular channel reach. With these criteria, we expected to reproduce
trends over a range of data. Relatively larger errors are expected for very small or very large inflows,
or for events occurring under extreme conditions of antecedent moisture.

ASSUMPTIONS AND LIMITATIONS

For a given channel reach, we assumed infiltration and other channel properties were uniform with

distance along the reach and with width across a channel cross -section. We assumed a unique relationship
between inflow and outflow volume under given antecedent conditions. However, the procedure did not ac-

count for sediment concentration in the streamflow, temperature effects, seasonal trends, differences in

peak flow rate, or hydrograph shape for the same inflow volume. Therefore, the procedure was designed to
compute outflow volume and, from that, transmission loss volume, and did not compute flow rates or ac-
count for flow duration. Outflow and transmission loss rates were defined as functions of distance, not
functions of time. Finally, we assumed a threshold volume or initial abstraction, and then a linear re-
lation (above the threshold) between inflow volume and outflow volume. The assumption of a threshold
volume made the outflow -inflow relation nonlinear in the systems theory sense, and outflow and loss rates
were shown to be nonlinear functions of distance.

DEFINITIONS AND UNITS

Inflow volume, P, is the volume of inflow (acre -feet) at the upstream end of the channel reach, and

outflow volume, Q, is the volume of outflow (acre -feet) at the downstream end of the channel reach.

Transmission loss volume, P -Q, is the volume of losses (acre -feet) in the reach. The reach length, x, is

the length of the channel (miles) between the upstream or inflow station and the downstream or outflow

station. Channel width, w, is the average width of the channel (feet) for the reach. Ideally, w is the

average width of channel wetted by the flood wave. In actual practice, the average width is the width of

the channel between channel banks before "out -of- bank" flow occurs. Bank full discharge or average chan-

nel forming discharge can be used to estimate average channel width. Threshold volume, Po, is the inflow

flow volume (acre -feet) required before outflow begins at the downstream station. Threshold volume can

be interpreted as an initial abstraction or loss before outflow begins.

DEVELOPMENT

Two simple methods of analysis were used. The first is a linear regression procedure and the second
is a simple differential equation expressing the rate of change to outflow volume with distance.

LINEAR REGRESSION PROCEDURE

In this procedure, the volume of outflow is assumed proportional to the volume of inflow (Lane,

Diskin, and Renard, 1971):
0

Q =a + bP

, P <Po

,P>P0
(1)

where
Q = outflow volume, acre -ft

P = inflow volume, acre -ft

Po = threshold inflow volume, initial abstractions, acre -ft

a = intercept, acre -ft, and

h = slope.

We assumed that for an abstracting channel a < 0.0 and 0.0 < h < 1.0 so that the threshold volume is

Po = -a /h (2)

If there are n pairs of (Pi, Qi) data for a reach, then linear regression or least squares analysis can

be used to derive estimates of a and h in Eq. 1.

The main disadvantage of the regression procedure described above is that the parameters a and h are

unique to the particular reach and data set analyzed. That is, for a given channel reach of length x and

width w, if we have values of a = a(x, w) and h = b(x, w), what are the values of a and h for different

values of x and w? The traditional approach is to gage a large number of streams, and then try to relate

a and b to channel properties, including x and w, to develop "regional" regression equations for a and h.

The disadvantages of this procedure are: (1) observed data are required for a large number of channel

reaches; (2) with small data sets, spurious correlations are common, and (3) arbitrary limits may he

required so that the regional regression equations meet the constraints on a and h.

The proposed alternative to the traditional approach is to construct a model directly incorporating

x and w into the outflow -inflow (outflow as a function of inflow) equations. We followed this procedure
using a differential equation to describe changes in outflow volume as a function of the rate of change
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of the inflow.

SIMPLIFIED DIFFERENTIAL EQUATION

Jordan (1977) proposed a simplified relation between inflow volume, P, and losses in a
of length x. He suggested that

dP x _ kP(x).
dx

However, introducing a threshold (Lane, Ferreira, and Shirley, 1979) into Eq. 3 yields:

dP x _
c kP(x).

dx

A particular solution to Eq. 4 that meets the original assumptions and constraints is

Q(x) = (P - Po(x))e-kx

channel reach

(3)

(4)

(5)

where Q(x) is the outflow volume a distance x downstream from the inflow station, and P is the specified

inflow volume. With this notation, Q(x) and P (x) are functions of distance, hut P is inflow at a fixed

location. The threshold in Eq. 4 is c = -ke-k1 Po(x). As in Eq. 1, we can consider Po(x) as a threshold

and write the solution as
0 P < Po(x)

Q(x) (6)

(P - Po(x))e -kx P > Po(x).

As Lane et al. (1979) showed, Po(x) is a function of x, and thus it incorporates distance within the
outflow -inflow equation. Assumptions or constraints on Eq. 6 are that Po(x) > 0 and k > 0, so that

outflow is less than, or equal to, the inflow.

The reasoning that Po is a function

r- x1-+1
Al

X
2

i

AY

(A)

Al

ro- X1-el

A:

(B)

of x is illustrated in Fig. 1A. For a particular channel of

width wl, an inflow volume P1, may travel a dis-

tance xl before it is all lost in the channel. Dur-
ing the time this flood wave travels the distance

xl, it wets a channel area of Al, resulting in a total

loss of Po(x1, wi) = P1. For a larger inflow, P2, the
P1 flood wave may travel a greater distance, x2, and wet

an area, A2, before it is lost as infiltration into

the channel. The total loss is Po(x2, wi) = P2. If it

is assumed that the velocity of the wave front is con-

stant and that x2 = 2x1 and A2 = 2A1, then the time
required for the wave front to reach a distance x7, (T )

is twice the time required to reach a distance x1`'1).
With these assumptions, Po(x2,w1) must he greater than

P2 2P0(xl, wl), because for x2 the area (A1) is wetted
for a period T1 + 1-1, while the area between xi and x2
is also Al, and it is wetted for a period T2 - T1, or

T1, also. If total infiltration is assumed to he pro-

portional to the opportunity time for infiltration to
occur (T1 or T2), then the total infiltration or loss,
Po is proportional to TA. That is,

Po(xl, wl) R T1A1 (7)

4 -Pz

Figure 1. Illustration of increases in chan-
nel alluvium wetted with (A) increasing reach
length or (B) increasing channel width.

and
Po(x2, wl) .. (T1 + T1)A1 + (T2 - T1)A1 (B)

which is
Po(x2, wl) rt 2T1A1 + T1A1 = 31.01 (9)

and meets the assertion that Po(x2, wi) > 2P0(xi,w1),

although x2 = 2x1.

The reasoning that Po is also a function of w is
illustrated in Fig. 1B, and by the logic discussed

above. That is, for the same length xl, the area wet-
ted can also be doubled by doubling the width. If we
again assume T2 = 2I1, then it can he shown (as in

Eqs. 7 -9) that Po(x1, w2) > 2P0(xl,wl), and Po becomes
a function of both x and w.

These gross assumptions are made as illustrations.
However, based on this reasoning and for simplicity,

we assume that the losses are a function of x and w,
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and moreover, symmetric in x and w. Based on this assumption, the simplified model (hereafter the expo-

nential or differential equation model) corresponding to Eq. 6 is:

r0 , P < Po(x, w)

Q(x, w)

[P - Po(x, w)]e -k(x, w), P > Po(x, w). (10)

The major disadvantage to the differential equation approach (Eq. 20) is in estimating and interpre-

ting the parameters. We linked the differential equation model to the regression model to use the power-

ful least squares procedure for estimating parameters.

LINKAGE BETWEEN REGRESSION AND DIFFERENTIAL EQUATION PARAMETERS

The lower portion of Eq. 10 can be expanded as

Q(x, w) _ -Po(x, w)e -k(x, w) + Pe-k(x, w), (11)

For fixed x and w, the first term of Eq. 11 is a constant, and the second term depends only on P. Com-

paring Eq. 11 with the lower portion of Eq. 1, we can write

and

Solving Eq. 12 for Po(x, w), we have

which by Eq. 13 is

a(x, w) _ _Po(x,w)e-k(x, w) (12)

b(x, w) = e-k(x,
w), (13)

Po(x, w)
eakx(X w)w)

P (x, w) -
-a

b

x, w)

o x, w)'

(14)

(15)

For fixed values of x = xi and w = wi, Lane et al. (1979) showed that Po for arbitrary x and w is

Po(x, w) =
a(xl, wi) [1 a

+k(x' w)]. (16)

[1 - b(x1, w1)]

Equations 12 -16 provided a means of generalizing a, b, and Po for any x and w if k(x, w) could he

written as a function of x and w. The final assumption required for linkage was that k(x, w) is the lin-

ear function of x and w
k(x, w) = xwk (17)

where k is a constant for a given channel reach.

UNIT CHANNEL

A unit channel is defined as a uniform channel reach of unit length and unit width. The procedure

used in this study was to derive parameters (k, b, a, and Po) for a unit channel from the corresponding

parameters for a channel of fixed length and width. The relationships described by Eqs. 12 -17 were then

used to derive parameters for any arbitrary x and w. Since the parameters for a unit channel do not in-

volve x or w, they have two advantages. First, they may be characteristic values describing transmission

losses for a particular reach. In general, the parameters involve x and w, so mean parameter values can-

not be computed for a basin or region from derived parameter estimates for several channel reaches in the

basin or region. Second, since the unit channel parameters are independent of x and w, these unit para-

meters can be averaged (if the infiltration characteristics are fairly uniform) to derive basin or reg-

ional parameter values.

The equations to compute unit channel parameters, given parameters for a channel of length x and

width w, are summarized in Table 1. Table 2 summarizes the equations for computing parameters for a

channel with arbitrary length and width given parameters for a unit channel. The notation used for k and

the other parameters in Tables 1 and 2 is that k(x, w) is for length x, and width w, k(1, w) = k(w), k(x,

1) = k(x), and k(1, 1) = k. Notice that the equations are symmetric in x and w so that unit channel

parameters in Table 1 can be determined by first eliminating x and then w (as shown), or by first elimin-

ating w and then x (not shown). The same is true in Table 2; we can first introduce w, and then x (as

shown), or first introduce x, and then w (not shown).

ANALYSIS AND RESULTS

Data for a number of channel reaches in Arizona, Kansas -Nebraska, and Texas were analyzed using the

procedures described above. Data used in this study are summarized in Table 3. The Walnut Gulch data

are from our observations; the Queen Creek data are from Babcock and Cushing (1941); the Trinity River

data are from Texas Board of Water Engineers (1960), and the Kansas -Nebraska data are from Jordan (1977).
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Table 1. Summary of equations for estimating outflow equation parameters for a
unit length and unit width channel reach given parameters for a reach
of length x and average width w.

Values for reach of Values for reach of Values for reach of
Parameter length x and unit length and unit length and

width w width w unit width

Decay
*k(x,w) * *k(w) _ _

In b(x,w) * lit/
factor x w

Regression b(x,w) b(w) = e-k(w) h = e-k
slope

a - (1
C1

-- hh(w
( )

intercept
(,) w)

[1

[

b- (w

l]xa ,(xw)

Regression

a
(1[1-

b) a(x,w)
- h(x,w)T

Po(w) = A (1- e 4(14))
1ah +k)

Po(w)
-

a w -a

b w o h
* Basic linkage, k(x,w) = -In b(x,w).

* *Basic assumptions on changes in k with length and width are k (x,w) = xk(w)
and k(w) = wk where k is the decay factor for a unit length and width chan-
nel, x is length, and w is width.

Threshold
volume Po(x,w)

Table 2. Summary of equations for estimating outflow equation parameters for a
channel of width w and length x, given parameters for a reach of unit
length and width.

Values for reach of Values for reach of Values for reach of
Parameter unit length and width w and width w and

unit width unit length length x

Decay k(x,w) = xk(w)
factor k(x,w) = xwk

h(x,w) = e-k(w)x

h(x,w) = e-xwk

a(x,w)
[1 [1-b(w))] a(w)

a(x,w) - [1 - b(x,w)]a
(1 -h)

Po(w) = lab
+wk)

po(x,w) =[1a1(,çW)](1 a +wxk)

Regression
slope

Regression
intercept

k

b

a

Threshold
volume o

k(w) = wk

b(w) = e-k(w)
b(w) = e-wk

a(w) - [1 - b(w)]a
(1-b)

*po(w) w Po(x'w) b x,w
*This form of the equation for Po should he used to minimize round -off errors.

The data shown in Table 3 are not entirely consistent in that the events represent floods of differ-
ent magnitude. The Walnut Gulch data are from a series of small to moderate events representing in -hank
flow, whereas the Queen Creek data are for relatively larger floods and, no doubt, represent some out -of-
bank flow. The Trinity River data represent pumping diversions entirely within the channel hanks. Data
for the Kansas -Nebraska streams represent floods of unknown magnitude, which may include out -of -bank
flow.

The hydrologic data summarized in Table 3 were analyzed using linear regression analysis (Eq. 1) to
estimate the parameters a(Lc, w), b(Lc, w), Po(Lc,w), and k(Lc,w), where Lc is the total length of the
channel reach in miles, and w is the average channel width in feet. These parameters are summarized in
Table 4. Using the procedures outlined in Table 1, parameters were computed for unit length channels,
unit width channels, and unit length and width channels (Table 5).

WALNUT GULCH EXPERIMENTAL WATERSHED, ARIZONA

Data from four of the channel reaches on Walnut Gulch were selected for detailed analysis. The unit
channel parameters for these four reaches are shown in Table 5. The surface area of the channel avail-
able for infiltration is approximately

Ac = xw(5280/43560) (lR)
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Table 3. Summary of hydrologic data used in analysis of transmission loss data.

Location

Reach
identification

Length
Lc

Average
width w

Number
of

events

Inflow volume Outflow volume

Mean
Standard
deviation

Mean
Standard
deviation

(mi) (ft) (acre -ft) (acre -ft) (acre-ft) (acre-ft)

Walnut 11 -8 4.1 38. 11 16.5 14.4 8.7 11.4

Gulch, AZ 8 -6 0.9 -- 3 13.7 - - -- 11.4 - - --

8-1 7.8 -- 3 16.3 - - -- 1.62 - - --

6-2 2.7 107. 30 75.1 121.6 56.9 101.0

6 -1 6.9 121. 19 48.3 51.7 17.1 26.5

2 -1 4.2 132. 32 49.3 42.7 24.4 31.4

Queen
Creek, AZ

Upper to Lower
Gaging Station

20.0 277. 10 4283. 5150. 2658. 3368.

Elm Fork of Elm Fork -1 9.6 - -- 3 454. 441.

Trinity Elm Fork -2 21.3 - -- 3 441. 424.

River, TX Elm Fork -3 30.9 120. 3 454. 424.

Kansas-
Nebraska

Prairie Dog
Creek

26.0 17. 5 1890. 1325. 1340. 1218.

Beaver Creek 39.0 14. 7 2201. 2187. 1265. 1422.

Sappa Creek 35.0 23. 6 6189. 8897. 3851. 7144.

Smokey Hills
River

47.0 72. 4 1217. 663. 648. 451.

Table 4. Summary of regression model and differential equation model parameters for selected channel

reaches.

Location
Reach

identification
Reach
no.

Length
Lc

Average
width w

Regression
intercept

e(Lc,w)

Model

slope

h(Lc,w)

Threshold
volume

Po(Lc,w)

Decay
factor

k(Lc,w)

R2R

Walnut
Gulch, AZ

Queen
Creek, AZ

Elm Fork
of Trinity
River, TX

Kansas-
Nebraska

11 -8

8 -6

8 -1

6 -2

6 -1

2 -1

Upper to lower
station

Elm Fork - 1

Elm Fork - 2

Elm Fork - 3

Prairie Dog
Creek (PD)

Beaver
BC)

C)

Smokey Hills
River (SH)

1

2

3

4

5

6

7

8

9

10

11

12

13

14

(mi)

4.1

0.9
7.8

2.7

6.9
4.2

20.0

9.6

21.3

30.9

26.0

39.0

35.0

47.0

(ft)

38.

--

--

107.

121.

132.

277.

--

--

120.

17.

14.

23.

72.

(acre -ft)

=4.27
-0.34
-2.38
-4.92

-5.56
-8.77

-117.2

-15.0
+7.6*

-8.7

-353.1

-157.3

-1076.3

-99.1

0.789
0.860
0.245

0.823
0.469
0.673

0.648

1.004*
0.944
0.952

0.896

0.646

0.796

0.614

(acre -ft)

5.41
0.40

9.71

5.98
11.86

13.03

180.90

- - --

- - --

9.14

394.10

243.50

1352.10

161.40

.2.370

.1508

1.4065

.1948

.7572

.3960

.4339

.0492

.1098

.4370

.228v

.4878

.98

.99

.84

.98

.84

.84

.98

99
99

.99

.95

'9

.81

*Channel reaches where derived regression parameters did not satisfy the constraints.

where Ac is the wetted area in acres. The size or scale characteristic of the channel is the length -

width product, xw. Values of xw were related to the k values from Table 5, as shown in Fig. 2. The

equation
k(x, w) = kxw = 0.000850 xw (19)

is a least squares (through the origin) line fitted to the data points shown in Fig. 2.

Given the value of xw for a particular reach, Fq. 19 was used to estimate k(x, w), and this, in

turn, was used to estimate h(x, w) as

and a(x, w) as
h(x, w) = e-k(x, w)

a(x, w) -
[1 (b(x,h))]a
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The unit channel regression slope, b, was comput-
ed using x = w = 1.0 in Eq. 20, and a was taken

LOO as the mean of the a values shown in Table 5.
The results of these calculations are shown as
the lines in Fig. 3. The points shown in Fig. 3

represent the least squares estimates of a(x, w)

0.80 and b(x, w), as shown in Table 3. The scatter of

m 0 the points in Fig. 3 represents residual or unex-
ó plained errors in fitting the trend lines. The

u regression slopes, h(x, w), are a result of the
410 least squares fit of k(x, w), as shown in Fig. 2.

However, the a(x, w) trend line resulted from the

e
use of the mean of the a values from Table 5.o

w The scatter shown in Fig. 3A indicated that use
00.4 o of the mean value of a may not result in the op-

5 timal fit to the a(x, w) values. At present,
,: however, using the mean value of the individual a
1 o values is the recommended procedure.

0.20

QUEEN CREEK, ARIZONA

Least squares estimates of a(Lc, w), h(L ,w),

0 200 400 600 800 1000 Po(Lc, w), and k(Lc, w) for Queen Creek are list-
ed in Table 4, and the unit channel parameters
are shown in Table 5. For this analysis, data
were available for only a single channel reach.

Figure 2. Relation between decay factor, k(x,w), Therefore, values of k, h, and a for the single
and the channel length -width product for Walnut reach were taken as representative for Queen
Gulch, Arizona. Creek.

zw LENGTH -WIDTH PRODUCT (mi -it)

., 15.0
w
4

4 -IO.O
W
U
cc

(A)
REGRESSION INTERCEPT

WALNUT GULCH, AZ.

200 400

aw LENGTH -WIDTH PRODUCT (mi -ft)
600 800 1000

(e)
REGRESSION SLOPE
WALNUT GULCH, AZ.

0.40
200 400 600 800 1000

zw LENGTH -WIDTH PRODUCT (mi -ft)

Figure 3. Relations between channel length -width product and (A) regression intercept, and (B)
regression slope for Walnut Gulch, Arizona.

ELM FORK OF THE TRINITY RIVER, TEXAS

The least squares estimates of a(Lc, w), h(Lc, w), P (Le, w), and k(Lc, w) for Elm Fork are listed

in Table 4, and the unit channel parameters are shown in Table 5. For this analysis, data were available
for 3 points on a 30.9 -mi reach, and the regression parameters a(Lc, w) and h(Lc, w) met the constraints
of a(Lc, w) < 0 and 0 < b(Lc, w) < 1 for the 30.9 -mi reach. The value of k(Lc, w) = 0.0000133 was about

ten times smiller than corresponding values on the other reaches (Table 4).

For the data sets analyzed, the Elm Fork data represent a "minimum loss" case with a relatively

small decay factor and correspondingly high regression slope values. For practical flood routing or
transmission loss analysis, the loss rates on Elm Fork were negligible, and could he ignored. Nonethe-

less, the Elm Fork channel reach represented a lower limit case for comparison with other channel
reaches.

KANSAS -NEBRASKA STREAM CHANNELS

Data from the 4 channel reaches in Kansas -Nebraska were analyzed to estimate a(Lc, w), h(Lc, w),
Po(Lc, w), and k(Lc, w), as listed in Table 4. The corresponding unit channel parameters are shown in

Table 5. There was a relatively large amount of variability in a and k, as shown in the right portion of

Table 5. 199



Table 5.
reaches.

Summary of unit length, unit width, and unit length and width parameters for selected channel

Location
Reach Unit length parameters Unit width parameters Unit length and width parameters

identification a(w) b(w) Po(w) a(Lc) b(Lc) Po(Lc) a h Po k

Walnut
Gulch, AZ

Queen
Creek, AZ

Trinity
River, TX

Kansas-
Nebraska

11 -8 -1.13657 .94384
6 -2 -1.93484 .93039
6 -1 -1.08819 .89607
2 -1 -2.41320 .91002

Upper to Lower_
7.14508 .97854

Station

Elm Fork -3 -.28825 .99841

Prairie Do
14.30986 .99579

Creek (PC)
Beaver _4.95071 .98886

Creek (BC)
Sappa Creek _34.28091

.99350
(SC)

Smokey Hills _2.65060 .98968
River

1.2042
2.0796
1.2144
2.6518

7.3018

.2887

14.3705

5.0065

34.5052

2.6782

-.12587
-.05059
-.06541
-.08046

-.52273

-.07427

-21.86124

-13.65447

-52.07808

-1.73337

.99378

.99818

.99376

.99700

.99843

.99959

.99356

.96927

.99013

.99325

.1267

.0507

.0658

.0807

.5236

.0743

22.0029

14.0874

52.5972

1.7451

-.03076
-.01874
-.00950
-.01915

-.02597

-.002404

-.842008

-.355480

-1.493102

-.036970

.998480

.999326

.999094

.999286

.999922

.999987

.999752

.999200

.999717

.999856

.0308

.0187

.0095

.0192

.0260

.0024

.8422

.3558

1.4935

.0370

.001521

.000674

.000907

.000714

.0000783

.0000133

.000248

.000800

.000283

.000144

APPLICATION AM) EXAMPLES

Application of the procedures can best be seen by considering examples for a typical situation. For

the first example, we considered derivation of parameters from observed inflow -outflow data using regres-
sion or least squares analysis. In the next example we assumed that these least squares parameters or
unit channel parameters were derived and, in turn, were used to derive prediction equations.

EXAMPLE 1. Least Squares Analysis.

Assume the following data in Table 6 are from a channel reach of length Lc = 5.0 mi and average

width w = 70 ft. and derive the least squares estimates of a(Lc, w), b(Lc, w), Po(Lc, w), and k(Lc, w).
Using the derived value of k(Lc, w), interpret these transmission loss data relative to the results in

Table 4 and Table 5.
Table 6. Hypothetical inflow -outflow data for an
ephemeral channel reach

Inflow volume
10. 20. 25. 15. 100.

(acre -ft)

Outflow volume
0.1 6.0 9.0 2.5 75.

(acre -ft)

Solution: Ljnear regression analysis of the data in Table 6 produced a(Lc, w) = -10.38, and h(Lc, w)
0.850 with R4 = .998. With these values we compute the following:

a(Lc, w)
Po(LC, w) _ - b(Lc. w) - 12.21 (22)

k(Lc, w) = -ln[b(Lc, w)] = 0.1625. (23)

Therefore, the ,,efl,,w- +nflow equation for the channel reach is

0 P<
Q(Lc, w) = Q(5.0, 70.) -

-10.38 + 0.850P , P >

12.21

12.21

(24)

The value of k(x, w) = kxw = 0.1625 means that for xw = 350, k = 0.000464. The value of k(x, w) _

0.1625 could be from any of the locations in Table 4 but Elm Fork, and the value of k = .000464 could he
from Walnut Gulch or Kansas- Nebraska streams (Table 5). Comparison with Fig. 2 shows that this k is

smaller than the Walnut Gulch value of 0.000850.

EXAMPLE 2. Estimate Parameters for Arbitrary Channel.

Using the parameter values derived in Example 1 for Lc = 5.0 mi and w = 70 ft, derive the parameters
for a channel of arbitrary length x and arbitrary width w.

Solution: First, derive the unit channel parameters using the procedure outlined in Table 1, then derive
the parameters for x and w using the procedures outlined in Table 2.

Unit Channel. From equations in Table 1.
200



and

k(Lc, w) _ 0.162519 _
k

Lcw (5) (70)
0.000464

b = e-k = e-.000464 = 0.999536

a

(1-b) a(Lc, w) (1 - 0.999536)(-10.38) -
0.032125.

C1-b(Lc, w)] (1 - .850)

(25)

(26)

(27)

Arbitrary Channel. From the equations in Table 2.

k(x, w) = kxw = 0.000464xw (28)

b(x, w) = e-k(x, w) = e- 0.000464xw (29)

and

a(x, w) =
C1 -b(x, w)ja -

68.9849(1- e-
0.000464xw).

(30)
1 -b)

We could evaluate Eqs. 28 - 30 for arbitrary xw to produce graphs as in Figs. 2 and 3. The result would
be a graphical procedure to estimate parameters (and thus the outflow -inflow equations) for arbitrary x
and w in the hypothetical channel reach.

DISCUSSION AND SUMMARY

Transmission losses are important in determining runoff volumes in streams where runoff is abstract-
ed or lost. A simplified procedure was developed to estimate outflow volumes and, thus, transmission
losses in such streams. Transmission loss rates were assumed to vary directly with the surface area wet-
ted by passage of a flood wave through a channel reach. This allowed direct incorporation of channel
length and width into parameters of the model. Given parameters for a channel with specified length and
width, linkage of the differential equation with the linear regression equation allowed estimation of
parameters for channel reaches with arbitrary lengths and widths.

Two examples illustrated a typical application and the power of the simplified procedure to general-
ize results given a minimum of information on a specific channel reach. The procedure can be easily
applied under a variety of circumstances. Moreover, since predicted outflow cannot exceed inflow, the

method has reasonable limits.

Additional research is needed to relate model parameters to channel and infiltration characterist-
ics. Since the equations explicitly include channel length and width, scale or size characteristics,
except depth or volume of alluvium, are eliminated. Since transmission loss rates are determined by
infiltration rates and by opportunity time for infiltration to occur, fruitful areas of additional

research should concentrate on physical features of the channels which control infiltration rate and

opportunity time. In the first case, particle size data, including median particle size, percent gravel,
sand, silt, and clay, should be related to infiltration rate, as should antecedent moisture. Opportunity
time should be a function of flow duration data, hydraulic resistance, and channel slope, in addition to

infiltration rate. With enough data of this type, it will be possible to estimate model parameters for

abstracting channels. In the absence of such analyses, data from Walnut Gulch data might provide upper
limits, and data from Elm Fork of the Trinity River might provide lower limits for parameters. Applica-
tion of the equations with data from these two locations should produce upper and lower limits on expect-
ed transmission losses.

Symbol

a

Ac

b

c

k

List of Symbols

Definition

Regression intercept in linear rainfall/

runoff relationship. Also denoted a(x,w),
a(x), or a(w) depending upon which inde-
pendent variables are held constant.1

Area of channel alluvium wetted by the

passage of a flood wave. Also AI or A2.

Regression slope in linear rainfall /runoff
relationship. Also h(x,w), h(x), or b(w).

Arbitrary constant in differential equa-

tion.

Transmission loss decay factor. Measure of
the rate of transmission losses with chan-
nel area wetted. Also k(x,w), k(x), or

k(w). 201

Units

acre -ft

acre

dimensionless

acre -ft /mi

(ft -mi) -1



Lc Length of channel reach. L is usually the
length of a particular reach, while x is a

variable distance within the reach.

mi

Number of measured (P,Q) data pairs for a dimensionless

reach.

P Volume of inflow to a channel reach. Also acre -ft

P1 or P2.

Po Threshold volume or initial abstraction. acre -ft

Volume of inflow required before outflow

begins. Also Po(x,w) or Po(x).

Q Volume of outflow from a channel reach. Al- acre -ft

so Q(x,w), Q(x), or Q(w).

T Travel time; opportunity time. Time it hr

takes a flood wave to travel a channel
reach distance x(T). Also T1 or T2.

w Average width of a channel reach. Also wi ft
or w2.

x Variable distance in a channel. Also xi or

x2. mi

1The notation adopted here, a(x,w), refers to a as a function of x and w; a(x, 1) = a(x); a(1,w) = a(w);

and a(1,1) = a. Therefore, a(x,w), b(x,w), etc., refer to values for a channel reach of length x and
width w, while a, b, etc., refer to corresponding values for a unit channel (i.e., x = w = 1).
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COMPUTERIZED DEPTH INTERVAL DETERMINATION OF GROUNDWATER CHARACTERISTICS
FROM WELL DRILLER LOGS

by

Michael Long
b

Stephen Erb
Arizona Water Commission

Frequently groundwater modeling efforts are frustrated by sparce information des-
cribing even the most fundamental of required aquifer parameters - transmissivity and
specific yield.

Although aquifer tests can provide reliable estimates of transmissivity, the num-
ber of available tests is often inadequate to describe its areal distribution over an
entire modeled area. Specific capacity data provides a less reliable method of deter-
mining transmissivity, but is usually available in greater numbers than aquifer tests.
However, in some cases, it too may not reach to the edges of the modeled area or be
available with sufficient density to smooth out the scatter in calculated transmis-
sivities.

In modeling basins with groundwater declines, the aquifer parameter having the
greatest influence on verification accuracy is often the specific yield. There are,
however, few methods available to estimate this parameter in unconfined aquifers, es-
pecially its areal distribution with depth.

The Arizona Water Commission driller log program was developed primarily in an
attempt to supplment the estimates of transmissivity and specific yield obtained from
more traditional methods. As such it is intended to provide additional data in areas
with sparce or conflicting values, extend coverage to areas undefined by other methods,
and to gain some insight into the vertical distribution of aquifer parameters. The
procedure builds on the theory that transmissivity and specific yield are functions of
the materials comprising the aquifer. Fine grained materials tend to be both low in
hydraulic conductivity and specific yield, while coarser grained materials tend to
have higher hydraulic conductivity and specific yield. Well driller logs provide a
readily available and, in most areas, a relatively large source of data describing the
lithology of aquifers. However, in recognition of the inherent low reliability of each
individual driller log, the procedure is intended to be used primarily where a suffi-
cient number of logs can be analyzed to establish a trend or some agreement among re-
sults over large areas, and further, that these data be used as first approximations
of the parameters for use in calibrating models.

The driller log program utilizes the relationship between drillers terms and spe-
cific yield described in the U.S. Geological Survey publication "Groundwater Conditions
and Storage Capacity in the San Joaquin Valley, California" Water -Supply Paper 1469.
While the values chosen for specific yield in that paper can be expected to be different
in alluvial basins in other geographical areas, it is believed teat they provide a
reasonable and perhaps conservative estimate that can be used in the absence of a de-
finite investigation of relationships in the basin under study.

Aquifer transmissivity is determined under the assumption that hydraulic conducti-
vity can be related to aquifer material types similar to the manner in which specific
yield is related to aquifer material types. The procedure is based on assigning a
hydraulic conductivity to each of the major categories of materials identified in
Water -Supply Paper 1469 plus one category added by the authors (Table 1). The magni-
tude of the assigned hydraulic conductivity values can be arrived at by correlating
transmissivities determined from aquifer tests and transmissivities calculated by the
driller log program from the tested wells driller logs. In basins with few or no aqui-
fer tests with which to correlate, the hydraulic conductivity can be assigned within
the theoretical limits for the predominate type of material represented by each of the
six major categories of WSP -1469. Transmissivities are calculated in the program by
multiplying the depth interval represented by each driller call times the hydraulic
conductivity associated with the material type described by the driller. Transmissivi-
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ties are then summed vertically for each of the driller calls to obtain total transmis-
sivity for the depth interval desired. Figure 1 demonstrates an example for this pro-
cedure.

The driller log program also calculates total groundwater in storage by simply
multiplying the specific yield associated with the driller call, divided by 100, times
the depth interval call. The resulting number represents feet of water in storage for
a unit area surrounding the well. It can also be expressed as acre -feet per acre of
groundwater in storage.

The program also has provisions for calculation of potential well yield at vary-
ing depths of well penetration based on the Theis equation. Transmissivity calculated
by the subject procedure and user supplied values for horsepower, well diameter, and
efficiency provide input to the equation. This provision of the procedure, however,
has not yet been fully tested.

To meet groundwater modeling requirements the driller log program has been struc-
tured to allow determination of aquifer parameter values at different depths or depth
intervals below the surface. For example, from figure 1, at user specified depth in-
tervals of 200 and 400 feet from the surface, the program would calculate total trans -
missivities of 338,400 and 180,100 g /d /f respectively, and total groundwater in storage
of 78 and 43 acre -feet per acre, respectively.

To facilitate computer input, the driller log descriptions from WSP 1469 were re-
duced to 42 computer codes which represent unique material types as shown in table 2.
These codes are recognized by the driller log program which assigns corresponding spe-
cific yield and hydraulic conductivity values to each of the codes used as input.

Currently, the Water Commission has a contract with the USGS Southwest Aluvial
Basin /Regional Aquifer System Assessment Project to collect driller logs for most of
the alluvial basins in the south and central portions of Arizona and estimate transmis-
sivity and specific yield values using the driller log program. This information, in
conjunction with available field data, will be used as input in the USGS modeling ef-
forts in these basins.

To date the Water Commission has completed two groundwater modeling studies uti-
lizing transmissivity and specific yield values from the driller log program. The
Harquahala Plains groundwater basin, the first to be modeled using the program, had
been initially attempted using hydraulic parameters based on specific capacity data and
geologic interpretation. Results with this method of parameter estimation were poor
with average calculated vs measured head differencies by node of approximately 96 feet
at the end of a 22 year verification period. Using the driller log program with data
from approximately 50 wells, average head differencies were decreased to 48 ft on the
first attempt. The improvement is attributed as much to the distribution of values
provided by the program as to the absolute values estimated.

In the Lower Hassayampa groundwater basin 120 driller logs were used for estimates,
including logs in an area of confined aquifer conditions. Because of the knowledge
gained from previous work in the area, the confined or semi -confined conditions were
recognized early in the study and specific yield values were reduced accordingly from
those values calculated by the program. However, the estimated transmissivity values
provided by the program over the unconfined area changed little over the course of
calibration and verifying the model. Initial calibration error using the driller log
program data was 25 feet over a 12 year period.

The largest effort to date using the driller log program has been a modeling effort
currently in progress by the Water Commission in the Salt River Valley groundwater
basin. Approximately 2,000 driller logs were used in the analysis for this basin. In

addition to the driller log analysis a field testing program was initiated to provide
measured transmissivity values for calibration of the results from the driller log
program. One hundred and sixty wells tested during the summer of 1979 and recovery
analyses were done on each to obtain a transmissivity estimate. These results were
compared to a driller log analysis for each well and statistical methods were used to
analyze the relationship between field transmissivity data and driller log estimates.

The final values used in the Salt River Valley for the major aquifer material types
are those shown under the hydraulic conductivity column in figure 1. Graphic analysis
by well, of driller log estimated transmissivity compared to the field test estimates
resulted in considerable scatter. However, areal plots of the driller log estimated
transmissivity data revealed better agreement and successfully identified the major
zones of high, medium, and low transmissivity indicated by the field data. The driller
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log data has been used in the Salt River Valley model to estimate transmissivity in ar-
eas where aquifer test and specific capacity data were unavailable, to provide a gener-
al estimate of the areal change in transmissivity with depth, and to provide an initial
estimate of specific yield over the entire modeled area.

In summary, the driller log program has been usefully applied in the three afore-
mentioned groundwater modeling studies to obtain initial estimates of specific yield
and estimates of transmissivity, particularly in areas where no other sources of inform-
ation are available.

The literature describes computerized techniques to evaluate aquifer parameters
which have been developed by others and from which reasonable results have also been
obtained. In providing a standardized quantitative evaluation of geologic information
from driller logs, often regarded as useless for such purposes, the program can provide
the hydrologist with a useful tool in areas where other sources of information describ-
ing aquifer parameters are limited.

Table 1

CATE7ORY SPECIFIC YIELD MATERIAL

1 0 Crystalline bedrock (fresh)

2 3 Clay and related very fine grained deposits

3 5 Silt: gravelly cla"; sandy clay; sandstone;

conglomerate; and related deposits

4 10 Tight sand; clay & gravel: sand & clay; etc.

5 15 Fine sand; silty sand and gravel

6 25 Sand; medium to coarse grained, loose, and

well sorted: gravel; sand and gravel: and

related

Figure 1

Driller Log
Description

course gravelly

Specific Yield

deposits

Hydraulic
Conductivity

Transmissivity

-100 Silt 0 0 0

-200 Silt 5 8 800

-300 Gravel,clay, & sand 10 75 7500

-400 Course sand 25 1500 150000

-500 Fine sand 15 300 30000

-600 Clay 3 1 100

-700 Gravel 25 1500 150000
338,400 g /d /f
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Table 2

COMPUTER CODE FOR DRILLER LOG FILE

SPECIFIC YIELD CODE DRILLER LOG UNIT

0 HARK Hard rock

3 CEMT Cement

3 CLAY Clay, pure

3 DEGR Decomposed granite

3 HAPN Hardpan

3 MALA Malapai

3 SHAL Shale

3 SNEL Shell

3 VOLC Volcanics

5 CALI Caliche

5 CMGR Cemented gravel

5 CMSA Cemented sand

5 CNGL Conglomerate

5 DRGR Dry gravel, below the water table

5 GRCL Gravelly clay

5 HASA Hard sand

5 HSCL Hard sand and clay

5 HSYC Hard sandy clay

5 SAHP Sandy hardpan

5 SILT Silt

5 SOIL Soil

5 SAST Sandstone

5 VASH Volcanic ash

10 CMSG Cemented sand and gravel

10 CNGS Conglomerate, gravel and sand

10 CLLR Clay and gravel

10 HAGR Hard gravel

10 QKSA Quicksand

10 SAND Sand

10 SACL Sand and clay

10 SCGR Sand, clay and gravel

10 SAHR Sand and hard rock

10 SASO Sand and soil

10 VSYC Sandy clay

10 SFSS Soft sandstone

15 FISA Fine sand

15 SISG Silty sand and gravel

25 BOUL Boulders

25 SAGR Sand and gravel

25 SABO Sand and boulders

25 WAGR Water gravel

25 WASA Water sand
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THREE -DIMENSIONAL VELOCITY LOG IN GROUNDWATER

by

Richard P. Chagnon
Johnson Screens, UOP

INTRODUCTION

The "Three Dimensional" or "3 -D" velocity log was developed in the late 1950's. The 3 -D veloc-
ity logs initial application was in rock mechanic studies associated with dam construction, tunnels
and canals, and for foundation studies.

The mineral and petroleum industry found the 3 -D velocity log to be an excellent tool for cement
bonding evaluation, rock porosities, fracture locations, and gas and water contact zones.

PRINCIPLE CONCEPT

The 3 -D velocity logging system utilizes transmitting and receiving transducers placed at a
known distance from each other as shown in Figure 1. The transmitter generates pulses of 22 micro-
seconds in width at rate of 20 times per second. The receiving transducer detects any pressure waves
reaching it in a borehole and converts these pressure waves to electric signals which are transmitted
to the surface recording equipment. The total wave train, including pressure, shear, and boundary
waves, can be displayed as a variable density by a specially designed camera.

APPLICATION IN GROUNDWATER STUDIES

The 3 -D velocity log was used on the Nevada Test Site, starting in the late 1960's. Its use was
for rock mechanic studies but the application for hydrogeological studies became apparent.

The single most intensive application for the 3 -D velocity log was in the Tucson and Avra Valley
basins. Starting in September, 1972, over two hundred exploration testholes and production wells have
been logged by various geophysical borehole tools, including the 3 -D velocity log.

The 3 -D velocity log proved to be the best geophysical tool for groundwater studies for the eco-
nomical benefits derived.

FEATURE BENEFITS

1. Top of the static water level. The first signals to be recorded will be in the unconsoli-
dated saturated alluvial aquifers. In many areas, the depth of the water table is unknown and errors
are made on these assumptions.

2. Perched water table. Has been used for contaminated groundwater studies from mine tailing
ponds and infiltration studies.

3. Applicable to large diameter holes. Has been used in large reverse rotary holes of greater
than 30 inches. The majority of other borehole geophysical tools are limited to a maximum of 18
inches.

4. Feasible in small exploration holes. Has been used in small NX type holes where again, the
size of most other tools makes it impractical.

5. Total porosity. The 3 -D velocity logs are borehole compensated, so that the true velocity
matrix of the formation can he determined. All of the other borehole tools are affected by dulling
conditions and borehole environment. This single condition has caused many water wells to be de-
signed improperly due to erroneous interpretation.

6. Determ'.,
accuracy o e .ore o e This is helpful in determining the

cuttings as to the relationship of the percent of clay vs. sand and gravel.
-
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7. Lithology. Has been able to correlate as far as six miles with 3 -D velocity logs in an al-

luvial valley (Figure 2). This alone has done more for the advancement of groundwater technology
than other borehole logs. Prior to the use of this log, the general feeling was that no meaningful
correlation could be done beyond a short distance.

8. Fractures. It is the only tool beside a calipher log that determines accurately the frac-

ture pattern in a borehole. This has proven to be valuable in semi to consolidated conglomerates,

sandstone and other hardrock formation, where groundwater is produced.

9. Subsidence studies. Computer programs can compute the corrected compressional and shear
wave velocities from the 3 -D velocity log and the density log.

10. Non -radioactive tool. This reduced the high risk normally associated with radioactive

tools. In some states, radioactive tools cannot be used in shallow groundwater studies.

COST SAVING BENEFITS

In addition to the above feature benefits, the cost saving derived from 3 -D velocity logs are

many.

1. Minimizes the need for other borehole logs. In new areas, where borehole logs are few or
scarce, other borehole logs should be run, if economically feasible, to determine more accurately the
quantity and quality of the water in storage. Once an area has these logs and the 3 -D velocity log
can be correlated over a vast area, then the need for other logs is greatly reduced.

2. Design of the water well. The 3 -D velocity log has helped pay for itself by determining the
depth to the hydrological bedrock where no additional water can be obtained economically. The major-

ity of groundwater wells in the southwest, today, are dulled or deepened beyond an economical return
of capital investment.

3. Screen setting is maximized. Groundwater wells have used 1/3 to 1/2 the previous amount of
footage of screen necessary when using 3 -.D velocity logs as tool selection. This is especially im-
portant in large deep deposits of alluvial material where the best production zones can be determined.
In massive sandstone, consolidated rock and conglomerate formations, the fractures can be screened

only.

4. Enhances the exploration program. More areas can be covered than previously possible with

the exploration program. Also gives a new direction to the use of a testhole.

5. Continuous objective record.

LIMITATIONS OF THE 3 -D VELOCITY LOG

The majority of limitations for the 3 -D velocity log are not applicable to groundwater studies,
such as the maximum temperature cannot exceed 121 °C. The limitations that are applied are:

1. Water filled holes.

2. Run with centralizers.

3. Must be an open hole. It can be used in cased holes for cement bond evaluation and in some
of older cable tool driven wells.

The biggest major limitation at this time is interpretation. Very few groundwater specialists
and logging company engineers know how to interpret it as well as other borehole logs. This paper is

one of the first on the 3 -D velocity log as a groundwater tool.

SUMMARY

Over the past seven years, the success of the Tucson project resulted in more groundwater wells

being logged. In other alluvial basins in the southwest, much of it was due to the success of the

3 -D velocity log. Today some l00 wells alone have been logged, although this is a small percentage

of wells being drilled today.
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APPLICATION OF THE LISLE TO SOUTHWESTERN RANGELANDS

by

J. R. Simanton, H. B. Osborn, and K. G. Renard
USDA, Southwest Rangeland Watershed Research Center, Tucson, Arizona

INTRODUCTION

The Universal Soil Loss Equation (USLE), developed by Wischmeier and Smith (1978), is intended to
estimate the long -time average soil loss from agricultural fields. The equation is:

A = RKLSCP
where: A = estimated soil loss (tons /acre /year);

R = rainfall erosivity factor (EI units /year);
K = soil erodibility factor (tons /acre /EI unit);
L = slope length factor;
S = slope gradient factor;
C = cover and management factor, and
P = erosion control practice factor.

These factors reflect the major variables which influence erosion by rainfall and resultant overland
flow. The equation is based on plot data collected mainly in the eastern half of the United States. Re-
cause equation factor relationships vary in different climatic areas, special considerations are required
to extend the USLE to the Western United States (Brooks, 1976; McCool et al., 1976; Osborn et al., 1977).
We have applied the USLE to four small semiarid rangeland watersheds within the Walnut Gulch experimental
watershed in southeastern Arizona (Fig. 1) and compared predicted and measured soil loss.

APPLICATION TO RANGELAND WATERSHEDS

The small watersheds used range in size from 3.2 to 11.2 acres. Three are dominated by a brush ve-
getative cover and the fourth dominated by a grass cover. Slopes of the watersheds range from 1 up to
10 %, and the soils are a gravelly loam with an erosion pavement. Average annual rainfall of about 13 in-
ches is measured with 24 -hour recording raingages. Runoff, measured with H- flumes, v -notch weirs, and
critical -depth flumes, averages about 10% of the annual rainfall on such small watersheds, and occurs al-
most exclusively during the summer thunderstorm season of July through September. Sediment concentration
measurements from these small watersheds consist of time -related samples taken throughout the runoff hy-
drograph.

Several assumptions were made when we applied the LISLE to the soil loss data obtained from these wa-
tersheds. We assumed that the soil loss from these small watersheds was equal to the sediment yield, or
the sediment delivery ratio was unity; that the P, or erosion control practice factor, was 1 for ungrazed
rangelands; that the C, or cover factor, included erosion pavement as part of the ground cover, and that
the soil erodibility nomograph (Wischmeier et al., 1971) was giving us representative values for K.

Values for each of the equation's factors were estimated using standard handbook procedures. The R
factor for each watershed was determined using recording raingage records and calculated using the proce-
dure outlined by Wischmeier and Smith (1958). This procedure considers rainfall intensity, the energy
associated with this intensity, and the maximum 30 -min intensity. The units of R are expressed as hun-
dreds of foot -tons per acre x inch per hour. Annual R averaged about 60 units /year for 11 years of data
on these watersheds. However, the average annual R for the study period was 73 units for the brushland
watersheds and 53 units for the grassland watershed. K factor values were determined using the soil no-
mograph procedures of Wischmeier et al. (1971). In this procedure, the soil properties of sand, silt,
structure, organic matter content, and permeability are considered. Once a value for each of these pro-
perties was found, the nomograph was used to arrive at a K factor value of around 0.10 tons /acre/EI.
Values of the topographic factors, LS, were determined from handbook tables which present soil loss ra-
tios for various combinations of slope length and slope gradient. The LS values ranged from 0.8 to 2.R
for the four small watersheds. The C values were obtained from the tables in Agriculture Handbook No.

537 (Wischmeier and Smith, 1978),which relate soil loss ratios to field measurements of vegetative cover
and ground cover. In our use of these tables, we considered erosion pavement as part of the ground
cover. Values for C ranged from 0.012 to 0.038 for the cover conditions on the watersheds studied.
Table 1 lists factor values for the four watersheds studied.
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Figure 1. Location map of the Walnut Gulch Experimental Watershed.

Table 1.

Watershed
63.1617
63.103
63.104
63.112

.

LISLE factor values for four small semiarid rangeland watersheds
southeastern Arizona.

in

Area Vegetative
(acres) Cover K LS C P

3.2 Brush 0.09 0.8 .038 1

9.1 Brush 0.10 1.2 .038 1

11.2 Brush 0.085 1.2 .038 1

4.6 Grass 0.085 2.8 .012 1

Table 2. Annual soil losses(tons /acre) from four small Walnut Gulch suhwatersheds.

Year

1973
1974

1975
1976

1977

1978

1979
Avg.

R

Brushland

R

Grassland
101

(3.2 acres)
Pred. Act.

103

(9.1 acres)
Pred. Act.

104

(11.2 cres)
Pred. Act.

112

(4.6 acres)
Pred. Act.

64 0.18 0.08 0.29 1.24 0.25 0.35 22 0.06 9 ..

79 .22 .32 .36 2.17 .30 .75 77 .22 .01

185 .51 .94 .85 3.83 .72 1.42 53 .15 .05

30 Watershed .14 1.08 .12 .31 114 .33 .37

82 .37 3.04 .32 1.33 54 .15 .05
45

treated;
no data.

.21 .89 .17 .08 25 .07 0

25 .11 .21 .10 0 26 .07 0

73 .30 .44 .33 1.78 .28 .61 53 .15 .07
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We compared 7 years of actual sediment yield data to USLE predicted values of gross erosion for the
four small watersheds (Table 2). Average annual soil loss from a 3.2 -acre, brush -covered, ungrazed wa-
tershed was 0.44 ton /acre. Predicted annual loss was 0.30 ton /acre, or about a 1.5:1 ratio of actual to
predicted. An 11.2 -acre watershed next to the 3.2 -acre watershed differed only in its size, number of
channels, and LS factor. However, the actual to predicted annual soil loss ratio was about 2:1, or 0.61
ton /acre actual vs. 0.28 ton /acre predicted. The ratio of actual to predicted annual soil loss from a
9.1 -acre watershed adjacent to the 11.2 -acre watershed was about 5:1, or 1.78 ton /acre actual vs. 0.33
ton /acre predicted. The 9.1 -acre watershed differs from the others in that it has an incised channel
drainage network. The actual to predicted annual soil loss ratio was 0.50:1 or 0.07 ton /acre actual vs.

0.15 ton /acre predicted from a 4.6 -acre, grass- covered, grazed watershed located approximately 7 miles
from the brush -covered watersheds. In general, the USLE seemed to overpredict soil loss from brush -
covered watersheds for years with only small runoff events, and seemed to underpredict soil loss for
years with large runoff events. On the grass- covered watershed, soil loss was overpredicted, but both
the number and magnitude of runoff events were less than those on the brush -covered watersheds.

DISCUSSION

After comparing the actual to predicted soil loss from these small rangeland watersheds, we looked
at each equation factor and how semiarid environmental or watershed characteristics affected them.

Rainfall Erosivity Factors.

The R, or rainfall erosivity factor, is the driving force of erosion and soil loss, and without this
input, water erosion would not occur. Several investigators have attempted to define R for the western
United States (Ateshian, 1974; Wischmeier and Smith, 1978; Renard and Simanton, 1975). In the particular
climatic regime of southeastern Arizona, air -mass thunderstorms dominate the rainfall /runoff relation-
ships from rangelands. Thunderstorm rainfall is highly variable and intense, is limited in areal extent,
produces nearly all rangeland runoff, and occurs primarily during the summer thunderstorm season of July
through September. The R factor includes not only rainfall amount, but also rainfall intensity, which is
more variable than rainfall amount. Because of rainfall variability, point estimates of R should be used
only in the immediate area (within 0.3 mi) surrounding that point for estimating seasonal erosion (Osborn
et al., 1979). In the analysis of the spatial variability of R associated with thunderstorm precipita-
tion, Renard and Simanton (1975) found that for individual storms, R can decrease from 100 units near the
storm center to about 30 units in a distance of 2 miles (Fig. 2).

Extreme variability was also found in annual R values (Fig. 3). The variability of annual R is more
dramatic when compared to the variability of annual precipitation, and is shown graphically when both
summer precipitation and R for the same period are plotted on a probability scale (Fig. 4). The steeper
slope of the R plot indicates the greater variability. Also, the largest storm of the year usually dom-
inates the total annual R. In a 16 -year period on Walnut Gulch, the greatest storm contributed, on the
average, 32% of the annual R with a maximum contribution of 55% (Renard et al., 1974).

Soil Erodibility Factor.

The K, or soil erodibility factor, was determined from the nomograph procedure (Wischmeier et al.,
1971). However, the nomograph has not been validated for our rangeland soils. Because of this, we have
no verification as to the nomograph's accuracy in determining the erodibility of rangeland soils. Many
southwestern rangeland soils are poorly developed and may have erodibility characteristics different from
cultivated soils for which the nomograph was developed. Some rangeland soils contain large amounts of
carbonates which may provide additional soil particle cohesion. Also, coarse material such as gravel of-
ten dominates, with some soil profiles being 70% gravel by volume. In many areas, erosion pavement forms
on the soil surface and acts very much like a gravel mulch. This erosion pavement is not considered part
of the present soil but, rather, a residual protective cover left when the fine particles are eroded and
transported downslope. The role of erosion pavement in erosion and its relation to the LISLE are discuss-
ed in more detail in the section on the C or cover and management factor.

Slope Length and Gradient Factor.

The LS, or slope length and gradient factor, is simple to determine from a table presented in Agri-
cultural Handbook 537. This table requires only slope length and slope gradient to arrive at an LS fac-
tor. However, for rangeland conditions, the slope length may be the most subjective factor of the LISLE.
Slope length, as defined, is: "...the distance from the point of origin of overland flow to the point
where either the slope gradient decreases enough that deposition begins or runoff water enters a well -de-
fined channel that may be part of a drainage network..." (Wischmeier and Smith, 1978). This definition
requires a judgment as to what a well -defined channel represents. On a typical topographic map from the
U.S. Geological Survey, the channel appears to be one size, and on a more detailed aerial photo map it
can appear to be another size. Or, if two people actually go to the site and look at the watershed and
its drainage network, a well -defined channel will depend upon the scale -terms each of the observers is

using in his judgment. These site observations will give a more realistic slope length than is obtained
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from maps alone. However, if maps must be used, there are a number of methods available to determine

both slope length and gradient (Williams and Berndt, 1977).
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Figure 2. Isohyetal and isoerodent maps for July 22, 1964 storm on Walnut Gulch.
(Each small circle represents a recording raingage.)

Cover- Management Factor.

The C factor includes both the vegetative cover and the management scheme used to adjust the season-

al or annual vegetative cover. Because of the complex interactions between cover and management schemes,

the C factor is, perhaps, the most difficult to interpret for rangeland conditions. Vegetative cover on

southwestern rangelands is, generally, less than 10% basal area with approximately a 30% crown cover.

These low cover percentages produce a high C value. Management on these rangelands is usually nothing

more than control of grazing rotations and intensities.

Erosion pavements dominate many rangeland watersheds, and they can significantly affect soil loss-

es. These pavements protect the soil from direct raindrop impact and the erosive force of flowing water,

causing a significant reduction in erosion. The role of erosion pavement in soil loss was shown in a si-

mulated rainfall study conducted on one of the small brush -covered watersheds on Walnut Gulch (Martinez,

1979). This study showed that, for similar soil and vegetative cover but differing rainfall intensities,

the amount of soil splashed by raindrop impact was three times greater from a soil where erosion pavement

had been removed than from an erosion pavement covered soil (Fig. 5). Also, erosion pavement reduced the

influence of rainfall intensity on amount of soil splashed.
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Rock or erosion pavement on the surface acts like a mulch, producing an effect which is included in
the C factor. Erosion pavement on these watersheds provided about 60% ground cover which, from published
tables in SCS Technical Release 51 (SCS, 1972) and Agriculture Handbook No. 537, give a C estimate of
0.038. The sensitivity of the erosion pavement impact on erosion is shown by the example that, if the
estimated pavement cover is only 40 %, the estimated soil loss more than doubles.

The influences of the different management schemes, mainly grazing, can only be inferred, because no
data have been directly related to the LISLE. As the LISLE becomes more widely used, the impact of differ-
ent grazing rotations and intensities can be related to a USLE factor.

RAINFALL (INCHES)
IS

RAINFALL EROSIVITY (HUNDRED FOOT TONS /ACRE)(INCH /HOUR)

I t !5wu in .iLn

Figure 3. Isohyetal and isoerodent maps for 1964 annual totals on Walnut Gulch.
(Each small circle represents a recording raingage.)
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Erosion Control Practice Factor.

The influences of conservation measures on erosion and the USLE appear in the P factor. This factor

represents the soil -loss ratio of the conservation practice to up- and down -hill culture, and the ratio
should be less than one if the erosion -control practice is effective. There are usually no erosion -con-

trol practices involved on rangelands, so the P ratio should be 1.0. However, rangeland renovation is

beginning to increase, and P values are needed to reflect the erosion changes associated with renovation
practices such as pitting, subsoiling, imprinting, and root plowing. In the one application of the
change in P associated with rangeland treatment, we found no guidelines or handbook values of P for a
root plowing, seeding practice that was used to convert a brush -covered watershed to a grass- covered wa-

tershed. The P value was estimated for this practice by solving the USLE using measured sediment yield
and the other USLE factor values for the before- and after -treatment periods on a 109 -acre watershed.

Unfortunately, the watershed is so large that the USLE must be used with a delivery ratio to correlate to
the measured sediment yield at the watershed outlet. By considering the pre- and post -treatment condi-
tions, the delivery ratio would remain constant, so we felt more confident with this approach. Solving

for P, we obtained a value of 0.13 for the root plowing, seeding practice. Though less than the recom-
mended 0.50 for a contouring practice which looked most like the root plowing, the value was close to the

0.15 recommended for a contour listing. This type of analysis for assessing P value change associated
with erosion control practices is limited, because the effects of the practice are dynamic, the practice
is not related to the up- and down -hill culture, and watershed hydrologic variability is tremendous. For

example, the difference in before and after sediment yields may be a result of the root plowing or the
grass establishment, a combination of the two, or a change in rainfall patterns. To be identifiable to a
particular erosion control practice, P values need to be assessed on a small scale such as the unit plot

from which the LISLE was derived.

R) t
01 .1 .S 1 ! S 10 20 30 10 SO 60 70 90 90 93 9B 9999.5 99.9 9999 a

PRO6A9ILITY

Figure 4. Comparison of rainfall and rainfall erosivity probabilities for a raingage on Walnut gulch.
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Figure 5. Effect of erosion pavement and rainfall intensity on soil splashed
from rainfall simulator plots. (Martinez, 1979.)

Channel Influence.

Channel erosion may be a major sediment source in many rangeland watersheds. An additional term,
Ec, may be needed in the LISLE to reflect channel erosion contribution to watershed sediment yield
(Renard et al., 1974). The USLE was developed from unit plot data for ungullied fields or watersheds.
Because of this, it has no factor or relationship accounting for erosion that takes place from the sides
or bottoms of these gullies. Gullies or channels may be a major contributor to the sediment yield from
even the smallest rangeland watershed. This is evident in the comparison of the two larger adjacent wa-
tersheds discussed earlier. The larger watershed, which is 11.2 acres and has a drainage network of

meandering channels with gently sloping relatively stabilized banks, had an actual to predicted soil -loss
ratio of about 2:1. The other watershed, which is 9.1 acres and has a drainage network of straight, in-

cised channels with banks that were eroding visibly, had an actual to predicted soil -loss ratio of about
5:1. Other factors being equal, the only discernible difference between the two watersheds was the chan-
nel type. However, the soil -loss differences between the two watersheds may possibly he due, at least in
part, to the efficiency of the channels in moving the eroded material rather than direct contribution of
soil from the channel banks. We are currently making precise measurements of the incised channel before
and after the runoff season to determine the channel's contribution to sediment yield.
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SUMMARY

The USLE includes the major contributing factors involved in soil erosion. However, the relation-

ships among these factors may be different for various climatic regimes. If the USLE is to be applied to

rangeland conditions of the semiarid southwest, considerable research is needed into the hydrology -ero-

sion- biotic relationship of this climatic regime. Some factors needing study are: (1) what is the in-

fluence of the variability in R on soil loss distributions within a watershed; (2) what soil properties

dominate the soil erodibility of rangeland soils; (3) how can interrill flow be distinguished from rill

flow on a watershed scale; (4) how much of an influence does the erosion pavement have on soil loss, and

does this influence vary with slope length and gradient; (5) what combinations of grazing rotations and

intensities affect soil loss the most; (6) how do different rangeland renovation treatments affect soil

loss, and (7) how do differing drainage networks affect sediment yield from rangeland watersheds? The

USLE can be used to estimate erosion and, in some cases, sediment yield from rangeland watersheds, al-

though the accuracy of such estimates varies. The parameters needed to evaluate each equation factor are

easily determined from handbooks and a minimum amount of field work. We have found that by using judg-

ment, factor values can be adjusted for local conditions to improve erosion estimates.
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AN EVALUATION OF SNOWMELT LYSIMETERS
IN AN ARIZONA MIXED CONIFER STAND

Gerald J. Gottfried and Peter F. Ffolliott
USDA Forest Service and University of Arizona-

1/

INTRODUCTION

Snowmelt simulation models may be helpful to resource management planning within the high elevation,
mixed conifer forests of Arizona where snow is the primary source of streamflow. However, before any
model can be reasonably applied, local testing and calibration is needed to adapt it to regional
climatic differences. One approach to testing models on small areas is to use volumetric snowmelt
lysimeters of the type developed by Haupt (1969). Environmental and forest stand characteristics can
be intensively measured at lysimeter sites and related to snow accumulation and snowmelt, while data
variation, inherent in most drainage areas, is reduced.

5nowmelt lysimeters have not been used under stand and climatic conditions common to Arizona's
mixed conifer forests, although they have been used successfully on deeper snowpacks of Idaho (Haupt 1969)
and Colorado (Schultz 1973), and on the shallower packs of Arizona's ponderosa pine zone (Jones et
al. 1976). Our objective was to evaluate the reliability of lysimeters and related installations.
This is necessary before meaningful model testing can begin.

STUDY AREA

The study was conducted on the North Fork of Thomas Creek in eastern Arizona, in the Apache -
Sitgreaves National Forests. The 467 -acre watershed supports an uneven -aged, multistoried, virgin,
mixed conifer forest. The major species are Douglas -fir (Pseudotsuga menziesii), ponderosa pine
(Pinus onderosa), white fir (Abies concolor), Engelmann spruce (Picea engelmannii), southwestern
wTiíté pine strobiformis), quáing aspen (Populus tremuloides), Gambel oak (Quercus am9 belli),

corkbark fir (A. lasiocarpa var. arizonica), and blue spruce (P. pungens). Douglas -fir is the most
common species.

Elevations on Thomas Creek range from 8,400 to 9,250 feet. Topography varies, with the lower
and middle portions being relatively steep. The watershed has deep to moderately deep, medium textured,
rocky soils, which are derived from basalt parent material. Annual precipitation, measured at a
recording precipitation gage near the mouth of the drainage, averaged (with standard error) 27.53 +
1.45 inches from 1963 to 1978. Approximately 44 of the precipitation falls as snow from November
through April. Annual runoff, measured at a 120", V -notch weir, averaged 2.63 + 1.05 inches from
1966 through 1978. Thomas Creek 1978 (the year of study) winter precipitation was 13.41 inches for
the main gage and 13.22 inches for a secondary recording gage at the upper end of the watershed. The
watershed received snow during the warm storm of February 28 -March 4, 1978, which produced rain -on-
snow conditions in lower elevation forests.

The three, neighboring lysimeter sites were on the southeast facing slope, in the upper third of
the watershed. Each site was selected to represent low, average, or high forest stand density
(based on basal area). The low density site also represents conditions commonly found after timber
harvesting using the selection method. Characteristics of each lysimeter site are listed in table 1.
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Table 1. -- Characteristics of the three lysimeter sites on the North Fork of Thomas Creek

(Stand data is per acre).

Site numbed/ 97 83 95

Density level High Medium Low

Basal area (ft') 338 206 131

No. trees (<6.9 in. d.b.h.) 287 359 522

No. trees ( >7.0 in. d.b.h.) 318 203 40

Total no. trgg/s 605 562 562

Stem density- 5,376 4,025 2,194

Major species Douglas -fir Douglas -fir Ponderosa pine

(by basal area) Ponderosa pine Ponderosa pine Southwestern
White pine

White fir Quaking aspen Douglas -fir

Aver. slope 8 27

Aver. elev. 9,045 8,930

Aver. max. temp.
(1/28- 4/30/78) 39° F 43° F

Aver. min. temp. 18° F 21° F

Aver. daily aver. temp. 28° F 32° F

14

8,975

46° F
23° F
34° F

1 /Site numbers refer to the nearest permanent timber inventory point.

? /Stem density, the summation of diameter breast height per acre is a good index of solar

radiation transmission (Miller 1959).

MATERIALS AND METHODS

LYSIMETER DESCRIPTION

Three lysimeters were installed on each of the three sites. The lysimeter consisted of a 17- by
23 -inch sheet metal trough, 6 inches deep, which collected melt water percolating down from a vertical
snow column above it (figure 1). The snow column was defined by a vertical frame attached at the four
corners and braced 30 inches above the ground. The frame served as a guide along which a cutter was
inserted to separate the lysimeter from the rest of the snowpack. The cutter created a vertical air
space which prevented extraneous melt water from running into the unit. Haupt (1969) and Schultz (1973)
used polyethylene barriers to prevent inflow into their lysimeters; however, this technique was un-
satisfactory in Arizona, where several accumulation and melt cycles occur during a winter.

Melt water percolating out of the snow column passed through 4 inches of litter, humus, and mineral
soil placed in the trough to simulate the surface structure and initial moisture conditions outside the
lysimeter. The top edge of the trough was extended one half inch above the forest floor to prevent
extraneous inflow. Two inches of pea gravel and a fine mesh screen separated the soil from the drain at
the trough's lowest point. Melt water passed through the surgical tubing to a 5 -foot section of 12 -inch

diameter culvert which was equipped with a water level recorder. The stilling well was charged with 1
gallon of antifreeze at the beginning of the winter. The well had a capacity of 15 inches of melt
water; however, a drain was present to release excess amounts and to prevent overflow and loss of
records.

DATA COLLECTION AND ANALYSIS

Every week, National Forest personnel changed the stage recorder charts, recut the vertical air
space between the lysimeter and the surrounding snow, and measured the snow depth and water equivalent
(WE) of the lysimeter snow column. Snowpack WE was determined indirectly by measuring the snow depth at
each corner of the frame and then multiplying the average by a snow density obtained from snow tube
measurements in the vicinity of the lysimeter. New snowfall during the preceding week was determined by
measuring the depth and WE of the snow on a white board which was cleaned and placed on the snow surface
each week. The crew also recorded the weekly maximum and minimum temperatures for each site. These
temperatures for each site were related by regression analysis to the daily temperatures recorded on
thermographs located on the adjacent South Fork drainage. A recording precipitation gage, in a clearing
about 1,300 feet southwest of the lysimeter area, also provided useful information.
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Figure 1. -- Schematic diagram of recording snowmelt lysimeter installation.

Stage recorder charts were interpreted in the office using standard procedures. Forest stand
information was collected at four points on each site using plotless sampling techniques based on a 25
basal area factor gage.

RESULTS AND DISCUSSION

LYSIMETER OPERATIONS

Lysimeters were installed in 1976 in preparation for the 1977 winter. However, because of poor
snowpack (75% of normal) and normal temperatures, the surgical tubing connecting the lysimeter to their
tanks froze.

To remedy this situation, the following year the tubing was passed through a 3/8 -inch diameter
garden hose. The jacketted tubing was then surrounded with a layer of garden grade vermiculite, wrapped
in black plastic and reburied. There were no problems in 1978, although the good snowpack did not allow
a rigorous test of this technique. In 1979, a blockage occurred at the point where the hose entered the
stilling well on one lysimeter, a place which is difficult to insulate, broke the hose connection, and
caused the loss of runoff data. This area was reinsulated in preparation for the 1980 season.

The soldered drain plugs also had problems in 1979. These connections failed on four stilling
wells, usually when the drains were bumped or manipulated. The use of wooden plugs prevented record
loss, and the connections were resoldered in the spring.

EVALUATIONS OF SNOWMELT RUNOFF

Total lysimeter runoff and its timing varied (table 2). The variation among sites could be related,
in part, to differences in stand density. In uneven -aged, multistoried stands, basal area densities may
be similar, but tree spacing and distribution of species and size classes can vary, affecting snow
interception, components of solar radiation, and related values for snow evaporation and sublimation
losses. The lysimeters within a site represent a variety of stand conditions within the larger density
classification, and may give a more representative test of a simulation model.
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Table 2.-- Snowpack, runoff and temperature values for the snowmelt lysimeters

Density Lys. Lys. Calculated Peak Days Aver. Degree days

level no. runoff peak snow snow of daily to complete

WE depth flow flow melt
(max T -42o F)

inches inches inches inches

High 97 -1 2.58 5.13 16 42 0.0614 77

97 -2 3.73 7.91 26 32 .1166 89

97 -3 1.32 5.16 18 22 .0600 54

Medium 83 -1 8.12 8.43 25 48 .2137 165

83 -2 9.39 7.50 28 41 .2290 220

83 -3 13.22 7.11 21 36 .3672 178

Low 95 -1 7.74 9.41 34 24 .3225 337

95 -2 5.20 8.29 28 25 .2080 358

95 -3 5.24 7.68 24 29 .1807 337

Although the stand characteristics vary, the lysimeters should respond similarly to the larger
environmental influences (e.g., air temperature and solar radiation). Schultz (1973) analyzed lysimeter
data in terms of a daily melt ratio: daily melt total seasonal melt. Using this ratio and an analysis
of variance, Thomas Creek melt data showed no differences in mean within each site when a common time
period was tested for the high density site or when the total record was tested for the other two
sites. The analysis for the high density area was complicated by the fact that lysimeter 97 -1 started
flowing intermittently on January 28, 32 days before the other units.

Plots of daily melt runoff by day of runoff, beginning January 28, indicated that the lysimeters
within each site were synchronized (figure 2A -C). Major peaks and most troughs usually occur on the
same day or within a day of each other (e.g., the common peaks of March 22 and March 31 on the low
density site).

The plots indicated some conditions which should be explained. For example, the probable reason
that lysimeter 97 -1 started flow on January 28, was related to its location to the northeast of a small
opening (figure 2A). A combination of a relatively low snowpack (table 2) and high incident radiation
could have been responsible. Lysimeter 97 -3 had a similar snowpack, but was not adjacent to the opening;
it started flow on the common date (March 1), but only ran for 22 days, yielding the least water (table
2). Evaporation losses were probably greater during this warmer melt period. The medium density site
also started flowing around March 1 (figure 2B); the greater accumulation of snow caused higher volumes
and peaks. The high flows of March 18 -20 on lysimeter 83 -3 have been questioned; the chart and observa-
tions on March 20 did not indicate erroneous data, however. We can only guess that extra moisture
entered the lysimeter probably from snow dropping from the adjacent tree crowns during an earlier
storm. The shape and location of the crowns, with respect to the lysimeter, make this a plausible
explanation. This lysimeter also recorded more snowmelt runoff than recorded precipitation, indicating
a large redistribution of snow which is a normal occurrence. The low density site accumulated the
largest snowpack (least interception) and started melting on March 18 (figure 2C). Conditions were
already relatively warm, and melt runoff ended quickly.
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Figure 2.- -Daily lysimeter snowmelt runoff for each site was relatively synchronized. Major peaks and
troughs occur on the same day or within a day of each other. A = High Stand Density; B =
Medium Stand Density; C = Low Stand Density. First flow was recorded on January 28, and
last flow on April 14.
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Daily temperature data can help explain the fluctuations in runoff (figure 3A). Runoff peaks and

troughs corresponded well with fluctuations in temperature. Periods of no flow in mid -February were

related to cold weather (daily averages below 20 F).

The relationship between runoff and degree days is well documented (Linsley eI al. 1958) and was
apparent in this study (figure 3B). Degree days were calculated by subtracting 42 F from the daily

maximum temperature. The high density site with its shallower snowpack and higher potential of back
radiation from the surrounding canopy required less degree days to start melt or to complete it. The

relationships for the other sites were also clear.
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Figure 3,-- Snowmelt can be related to fluctuations in air temperature. Runoff peaks and troughs

(A) appear related to daily maximum or average temperatures (e.g., the high density site).
The three sites (B) varied in the number of degree days required before melt began or ended.
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Haupt (1969) indicates that lysimeter data could be used to predict the timing of peak flow. Our

lysimeter snowmelt data from each site were averaged, and the three averages were compared with stream-

flow from the North Fork of Thomas Creek. The results showed that the lysimeters appear to be qualita-
tively linked to streamflow (figure 4); they usually preceded the stream by 1 or 2 days. The medium

density site and high density sites started rising to their first peak on February 27 and 28; Thomas
Creek started its first major rise on March 1. All sites showed increases starting around March 16 or
17, with major increases around March 18 -20; Thomas Creek started its main rise on March 16. The

stream peaked slightly on March 26 before continuing to the high point on April 1; both the medium and
low density sites peaked on March 31. The high density site had already passed its peak by this date.
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Figure 4. -- Changes in average snowmelt from each site were linked to changes in streamflow from the
North Fork of Thomas Creek (Thomas Creek values are multiplied by 10 for visual clarity).

WATER BALANCE COMPARISONS

Lysimeters only measure the runoff component of the hydrologic cycle. Reliable measurements of
the other main components are necessary before a simulation model evaluation can be conducted. A test

will not be valid if poor data are utilized to "drive" a model or if the lysimeters do not represent
real environmental conditions. The reliability of the lysimeters and of the associated snowpack and
meteorological measurements for each weekly period can be checked by using water balance equations of
the form:

LYSRO = (WE1 - WE2) + THRUFAL + Error

where:
LYSRO = Lysimeter runoff
WEI = Calculated snowpack WE at the beginning

WE2 = Calculated snowpack WE at the end
THRUFAL = Throughfall

Throughfall values were derived from the two Thomas Creek recording precipitation gages, adjusted
for interception. A standard precipitation gage was installed in an opening in the study area to
provide more localized information. Interception data were not available for Arizona mixed conifer
forests; we used the ratio of accumulated water equivalent, as measured by a snow tube, at each lysimeter
to gage precipitation. Precipitation was further adjusted by a factor of +1 -15% to allow better
equality in the equations. This procedure could be justified by the observed variability of snow cover
within the mixed conifer forest.

The water balance analysis indicated that the equations did not account for all water losses and
gains. All installations had periods of losses and of gains. The lysimeters did not measure all
snowpack decreases during warm weather. Such losses occurred on all or most of the 9 units during 6 of
the 15 periods. For example, for the period ending April 3 on lysimeter 95 -2, the equation would be:

1.97 = (4.83 - 1.16) + 0.12 - 1.82.
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Snow evaporation was the logical explanation for part of the loss, but we did not have quantitative
values or ranges for mixed conifer forests. Snow evaporation losses of from 0.006 to 0.016 inch per
day have been reported for an Arizona ponderosa pine site (USDA Forest Service 1960). Linsley et al.
(1958) assumed a general upper limit of 0.2 inch per day, but this is probably for open sites. Solar
radiation measurements, to be collected in the future, should provide a better idea of snow evaporation
potential. Another small amount of snow water would go into soil or litter -duff storage; this would
occur when early snows fall on dry soils or if the soil is intermittently bare during the winter.
Analyses of the forest floor and soil in each lysimeter after the study should help our understanding
of this loss. The total seasonal unaccounted losses averaged 7.22 + 0.32 inches for the three lysimeters
on the high density site, 4.93 + 0.46 inches for the medium density site, and 5.78 + 0.32 inches for
the low density site. However, evaporation and soil moisture recharge could only account for a fraction
of the total.

Gains, above the amount for adjusted precipitation, were also calculated. These were less common
than the calculated losses and were generally small (58% were less than 0.5 inch). A sample calculation,
for the period ending on February 21, for lysimeter 95 -3 is:

0 = (3.26 - 4.68) + 1.04 + 0.38.

Most gains were associated with periods of snowfall and could indicate moisture entering the lysimeters
from adjacent tree crowns or because of some wind movement; however, some relatively large gains were
not associated with heavy snow accumulations.

One explanation for the losses and gains could be the procedure of calculating lysimeter snowpack
WE by multiplying average lysimeter snow depth by a snow tube density. The depth measurements were
good, but in 1978, only one tube sample was taken periodically near each lysimeter. Snow density on
Thomas Creek can be quite variable, especially in the second half of the season (Ffolliott and Thompson
1977); even a difference of 5% on a deep pack can result in large water equivalent differences. For
example, the density difference between 0.36 and 0.34 gm per cm would result in a WE difference of
0.48 inch on a 24 -inch snow depth. Even under ideal conditions snow tubes are not extremely accurate,
i.e., +1.2 inches (Schultz 1973). Often ice lenses, near the base of the snowpack, are not picked up
by the tube. We attempted to remedy this situation after the 1978 winter, by increasing the number of
snow tube measurements made around each lysimeter. Average snowpack values were used in later
calculations.

The preliminary water balance analyses also indicated a need for more intensive environmental
monitoring and for more research to gain a better understanding of interception and snow evaporation
within mixed conifer forests. Intensive snow tube sampling should increase the accuracy of the inter-
ception values; a snow evaporation study would be an area for future research.

CONCLUSION

First -year results show that the snowmelt lysimeters worked well within three sites, representing
different mixed conifer stand densities, on the North Fork of Thomas Creek watershed, and eventually
should be useful in validating various snowmelt simulation models. Although runoff totals varied,
daily melt ratios, and runoff timing within each site were relatively synchronized and were related to
air temperature data. Average lysimeter runoff timing was related to increases and peaks for the
Thomas Creek North Fork stream. Peak flows for the lysimeters usually preceded the stream by 1 or 2
days.

Some mechanical problems were discovered during the evaluation. Moisture freezing in the tubing
connecting the lysimeters and their stilling wells caused the loss of the 1977 record. However, this
problem was easily corrected by increasing the tubing insulation. The soldered drain joint should be
reinforced to prevent failing.

Water balance equations using lysimeter runoff and associated meteorological data were calculated.
A valid test of a simulation model requires that the equations be balanced and be representative of the
actual environmental processes. The lysimeter runoff values were consistent; however, the analysis did
indicate some deficiencies, (e.g., in sampling snow density and the need for more intensive environmental
monitoring). Correction of the problems would allow for accurate testing of computer models to simulate
snowmelt.
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ERROR ANALYSIS OF EVAPOTRANSPIRATION MEASUREMENTS

by

Robert K. Hartman
University of Arizona

ABSTRACT

This paper examines the effects of random errors in the precision of latent energy estimates
from the Bowen ratio model. The analysis identifies improvements in the instrumentation and in the
field measurement techniques. Bowen ratio energy budget measurements were made over an extensive
stand of mesquite (Prosopis pubescens) in the San Pedro River valley near Mammoth, Arizona. The
error analysis indicated mean half -hour 95 percent confidence intervals for latent energy and sensi-
ble heat flux of 0.48 t 0.09 and 0.21 t 0.09 cal /cm2 /min, respectively. A majority of the random
error was associated with the temperature and humidity measurements used in the Bowen ratio model.
Psychrometer circuitry and calibration procedures were modified to reduce measurement errors. Sub-
sequent Bowen ratio measurements were made over a kochea (Kochea scoparia) pasture adjacent to the
Pecos River near Roswell, New Mexico. The improvements weé effective in reducing the mean half-
hour 95 percent confidence intervals for latent energy and sensible heat flux to 0.27 t 0.01 and
0.23 ± 0.01 cal /cm2 /min, respectively.

INTRODUCTION

The periodic interchange of psychrometers eliminates sensor bias from measurements of air temp-
erature and humidity gradients and significantly improves the accuracy of Bowen ratio method estimates
of evapotranspiration (Sergeant and Tanner, 1967; Black and McNaughton, 1971; Gay and Fritschen, 1979).
While psychrometer exchange successfully eliminates biases, it does not eliminate random errors. Thus
a random error analysis procedure applicable to the psychrometer exchange method was developed to
evaluate the role of random errors in energy budget measurements.

ENERGY BUDGET ANALYSIS

The theoretical considerations of the surface energy budget are well documented (Budyko, 1956;
Sellers, 1965). The principal energy budget components typically evaluated in field measurements are
net radiation (Q *), soil heat flux (G), sensible heat (H), and latent energy (LE). The energy budget
is formed by combining the principal components where the sum is zero, given that the fluxes to the
surface are positive, and those away are negative:

Q* + G + H + LE = 0
(1)

The energy budget can be conveniently solved through the Bowen ratio method (Bowen, 1926). The
Bowen ratio (ß = MILE) is formed by combining the sensible and latent heat fluxes (Equations (2) and
(3)) based upon measurements made over the vertical separation z. The method assumes that the ratio
of the transfer coefficients for sensible heat and latent energy (Kh and Ke) is unity.

H = pCp Kh d(Ta +rz) /dz (2)

LE = (0,/p) Ke (de /dz) (3)

B = H /LE
pa
>

d(Ta +rz)

de (4)

where:
C = specific heat of air, 0.24 cal /gm C
K = transfer coefficient for latent energy, cm2 /sec
Kh = transfer coefficient for sensible heat, cm2 /sec
Ta = air temperature, °C
e = vapor pressure, mb
p = atmospheric pressure, mb

231



rz = dry adiabatic lapse rate, -0.01° C/m
e = ratio of the molecular weight of water to air, 0.622

= latent heat of vaporization for water, 580 cal /gm at 30° C
p = air density, 1.02 x 10 -3 gm /cm3

The vapor pressure is determined through the psychrometric formula

e = es - Ap(1 +0.00115 * tw) (t - tw) (5a)

where e is the saturation vapor pressure at the wet -bulb temperature, A is a psychrometric constant,
p is pressure (mb), and t and tw are the dry -and wet -bulb temperatures in °C. Saturation vapor

pressure can be easily calculated by Murray's (1967) approximation

es = a * e(cb+ t) (5b)

where A is 6.1078, e is the base of the natural logarith, b is 17.2694, c is 237.3, and t is tempera-
ture ("C) for all temperatures greater than 0 °C.

Rearranging the energy budget Equation (1) and substituting s for H /LE shows the significance of
the Bowen ratio in terms of an energy budget solution.

Solving for LE:

Solving for H:

Q*+G+H+LE = 0

LE = -(Q*+G)/(1+9)

H = -(Q*+G)/9(1+6)

(6)

(7)

The evaluation of the energy budget using the Bowen ratio requires the measurement of net radia-
tion flux density, soil heat flux density, the temperature gradient, and the vapor pressure gradient.
The energy budget is evaluated on the basis of period means of one half to one hour (Tanner, 1963;
Monteith, 1973).

RANDOM ENERGY BUDGET ERRORS

Evaluation of the energy budget via the Bowen ratio method requires the measurement of atmospher-
ic variables. The measurement of these variables is not without systematic and random error and thus
the evaluation of the energy budget contains a related error. Error analysis of the Bowen ratio
method has been studied by Fritschen, (1965a); Fuch and Tanner (1970); Sinclair, Allen and Lemon
(1974); and Revfeim and Jordan (1976), among others. It has been shown (Sargeant and Tanner, 1967)

that the systematic errors in temperature and vapor pressure can be eliminated by interchanging
psychrometers before subtracting to obtain the temperature and vapor concentration differences that
are needed for the Bowen ratio model. However, random errors are not eliminated by this exchange

method. As the error analyses are highly dependent on the experimental design, it is difficult to
apply the procedures found in the literature. A random error analysis applicable to the psychrometer

exchange method was lacking.

An analysis of random errors in the energy budget provides a means of assessing the variability
of the measurement system. The analysis can be used to estimate the variability of previously
collected data as well as to isolate problem areas for variance reduction in subsequent measurements.
Random errors are generated in the instruments and the data aquisition system.

There have been a number of "probable error" analyses of Bowen ratio measurements (Holbo, 1973).

Probable error is the interval which will contain one half of the errors, and thus is synonomous with
a fifty percent confidence interval. The procedure based on Scarborough (1966), is as follows.

Letting Y be a function of n independent variables,

Y = f(x1, x2 ... xn) (8)

random errors in the x's, 6x, will cause a random error in Y, 6Y.

Y + 6Y = f(x1 +6x1, x2 +6x2, ... xn +sxn) (9)

Taylor series expansion of the right hand member of (9) and subtraction of (8) yields the random error
in Y.

Y 6x 1Y 6x2 JY 6x 1

1 "2 n

If the probable error of the x's, denoted by ri, are known then the probable error of Y, denoted by
R, can be calculated.

R=(-Y)2 r 2+ ( 3Y)2 r
x 1 ax2
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This analysis of the probable error of the energy budget may be incorrect, for the method requires
that the probable errors of the variables be known while in fact they can only be estimated. The
variance term in Equation (11) is ri. If r1 is known, a normal or z distribution applies and Equation
(11) is valid. If the variance term is estimated, however, student's t distribution applies. Use of
the z distribution in place of the t distribution may lead to a substantial underestimate of the random
error, and thus generate a narrower confidence interval than is correct. This problem diminishes as
the degrees of freedom for the variance term becomes large, so that the t distribution approaches the
z distribution.

Since the random errors in the energy budget variables are estimated, rather than known, the prop-
er procedure for confidence interval estimation is to calculate the variance and apply the proper t
statistic. Once the variance of an energy budget component is estimated the probable error or any
other confidence interval can be established.

Proceeding as in Scarborough (1966), the variance in Y, V(Y), where Y is a function of n independ-
ently measured variables is a function of the variance in xl, V(xl), in x2, V(x2), and so forth:

V(Y) = (-- )V(xi) + (aX2) + ... + (e- )V(xn) (12)
axi

Therefore the estimation of variance in latent energy flux density requires the estimation of variance
in Q *, G, and B and the evaluation of the partial derivatives of LE with respect to Q *, G, and B. The
variance of sensible heat flux density is estimated similarly using the partials of H with respect to
Q *, G, and B.

NET RADIATION AND SOIL HEAT FLUX

The source of variance in the measurements of net radiation and soil heat flux are the sensor's
precision and the precision and resolution of the data aquisition system. The most convenient way of
estimating the variances of Q* and G is through the use of the sensor's calibration data. From the
calibration data the variance in Q* and G would be:

V(Q *) = MSE (Xh'(X'X) -1)(h) (13)

and

V(G) = MSE (Xh'(X'X) -1Xh) (14)

where MSE is the mean squared error of the calibration regression, X' is the transposed mean response
matrix, (X'X)-1 is the inverse of the data matrix premultiplied by its transpose, and Xh is the mean
response matrix. The matrix approach to regression analysis is discussed in many statistics texts,
e.g., Neter and Wasserman (1974). If the same data aquisition system is used for the calibration and
the field work, the effects of the data aquisition system's precision and resolution will be contained
in the mean squared error of the regression.

When calibration data is not available the variance of Q* and G can be roughly estimated from the
manufacturer's specifications. The precision of net radiometers and soil heat flux discs can be
estimated from the reported linearity of response, which will be taken as representing t 2 standard
deviations. Further, the specified precision of the data aquisition system is also taken here to
representing t 2 standard deviations.

The resolution of the data aquisition system represents a random error when many samples are
taken; this can be manipulated to represent ? 2 standard deviations. Since the distribution of reso-
lution errors is uniform and since + 2 standard deviations covers 95 percent of the maximum resolution
error, the variance caused by resolution error representing t 2 standard deviations would be 95 percent
of the maximum resolution error. Thus the sensor's linearity of response and the data aquisition
system's precision and resolution, each representing 2 standard deviations, can be combined to yield an
estimate of the variance in the measurement of Q* and G.

V(C)

=((k

(
11"

+ sp) + sr) k

2

where C is the measured component (Q* or G), k is the linear calibration coefficient, and 1r, s , and
sr are 2 standard deviations for the linearity of response, and the data aquisition system precision
and resolution, respectively. Units are: 1r and s,, percent; sr, units of sensor output; and C, energy
flux units. The numberator of Equation (l5) is th4 combined random error representing 2 standard
deviations on the measurement of the component. Division by 2 yields the standard deviation of C, the
square of which is the variance.

(15)

BOWEN RATIO

Variance in the Bowen ratio arises from the variance of the temperature and vapor pressure gradi-
ent measurements. The effects of variation in normal atmospheric pressure at a point are slight and
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will be neglected. However, variation in pressure with change in elevation should be taken into

account as was done by Revfeim and Jordan (1976).

The calculation of variance of the temperature and vapor pressure gradient measurements is based

upon individual sensor calibration. The sensors should be calibrated with the same system as used in

the field so the system variance is included in the mean squared error for each calibration regression.

The relationships that follow apply specifically to the psychrometer exchange method.

The variance of each individual dry -bulb temperature measurement, ti is

V(ti) = MSE (Xñ(X'X) -1Xh ) (16)

With the use of the psychrometer exbhange method where n is the number of exchange periods in the aver -

aging period, the variance of the temperature difference measurement, at, is

É V(ti)u + t V(ti)dn

v(At) =(.i p
i =1 (17)

n2

Calculation of the variance in the vapor pressure gradient measurement is slightly more complex.

The sources of variation are the wet- and dry -bulb temperature measurements. Required calculations are

the variance of each wet- and dry -bulb temperature measurement and the partial derivatives of vapor

pressure with respect to each temperature, ti and twi.

V(twi) = MSE (Xñ(X'X) -1Xh) (18)

se

atwi

ae = -Ap - Ap(0.00115 * twi)
ati

17.2694 * 237.3 * 6.1078 237-.3
(237.3 + twij2 (

77.2694 * twi)

23.3 + twi

(19)

+ Ap - (Ap * 0.00115 * ti)

+ 2(Ap * 0.00115 * twi) (20)

where A in Equations (19) and (20) is a psychrometeric constant and p is the atmospheric pressure.

From Equations (16), (18), (19), and (20) the variance of the vapor pressure gradient measurement is

V(Ae) = É col(ti) áti) + (v(twi) atwi))up
i=1

iÉl (0/(ti)
ati + (V(twi) atwi))dn 2

The variance of the Bowen ratio measurement is determined as for a ratio (Kendall and Stuart,

1974).

(21)

V(x /y) = V(x) +
E(x2)V(y) 2(E(x) * COV(x,y) (22)

E(y2) E(y4) 1(y3)

where V, E, and COV are the variance, the expectation, and the covariance of the variable within the

parenthesis. When the measurements of the temperature gradient, x, and the vapor pressure gradient,

y, are independent the covariance (i.e., the third term of Equation (22)) is zero.

When the vapor pressure is determined through wet -bulb psychrometry, as in this study, the meas-
urements of the temperature gradient and the vapor pressure gradient are dependent and covariance

exists. The covariance of the ratio of the gradients of temperature and vapor pressure measurements is

extremely complex. However, if the temperature and vapor pressure gradients are positively correlated
(e.g., a positive change in At causes a positive change in te), neglecting the covariance will tend to
increase the variance estimate of the Bowen ratio. Similarly, if the gradients are negatively correl-
ated, neglecting the covariance will tend to decrease the variance estimate of the Bowen ratio. It is

not difficult to visualize conditions of both positive and negative correlation. During periods when

the Bowen ratio is stable the gradients are most probably positively correlated. During periods when

the Bowen ratio is undergoing significant change the gradients are most probably negatively correlated.
Thus neglecting the covariance, as is done in the remainder of these analyses, should cause a slight

underestimation of the Bowen ratio variance estimate in the early morning and evening hours and a

slight overestimation during the middle of the day.

The estimate of the Bowen ratio variance is then found by evaluating Equation (22)

V(n)
¿pC

\2
V(r,t) ®t2 V(ne)
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where the symbols are already defined.

COMBINED VARIANCE SOURCES

The variances of latent energy and sensible heat flux densities are now estimated by solution of
Equation (12).

V(LE) _ (V(Q *)
4.

+ V(G)
e

+ V(a) ásE/ , and (24)

V(H) _ (VW) aST. + V(G) á-
89 /

l+ V(6) (25)

In the exchange method, n is the number of exchange periods in each averaging period, and the proper t
statistic for n -1 degrees of freedom can be found in any basic statistics text. Calculation of the
confidence interval for latent energy and sensible heat flux densities over the averaging period would
take the following form:

\ 1/2
+

C.I.(1-a) - x _ t(1
-a/â) n (26)

where n, z, and V(x) are the probability of a Type I error, the mean, and the estimated variance of LE
or H.

APPLICATION TO FIELD MEASUREMENTS

The errors in energy budget analyses can be examined with respect to field studies of evapotrans-
piration that were carried out in May of 1978 and July of 1979. In 1978 the measurements were made
over an extensive mesquite (Prosopis pubescens) thicket in the San Pedro River valley north of Tucson,
Arizona. In 1979 the measurements were made over a kochea ( Kochea scoparla) pasture adjacent to the
Pecos River near Roswell, New Mexico. Analysis of the 1978 data Ted to changes in sensor calibration
and system operation that substantially improved the precision of the data collected in 1979.

FIELD MEASUREMENTS

The 1978 and 1979 studies used similar instrumentation and experimental designs. The data aqui-
sition system has been described by Gay (1979). It is based upon microprocessor controlled, digital
voltmeter capable of monitoring 40 channels. Features include interval and continuous scanning, an
integrating digital voltmeter, a real -time clock printer, and RS -232C output. The system has scales
of 100 mV, 1 V, and 10 V and has an accuracy of - 0.012 percent at full scale on high resolution. The
Autodata 9 was linked to a Tektronics 4051 graphics calculator and a Texas Instruments 810 printer so
the data could be reduced, presented, and stored as it was collected. Real -time analysis provides for
identification of problems and evaluation of system performance. This technique maxmizes the utility
of the time spent in the field.

Two masts were used, supporting exchange mechanisms (Gay and Fritschen, 1979) with germanium
diode wet -bulb psychrometers and a miniature net radiometer (Fritschen, 1965b). Soil heat flux was
measured with one soil heat flux disc buried about one centimeter into the soil at a representative
location.

The psychrometer sensors (germanium diodes) had been lab calibrated using a constant temperature
bath, a platinum resistance thermometer and the data aquisition system. Calibration coefficients for
the net radiometers and soil heat flux disc used in the studies were those provided by the manufacturer.

The averaging period over which the component flux densities were evaluated was one half hour.
The data from six exchange periods were combined to form the averaging period data. The final exchange
period of an averaging period became the initial exchange period of the following averaging period to
achieve continuous data.

ERROR ANALYSIS, 1978

The random error analysis was performed on the 1978 data in order to evaluate measurement pre-
cision and identify areas of potential improvement. The average calibration regression mean squared
error for the eight diodes used was 0.00180C. The results of the error analysis for 27 May 1978 are
presented in Tables 1 and 2. The mastwise comparison of the generated 95 percent confidence intervals
for latent energy flux density on 27 May 1978 is presented in Figure 1. The average half -hour 95 per-
cent confidence interval for latent energy flux density over the period of study was 0.48 t 0.09 cal/
cm2 /min. The average 95 percent confidence interval for sensible heat flux density over the period
of study was 0.21 t 0.09 cal /cm2 /min.

Analysis of the individual component variances (Tables 1 and 2) confirms that the Bowen ratio
measurement was the major contributor cf variance, generating over 99 percent of the variance in LE
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Table 1. Error analysis data for most #1 on 27 May 1978. Confidence intervals represent one half the

full width at 95 %. CNTB. /B is the contribution of the Bowen ratio measurement to the inter-

val.

TIME
(MRS)

-

LE
CLY /MIN)

CILLE) CICLE) CNT8. /8

CLY /MIN) CX) CX)
H

CLY /MIN)
CICR)

CLY /MI4)
CICR)
(X)

CNTB. /8
CX)

646 -8.73 8.08 12.50 99.17 0.18 9.09 98.76 99.66

946 -0.66 0.89 16.23 99.23 -0.25 8.06 33.95 99.66

016 -0.66 8.07 12.75 96.69 -0.33 0.87 22.45 99.37

046 -8.71 8.86 7.77 97.58 -0.27 0.06 20.49 99.05

116 -0.74 0.05 7.36 97.26 -8.26 0.05 19.46 96.86

145 -8.71 8.08 2.69 89.03 -0.36 0.09 25.84 98.50

216 -9.62 0.09 5.14 99.21 -0.47 0.08 19.70 98.39

246 -0.69 0.06 1.18 96.70 -8.36 8.06 19.96 99.27

316 -9.63 0.18 6.11 98.31 -0.44 0.19 22.99 99.62

415 -0.63 8.06 3.36 99.05 -0.32 0.06 25.66 99.51

446 -0.66 0.06 3.72 99.83 -0.30 0.06 26.42 99.46

615 -8.63 0.07 3.93 988.03 -8.23 8.97 31.32 99.57

645 -0.47 0.86 3.44 96.67 -0.19 0.06 32.59 99.63

816 -0.43 0.86 3.92 96.66 -8.11 9.06 55.83 99.71

783 -0.33 8.05 5.66 96.67 8.01 0.95 574.58 99.96

603 -0.16 0.14 92.66 99.64 9.10 0.14 134.98 99.75

633 -9.22 9.36 171.41 98.94 0.27 0.36 140.06 99.83

Table 2. Error analysis data for most #2 on 27 May 1978. Confidence intervals represent one half the

full width at 95 %. CNTB. /B is the contribution of the Bowen ratio measurement to the inter-

val.

TIME
CNRS)

LE
CLY /MIN)

CILLE)
CLY /MIN)

CICLE)
CX)

CNTB. /8
CX)

H
CLY /MIN)

CICR)
CLY /MIN)

CICR)
CX)

CNT8. /8
CX)

646 -0.46 0.06 12.32 86.66 -0.17 0.06 35.05 99.53

946 -0.48 0.96 16.33 99.29 -9.36 0.86 20.66 99.37

015 -8.62 0.86 12.40 96.84 -8.43 0.06 14.62 96.68

046 -0.59 0.05 7.96 97.03 -0.43 0.05 10.66 97.61

116 -9.60 0.05 9.02 97.66 -0.46 0.05 11.69 96.19

145 -8.52 0.14 26.36 88.86 -0.59 0.14 23.35 99.64

216 -0.46 0.13 26.56 99.69 -0.66 0.13 20.07 99.56

246 -8.51 0.10 28.33 98.46 -8.56 0.10 17.75 99.37

316 -0.62 0.06 14.62 96.96 -0.53 0.06 14.38 96.96

416 -8.56 0.06 18.36 96.17 -8.39 8.86 14.87 96.78

446 -0.61 0.86 12.27 96.64 -8.35 0.06 17.68 99.06

515 -0.37 0.86 21.18 89.36 -9.39 0.06 19.99 99.35

545 -0.42 8.06 20.29 99.49 -0.22 8.06 36.63 99.70

615 -0.34 0.05 14.05 96.66 -8.16 8.85 30.49 99.33

703 -0.24 8.93 12.49 98.85 -9.94 0.03 66.34 99.40

603 -0.10 0.18 100.11 96.89 0.08 0.18 127.69 99.21

633 -0.13 0.14 183.04 99.64 0.21 0.14 64.79 99.74
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Figure 1. Mastwise comparison of 95% confidence interval for latent energy flux density on 27 May 1978.

Solid line is mast #1, dashed line is mast #2.

and H. Significant improvements could be made through reducing the variance in the Bowen ratio,
through a reduction in the individual variances of each wet- and dry -bulb temperature measurement. The

temperature variances are a function of their calibration, so improved calibration procedures would
yield significantly smaller MSE's, and hence smaller variance in the Bowen ratio. In addition, a more

rapid sensor exchange might improve the results by allowing more time for sensor equilibration.

ERROR ANALYSIS, 1979

The diode circuitry and calibration procedures were changed and the psychrometer exchange time
reduced for the 1979 measurements. The adverse effects of current fluctuation from the power supply

were eliminated by making an additional measurement of the voltage drop across a precision registor in

each diode circuit. This value of current (I =V /R) was then used with the measurement of voltage drop
across the diode to calculate the diode resistance (R =V /I). Thus the diodes were calibrated as a
function of resistance against the temperature standard. In addition, the number of data points taken
between 0 and 500 C was increased from 15 in 1978 to 46. A fourth degree polynomial (third degree in
1978) related diode output (ohms) and temperature ( °C). These changes were effective in reducing the
average regression MSE for the eight diodes from 0.00180 C in 1978 to 0.0003° C in 1979.

Psychrometer exchange times were reduced from 56 to 11 seconds by replacing the 4 rpm exchange
mechanism motors with 20 rpm motors. The diode time constant is about 1 minute for 63 percent adjust-
ment. With the faster motors, the adjustment at the end of the three minute equilibrium period in-
creased from 87 to 93.5 percent.

To evaluate the effectiveness of the system improvements, the random error analysis was performed
on the data. The results of the error analysis for 15 July 1979 are tabulated in Tables 3 and 4,
comparison of the generated 95 percent confidence intervals for latent energy flux density are present-
ed in Figure 2. The average half hour 95 percent confidence intervals for latent energy and sensible
heat flux densities were 0.27 t 0.01 and 0.21 t 0.01 cal /cm2 /min, respectively.

The system changes were effective in significantly reducing random errors and improving the
correlation between the two masts. A comparison of Figures 1 and 2 shows the dramatic increase in
precision and correlation. Mean error limits (95 percent) for LE and H were reduced from t 18.8% to
± 3.7' and t 42.9'5 to t 4.8;: respectively. Both the tight confidence intervals and the degree to
which the data from the two masts match indicate significant improvement.

FUTURE SYSTEM IMPROVEMENTS

The development of the exchange method to eliminate sensor biases from measurements of air temp-
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Table 3. Error analysis data for mast #1 on 15 July 1979. Confidence intervals represent one half the

full width at 95 %. CNTB. /B is the contribution of the Bowen ratio measurement to the

interval.

TIME
CHRS)

LE
CLY/MIN)

CICLE)
CLY/MIN)

CICLE) CNT6./6
CX) CX)

H
CLY/MIN)

CICH)
CLY/MIN)

CICH) CNT6./6
CX) CX)

916 -0.23 9.01 2.67 37.11 -0.26 0.01 2.36 34.27

967 -8.36 9.01 .67 20.66 -0.27 0.01 2.22 25.04

045 -9.42 0.81 .63 9.66 -0.31 8.01 .94 12.99

116 -0.42 0.81 .66 12.40 -0.36 0.01 .60 13.74

145 -0.46 0.91 .66 11.78 -8.40 0.01 .75 12.66

215 -0.46 0.81 .64 11.61 -0.41 0.81 .73 12.66

245 -8.46 0.01 .66 12.60 -8.43 0.81 .71 13.14

316 -8.41 0.01 .74 14.47 -0.41 0.01 .75 14.66

346 -9.41 9.01 .76 16.66 -0.42 0.91 .73 16.20

416 -8.44 8.01 .69 13.45 -8.42 0.01 .73 13.89

445 -8.31 0.01 .96 17.20 -0.26 0.01 2.28 19.69

516 -0.30 0.81 .60 14.04 -0.26 0.01 2.16 16.09

546 -0.41 0.81 .78 14.00 -0.32 0.01 1.96 17.53

615 -0.39 0.01 .96 16.34 -9.19 8.08 2.56 21.64

645 -0.19 0.08 2.61 14.59 -8.89 0.00 4.01 25.67

716 -0.25 0.81 2.24 16.91 -0.12 0.00 3.47 32.02

745 -9.17 0.01 2.93 13.66 -0.03 0.00 6.50 46.69

616 8.04 0.01 13.99 16.76 -0.01 0.00 26.62 36.06

Table 4. Error analysis data for mast #2 on 15 July 1979. Confidence intervals represent one half the

full width at 95 %. CNTB. /B is the contribution of the Bowen ratio measurement to the

TIME
CNRS)

interval.

LE
CLY /MIN)

CICLE)
CLY /MIN)

CICLE) CNTE. /6
CX) CX)

H
CLY /MIN)

CICR)
CLY /MIN)

CICR)
CX)

CNTE. /6
CX)

915 -0.23 8.01 2.19 11.63 -0.26 0.01 2.11 10.62
957 -8 30 8.01 2.17 26.46 -0.30 0.01 2.10 26.26
046 -0.36 8.01 .61 13.39 -8.34 0.01 1.69 14.26
115 -0.36 0.01 .61 14.92 -0.36 0.81 1.60 14.62
145 -8.41 8.01 .73 12.67 -0.38 0.81 1.76 13.06
215 -0.40 0.01 .76 14.60 -8.43 0.81 1.72 13.90
246 -8.41 0.01 .76 14.94 -0.44 0.81 1.71 14.03
315 -8.36 0.01 .91 16.64 -0.43 0.01 1.74 16.27
345 -0.36 0.01 .96 19.56 -9.44 9.01 1.72 16.43
416 -8.39 8.01 .62 16.77 -0.42 0.91 1.73 14.64
446 -0.27 8.01 2.20 21.66 -9.26 0.01 2.17 21.30
515 -0.32 8.01 1.96 17.96 -8.28 0.01 2.11 19.56
545 -9.34 8.01 1.93 16.04 -0.32 0.01 2.80 16.96
615 -0.27 0.01 2.14 16.17 -0.21 8.01 2.47 22.02
645 -9.16 0.09 2.61 17.92 -0.11 0.00 3.61 26.60
716 -8.24 9.91 2.26 16.72 -9.13 0.00 3.27 26.56
74S -0.17 0.81 2.94 13.18 -8.86 0.09 6.66 36.79
616 0.03 0.01 16.65 13.49 -0.01 0.00 33.30 34.32
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Figure 2. Mastwise comparison of 95% confidence interval for latent energy flux density on 15 July
1979. Solid line is mast #1, dashed line is mast #2. '

erature and humidity gradients substantially improves the accuracy of Bowen ratio measurements.
Through application of the random error analysis procedure developed here, the precision of Bowen
ratio measurements was improved significantly. Further improvements in accuracy and precision are

still needed.

The largest variance component remaining in the 1979 data, is associated with the measurement of
net radiation. Reducing the variance of the net radiation measurements will require improved calibra-
tion procedures. Net radiation is the principal component of available energy (Q* + G), from which
LE and H are partitioned, so the use of a point estimate of net radiation is somewhat risky. Not only
are the calibration procedures poorly defined, but surface factors may unduly affect a single instru-
ment. The use of the mean net radiation from a number of scattered instruments to estimate mean net
radiation will enhance the accuracy of the energy budget measurements.

Further improvements in Bowen ratio measurement precision may be realized through replacing the
germanium diodes with metal resistance elements (platinum or nickel -iron). The temperature sensitivi-
ty of a germanium diode is slightly dependant on current (Hinshaw and Fritschen, 1970), while metal
resistance elements follow Ohm's Law (V =IR) and will thus reduce the need for a highly precise power
supply. Preliminary tests have shown the nickel -iron resistance units yield regression mean squared
errors four to eight times smaller than the germanium diodes under the same conditions.
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QUANTIFICATION METHODS DEVELOPED IN CONJUNCTION WITH THE

WATER USE INVENTORY ON BLM ADMINISTERED LANDS IN ARIZONA

by

Marvin L. Goss
Hydrologist, USDI, Bureau of Land Management, Phoenix, Arizona

ABSTRACT

Standard methodologies have recently been developed to quantify water sources occurring on
public lands administered by the Bureau of Land Management in Arizona. These water sources
typically consist of springs, stockponds, reservoirs and other small bodies of water, and small
streamflows of less than 1 c.f.s. (0.025 m3 /sec). Increasing demands for these waters as well
as numerous past, on- going, and pending activities to define and adjudicate water rights
necessitate that they be consistently and accurately quantified and their uses estimated.
Standard methodologies to meet these requirements were essentially nonexistent within the BLM at
the time the inventory of these water sources began. Emphasis has been placed on the application
of simple and practical procedures based on generally accepted hydrologic principles. These
methodologies will be used for quantifying an estimated 4,000 water sources on federally ad-
ministered lands throughout Arizona. The methods may also be used to inventory the approximately
100,000 water sources located on federally administered lands in the other ten western states.

INTRODUCTION

"Much of the available water in the Southwest is over -appropriated, at least on paper, and
demands against relatively fixed supplies increase annually." (Hurtsey, 1979). Against this
background, increasing demands are being made on smaller, and more remote water sources such as
widely scattered springs and stockponds located on public lands administered by the Bureau of
Land Management (BLM). In order to properly manage waters located on public lands, protect them
in water rights procedures and to comply with President Carter's Water Policy Message "to
inventory and quantify Federal reserved waters ", the BLM has undertaken the inventory and quanti-
fication on all water sources located on public lands in Arizona.

This paper describes methods developed to uniformly and consistently quantify springflow,
small streamflows (less than 0.1 cfs /0.0025m3 sec) and the storage capacities of stockponds,
reservoirs, and other small bodies of water typically occurring on public lands.

The methods described are based on accepted hydrologic principles and consist of the appli-
cation of simple and practical procedures, using portable, inexpensive field equipment. These
methods are being developed, tested, and standardized for use in the water use inventory being
conducted on BLM lands in Arizona. An estimated 4,000 sources will be quantified using these
methods during the course of the inventory. Additionally, these methods are being used in the
development of a BLM manual for use in the inventory of an estimated 100,000 water sources located
on BLM administered lands throughout the western United States.

SPRINGFLOW AND OTHER SMALL FLOWS

PROBLEM

Many surface water sources located on BLM land in Arizona and many other western states
consist of small springs, seeps and wet spots that, even when developed, normally yield less than
1.0 cfs. Flow from springs located in ephemeral or intermittent drainages typically do not
extend downstream more than several hundred yards before disappearing into the channel alluvium.
Methods for measuring the small yields from these sources have often been overlooked in texts
and other published documents that describe standard hydrologic techniques.
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APPLICATION

The method described in this paper is limited to the measurement of undeveloped or unconfined
developed surface water sources yielding very low flows. It is a volumetric method. Variations

of this method used for calibrating weirs and measuring flow through small pipes have been de-
scribed by Corbett (1962) and Scott, et al (1959). The volumetric method described in this paper
is limited to the capture of extremely small discharges which range from 0.1 gpm (380 cc /min) to

about 0.1 cfs or 45 gpm (2,500 cc /sec). It is used when the flow can be concentrated and

diverted into a calibrated container.

Finding a suitable measuring site is essential in order to obtain an accurate flow measure-
ment.

EQUIPMENT

The following are needed:

1. Calibrated container
2. Stop watch
3. Flow concentrator (plastic sheet or metal flume)

4. Small handtools for digging
5. Forms for recording data (Figure 1)

This list illustrates the low cost and portability of the equipment.

PROCEDURE

1. Find a site that will permit measurements of as much flow as possible.

2. Concentrate the total flow. Concentration is normally accomplished by spreading out a small
sheet of plastic to conform to the channel substrate or jamming a metal flume into any porous
substrate in such a manner that the total flow or a substantial portion of the flow can be col-
lected into the container.

A plastic sheet, when made to conform to a non -porous channel bottem can capture nearly all
of the flow (90 %) if the upstream edge of the plastic is fixed firmly in place. This is made
possible because of the "sealing" effect caused by the weight of the water overlying the plastic.
Generally, greater than 75% of the flow can be captured in a porous medium by use of a hand -fitted
metal flume. While it is not possible in most cases to capture 100% of the flow, it is relatively
easy to estimate the percentage of the flow captured.

3. Measure the flow. Direct the concentrated flow into a container and measure the volume of
water collected for a specific period of time. Depending on the size of the container and the
rate of flow: 10, 15, 20, 30, or 60 second intervals are normally used. Often there is not
sufficient drop in the channel gradient to place the container under the concentrated flow in such
a manner that it can be filled. In unconsolidated alluvium, this problem can be resolved by
digging a depression in the channel and placing the container in the depression to take the
measurement. In other cases, the measurement may be made by extending the length of the concen-
trating apparatus, or using both plastic and flume in combination.

4. Record the time interval and the volume of water captured in the container and estimate per-
cent of the total flow captured.

5. Repeat Steps 2, 3, and 4 a minimum of three times.

6. Determine the rate of flow per measurement and the average flow rate using the following
calculations.

a. Flow rate premeasurement is determined as follows:

Flow rate (FR)
(+plume capture() ( 1 1

_Time J I\s of total flow captured)

b. Average flow rate (AR) is determined by summing all flow rate measurements and dividing
by number of measurements as follows:

AR=
FR + FR2 + FR3
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FIGURE I. FORM USED FOR RECORDING SPRING FLOW DATA

WM MURMUR QUANTIPICRTION METHODS
2111U2OD1ANIA1 D SPRIMGPIDS

r1330 SREET-e

Sheet . of

1. Source Mime:
2. Observer(s):
2. Location' Sec. T. R.

4. Measurement Method:
S. Measurement Location, Sec. T. R.

(if differs from source)
6. Stage ht. (if Stream)

7. Stream Flow

10.4

1-
Depil in

.4

ell. sire- -
8. Spring Flow:

Percent
h. Trial Volume Time Captured Discharge

1.

2.

3.

Average

9. Remarks: (include computations)

(Use space on Pg. 4, if needed)

10. Sketches: (stream reach sampled.
channel profile, etc.)

Draft Form 11/9/79
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VOLUME OF WATER CONTAINED IN STOCKPONDS, SMALL RESERVOIRS, AND SMALL LAKES

PROBLEM

Short of using time consuming and expensive standard land surveying techniques (Breed, 1958)
procedures for field measurement of the capacity of ponds were not found in a review of the
literature.

Various in -house procedures in use by the Arizona Water Commission, the USDA -Forest Service,
and Soil Conservation Service have been described via personal communication (Arizona Land Dept.,
1978; U.S. Forest Service, 1978). These procedures involve determining the surface shape, surface
area, and the maximum depth of the pond. These values are then combined in various area /depth/
slope formulae to calculate the volume. Such formulas have not been thoroughly tested and will
be the subject of a future paper. In this paper, only measurement of water depth is addressed.
Field hydrologists have developed a technique using two different types of equipment for determin-
ing maximum water depth in these structures without requiring the use of a boat. This procedure
has evolved through field testing and communication with other personnel over the past two years
and the equipment is in the final stages of development. Equipment expense and portability, with-
out sacrificing accuracy, have been the major factors in developing this procedure, as well as
consideration of the field time involved in its use.

APPLICATION

A brief description of the basic technique follows and is applicable to the measurement of
maximum water depth of ponds, with surface areas generally no greater than 2.5 acres (1 hectare)
and depths less than 20 feet (6 meters). Each measurement determines the depth of water at a
given point. A number of measurements are made to ascertain maximum depth. This value can be
combined with other measurements to compute the volume of water.

EQUIPMENT

1. The two types of equipment currently in use are a slightly modified fishing rod for
Method A and a collapsible pole such as a golf ball retriever with incremented line for Method B.
At the time of this writing the "fishing rod" apparatus used in Method A is still under develop-
ment. Use of a remote device, such as TV channel changer or automatic garage door opener, to
transmit signals controlling the release and latching of the weighted line is being considered for
development. Use of other types of depth measurement equipment such as fathometer /transducers
(Rausch, et al, 1976; Heinemannn and Dvorak, 1965) have been rejected because of their heavy
weight and high cost.

2. Field forms (Figure 2) are required for recording of data.

PROCEDURE

Method "A ". This uses a standard fishing pole and reel with line that has been slightly
modified by the addition of weights and a float. This procedure involves taking several
measurements of the distance between the weight, which settles to the bottom of the pond, and
the float, which stays at the surface of the pond, to obtain an estimate of maximum water
depth. The steps currently used to obtain this measurement are as follows:

a. Cast the bob and weight apparatus to a selected spot in the pond and allow the
weight to settle to the bottom.

b. Reel in the line until tension on the line indicates that the bob is situated
vertically over the weight.

c. Carefully pull in the line, until the weight and bob come in contact.

d. Measure the line that was pulled in to obtain an estimate of depth.

e. Repeat steps a through d until the maximum depth is determined.

f. Record the maximum depth.

Up to the present time, slight inaccuracies have resulted in some of these measurements
because the distance between the weight and float is not always measured along the vertical
plane.

The following modification to the above procedure is proposed to obtain a truly vertical
measurement of depth. It uses a hand -held transmitter and remote receiving latching device
that releases or locks the line in place upon command. The steps used to obtain a maximum
depth measurement would be as follows:
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FIGURE 7. FORM USED FOR RECORDING POND DATA

QUANTIFICATION PROCEDURES FOR DEVELOPMENTS (Field Sheet B)

STOCKPONDS, SMALL LARES, CATCHMENTS, DEVELOPMENTS(Conveyances, Tanks and Troughs), AND WELLS

1. Source Name:
2. Date and Hour:

3. Location: Source Sec. T. R.

DiversionPoint
Use Points)

4. STOCKPONDS

Present Vol. ac.ft. /nal

Capacity ac.ft. /gal

On Channel Off Channel

Construction Material:

Measurement Method:

Water Surface Shape Adjacent To
Spillway:

Square Ellipse

Rectangle Circle Oval

Triangle Half- Circle

Other:

Operational?

S. GROUNDWATER (Wells)

Diameter in. Artesian?

Casing Type:

Total Depth ft.

Depth to Water ft.

Pump (type):

Windmill?

In or near defined channel?

Sketch of Stockponds, Small Lakes, and Other Develorments

se. widths Top ft. ptN{,spó w length: lbpet.
aottaw_!t. -T- bttoptt.

--#17

height fro. base to 44 .

distinct NTh weer
line Wendel be given where ne spillway
Mete.

Istlnate t full

Spikes

WELL FLOW
Trial Volume Time GPM

2.

3.

Average Flow:

7. CONTAINMENTS and CONVEYANCES

6. CATCHMENTS (Sketch)

Apron Material (circle one)

Asphalt Fiberglass Rubber

Parafin Other:

Apron Dimensions and Capacity:

B. OBSERVER TITLE SIGNATURE
a

b.

(1.) Tanks and Troughs No. 1. No. 2. No.3

a. Length (in feet)
b. Width or Diameter
c. Depth - Present:

Maximum:
d. Capacity:
e. Shape:
f. Bird ramp? Floating cover?

(2.) Pipes, ditches, Flumes, Etc.
a. Diameter Depth Width
b. Length to 1st use 2nd use 3rd use
c. Slope to 1st use 2nd use 3rd use
d. Material:
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a. Cast the bob and weight, latched together as a unit, to a selected spot.

b. Transmit a signal to release the latch, causing the weight to drop vertically

to the base of the pond.

c. Transmit a signal to engage the latch to the line, thus preventing any slippage

in the line between the weight and the bob.

d. Reel the apparatus in and measure the distance between the middle of the bob and

bottom (or "mud line ") of the weight.

e. Clean the line, bob, weight and latch apparatus and repeat steps a through d until

the maximum depth is determined.

f. Record the maximum depth.

The primary advantage of this method is that it allows relatively accurate depth

measurements to be made a considerable distance (up to 20 meters) from shore. Difficulties

result from substantial quantities of slime and algae clogging the weight/bob apparatus and

excessively muddy pond bottoms which allow the weight to sink below the actual bottom or be-

come stuck.

Method "B ". This uses an extendable aluminum pole with an incremented string with a weight

tied to the end of the string. Depth measurements are obtained by extending the pole and

casting the weighted line so that it extends vertically into the water. Depth is determined

by noting at what point the incremented string corresponds to the water surface. The primary

advantage is ease of operation. Disadvantages include: (a) application of the method is

limited by the short reach of the equipment; (b) the operator must stand as close as possible

to the edge of the water, often on muddy, steep, slimy surfaces in order to make each

measurement.

SUMMARY

The BLM is currently conducting an inventory to locate and quantify all water sources and

uses on public lands. Our objective is to do it as accurately as possible in a uniform and

consistent manner.

This paper only discusses two aspects of this process: volumetric quantification of water

yield from small springs, and a procedure using either of two types of equipment for measuring the

depth of water in small lakes and impoundments.

Additional methods that are being developed for the remainder of the inventory and quantifi-

cation process will be incorporated into a BLM "Water Uses and Needs Inventory Manual."
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THE IMPORTANCE OF ARIZONA'S WETLANDS

by

Jon Rodiek
University of Arizona

INTRODUCTION

Arizona's wetlands as well as those in all our other forty -nine states are of major interest to the
U.S. Department of Interior's Fish and Wildlife Service. These landscapes are, among other things, hab-
itats for fish and wildlife. The Fish and Wildlife Service is committed to the idea of pursuing broad
ecosystem understanding from which can be derived broad ecosystem management schemes and recommendations
for use of this national resource. Fish and wildlife and their habitats when put in the perspective of
all that needs our attention seem to be trivial things. Today more than ever before it is important to
understand that nothing can be done in isolation. The effects of any environmental alteration are no
longer confined to a given political -geographic realm. It is important for all of us to recognize that
pressures of resource development and resource conservation have a direct influence on our future. Fish
and wildlife and their habitats seem to be common to all interests and understandings. This common in-
terest in making future decisions that may relate to fish and wildlife habitat relates to the universal
environment as well.

Whatever our role in the environmental world may be we are constantly in need of information and
the ability to assess the impacts that man -made changes bring to the landscape. The National Wetlands
Inventory (N.W.I.), part of the U.S. Fish and Wildlife Service, is creating a data base of wetlands maps
to assist states in developing and implementing programs for protection and maintenance of these wetland
habitats. The future of our wetlands and our natural environments here in Arizona is directly linked to
the management options we develop in cooperation with this kind of federal effort. Public understanding
of the baseline condition of Arizona's wetlands is possible now that the N.W.I. (phase I) work is com-
plete. It is now possible to generalize with some accuracy as to what these wetlands are, what they do
and what the future holds for them.

WHAT ARE ARIZONA'S WETLANDS?

The wetland classification system (Cowardin et al. 1976) describes wetlands and deep water habitats
as they occur in five major ecological systems. Three of these exist here in Arizona. They are the
Palustrine, Lacustrine, and Riverine systems.

The idea of wetlands existing in Arizona tends to lead people towards one of two reactions. In one
the observer labels these landscapes as relics of a bygone era. Therefore, when images of Arizona's
landscapes come to mind the wetland environment is all but eliminated from their thoughts. A second
reaction finds the observer associating wetlands with climates and geographic areas far removed from the
arid and semi -arid conditions that dominate in Arizona. These reactions represent understandable miscon-
ceptions common throughout the western interior.

Arizona is the sixth largest state in the Union yet only eighteen states have fewer people. There's
a lot in the state that is neither apparent nor accessible to all but a lucky few. Wetlands occupy a
small percentage of the total land area in the state. What is there is located in the seams, crevices,
canyons, and mountain meadows where few people travel. Wetlands in Arizona are first hidden landscapes.

Wetlands exist in Arizona for many of the same reasons they exist in Alaska or Florida. There is
an excess amount of water found within the surface landscape. In the arid, semi -arid, or desert environ-
ments (80% of Arizona's total) wetlands can and many times do succumb to the prevailing forces of evapo-
ration, transpiration, and low annual supplies of water. Their presence is said to be "interrupted"
during drier years. Therefore, wetlands in Arizona are misconstrued to be a temporary condition. Ari-
zona's wetlands are more accurately described as permanent landscapes when perceived in their total wet
and dry cycle.

Wetlands are maintained by a wide range of environmental conditions occurring over a variety of
physiographic settings. For example, the palustrine wetlands in the White Mountains of north central
Arizona (elevation 6500') are supplied water by spring snowmelt and summer thunderstorms. The palus-
trine wetlands in south central Arizona (elevation 4000') are supplied water from sunder monsoons and
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infrequent storm systems that slip into the region from Baja California and Mexico. Both experience

seasons when no water is present in the wetland. This dramatic change in the physical conditions as

they cycle between hydric and xeric phases demonstrates that wetlands in Arizona are also environmen-

tally responsive landscapes.

Our national level of understanding regarding these natural systems is fragmented and incomplete.

This holds true here in Arizona as well. Wetlands are described in terms of what they are not. This

may be due, in part, to the fact that surveys carried out prior to the 1954 Fish and Wildlife Study

(Shaw 1956) dealt only indirectly with wetland values. The current N.W.I. will be much more comprehen-

sive than any previous work. To better understand the role they play one must consider what they do.

WHAT DO ARIZONA'S WETLANDS DO?

Arizona is a land with vast spatial dimension. To one not familiar with the West this vastness

creates both a sense of limitless freedom and disorientation. To gain a sense of place we develop an

ability to distinguish differences and define variety within our environment. People orient themselves

to their surroundings as much by what they think about a place as they do by knowing something about

it. Take for example the Grand Canyon. This environment expresses dimensions that are foreign to the

scales of time and space normal to human proportion. The visitor can become immediately disoriented

here. If this kind of feeling were popular our values expressed towards it might translate into nega-

tive interactions with it. Obviously this does not seem to be the case. To the contrary, the Grand

Canyon is a National Park enjoyed by thousands of enthusiasts such as hikers, boaters, joggers, and

naturalists.

There is an exquisite order and logic to the canyon. The order is found in its formation over

time in response to the forces of erosion and sedimentation. Water (the Colorado River) is the archi-

tect. The canyon walls reveal the tracks of the flow of water as it carves its trail across enormous

volumes of space and centuries of time. Once oriented to this structural logic in the walls one can

easily find his way through this setting. A sense of place is actually a cultivated sensitivity to

those characteristics particular to a territory.

The principle of orienting to our environment by reading the signs it gives us holds true in more

subtle ways. Wetlands play a significant role in this regard here in Arizona. The Colorado River cuts

a meandering north -south corridor down the western border as it flows to the Gulf of California. This

watered channel serves as a road map for thousands of migratory waterfowl. John Wesley Powell first

noted the vast numbers of waterfowl in his travels down the river over one hundred years ago. The river

system gives these wildlife guidance and relief along vast tracts of landscape. Migratory waterfowl

stake their lives on the river. Every year at the end of the fall they fly hundreds of miles through

the night on the chance that a marsh or pond will be there to harbor their flock. The people in Bull-

head City, Needles, and Lake Havasu City can measure the amplitude of the season by the numbers passing

overhead. The scene is part of a cycle and part of our western heritage.

Riverine and other wetland systems do more than fulfill a need to define a sense of place. To

many of the 1100 wildlife species found in the state these wetlands are habitat. Without habitat the

question of caring for wildlife resources becomes academic. Wetland habitats in Arizona do not compare

visually to those found in wetter climates. They are nevertheless vitally important to the continued

survival of many life forms. The Wilcox play near Wilcox is a good example. The playa is a dry lake

bed void of vegetation except along its edge. Groundwater accumulations beneath the surface landscape

are significant enough to encourage pump irrigation farming. The soil conditions surrounding the playa

coupled with inexpensive real estate values and excellent growing conditions make this area ideal for

grain production.

The landscape is now a mixture of open playa, mesquite fringe, irrigated cropland (sorghum), drain-

age ditches, ponds, palustrine wetlands, and perhaps one of the most densely populated bird communities

in all of Arizona. Yellow- headed blackbirds (Xanthoce.halus xanthocephalus) thrive in the stands of

Juncus and Carex. Mexican black duck (Anas diazi), red heads (Aytha americana), pintails (Anas acuta

tzitzihoa) año ring -necks (Aytha collaris are found by the hundreds in the wildlife refugeTated

along the southeastern shore. Marsh hawks (Circus cyaneus hudsonius) hunt the terrain for unwary

strays. But the most prized of all species is the sandhill crane (Grus canadensis). Some 5000 of these

birds have gradually made this site their winter home. The vast open spaces, grain supplies, and

alkali sacaton (Sporobolus airoides) wetlands make this an ideal location for a flock this size. This

fall a juvenile whooping crane (Grus americana) was sighted in the flock carrying out a mating dance

with a sandhill. It isn't known ITwhoopers and sandhills are genetically or socially compatible. It

is, however, a gratifying sign that a whooper, one of less than seventy -five left in the world today,

has ventured forth into new territory. This remote, primeval- looking site provides a complex mixture

of natural and man -made landscapes and winter habitat for very special wildlife. What wetlands do in

Arizona is provide the essential ingredients for wildlife survival.
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WHAT WILL BECOME OF ARIZONA'S WETLANDS?

There are three aspects of the man -land relationship here in Arizona that will ultimately influence
the future condition of our wetlands. First, consider the use of water. Arizona's supplies are devel-
oped from groundwater sources (60 %), from mountain runoff captured in reservoirs, and from the Colorado.
Arizona's situation is similar to many western states. Water is neither readily available nor easily
delivered. The state has, with federal assistance, invested billions of dollars in order to secure a
reliable supply network. Political and public response to the water resource centers on issues of allo-
cation, delivery, and cost. There does not yet exist a public awareness of water supply, use, and con-
servation management which respects our arid land setting. Public sentiment shows an equally unrespon-
sive view of water supplies allocated to uses other than domestic, agricultural, or grazing projects.

The Boghole waterfowl project created by the U.S. Forest Service in 1974 in the high grassland
plains of southern Arizona is a case in point. Federal assistance was obtained from the Pittman -
Robertson Act for aid in wildlife restoration and the Dingall- Johnson Act for aid in fisheries. These
were used to create a 198 -acre cattle exclosure and 38 -acre water impoundment on a grazing allotment
within the Coronado National Forest. The project was designed to use surface runoff water to establish
a waterfowl reproduction area for the then rare and endangered Mexican black duck (Anas diazi). This

region is one of the more densely watered areas in the state. However, the aquatic habitats that do

exist are predominately man -made stock tanks and ponds. Waterfowl are becoming more and more dependent
on these man -made systems. It was hoped that the Boghole would relieve some of the pressure put on
these agricultural and grazing impoundments. While there have been no breeding pairs sighted there has
been an enormous inflow of other duck species and shorebirds including the great blue heron (Ardea
heroides), green heron (Butoroides striatus), and belted kingfisher (Megaceryle alcyon alcyonT Range
land mammals including pronghorn antelope (Antilocarpa americana), mule deer ( Odocoileus hemionus), and
white -tailed deer (Odocoileus virginianus) have also reoriented themselves to this site.

The project was initially begun in 1964. Public reviews conducted by the responsible agencies in-
volved were continually challenged on issues relating to land use changes and water supply diversions.
To the lessee, an industrial magnate living in Ohio, the grazing allotment loss --all 198 acres or it --
was not an acceptable decision. The local cattle producers who opposed it did so on the grounds that
it didn't fit that economic strategy designed to minimize production costs and maximize profits. Pri-

vate residents opposed to the project did so for a variety of reasons. Most justifications were cen-
tered on the idea that this public resource, water, was more theirs than the public's. The attribute
of scarcity as it applies to water in the arid environment finds people selecting for personal benefits
over public benefits. While this is understandable it points out the difficulty in shifting emphasis
on water policy at the expense of traditional practices. Presently there is little room for genuine
multiple use practices in Arizona and even less time to respond to the need for change.

Walter Firey first observed that a resource is being properly used only when it is put to a purpose
(Firey 1960). Since not all uses are compatible with one another we must distinguish good from bad uses
relative to a variety of purposes. Surface water is still looked upon as an incidental surplus of water
and plant protein available to the first human user to arrive on the site.

The fate of our wetlands is secondly a question of management and regulation. The piecemeal de-
struction of wetlands inventoried in the 1950s has resulted in a 40% loss over 120 million acres of
wetlands. Executive order 11990 (42 Fed. Reg. 26961 1977) spells out the responsibilities and regula-
tions as well as the management goals for all federal agencies involved in the decisions affecting these
landscapes. This order has special significance to the state of Arizona. Currently over eighty percent

of Arizona's lands come under some form of federal control. The Bureau of Land Management controls the
largest portion (62 %); the Forest Service (25 %), Fish and Wildlife Service (4 %), and the National Park
Service (3 %) make up the remainder. Three hundred thirty -four square miles or over 213,000 acres of
the state is inland water. Together land and water in Arizona amount to over 72.9 million acres of
territory. That is an enormous amount of land to manage. The public and private sectors that use this

land will be asked to respect and comply with any new policy decisions regarding wetlands protection.
As we all know, public response and public behavior modification will only come when people genuinely
understand why change can benefit them and their environment. The land use practices that exist here
and the fact that water is always going to be scarce tend to work against the well- intentioned goals of
wetland preservation.

Finally, there is the question of land ethics. Arizona's wetlands in a technical sense are no

longer hidden. We cannot rationalize our behavior towards them on the basis of a lack of information.
They can no longer be explained as incidental events in the landscape. Their value to wildlife, ripar-

ian life forms and the intangible values they provide for people make them real entities to all people

involved in the human environment. Ecologically wetlands are our premier performers. They are one of
the most productive, most efficient, and fastest growing ecosystems available to us. Cultural progress

has in the past promoted many changes and additions that have destroyed these wetlands. These changes

to our environment, for better or worse, are all part of our heritage and the basis of what we contrib-
ute to the future. Mankind is distinguishable from other life forms on the basis of at least two qual-
ities. One is our refined ability to anticipate future situations. A second is our ability to develop

a discriminating set of values about our world. Ethics serves to guide both these abilities. Ethics

as Aldo Leopold noted rests on the premise that the individual is a member of a community of interde-
pendent parts. Land ethics simply enlarges the boundaries of a community to include animals, plants,
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and landscapes (Leopold 1949). Arizona's wetlands, like the whoopers, are symbols of what is and what
can be. The future of Arizona's wetlands rests not so much on the amounts of water, uses, or management

activities as it does on the ethics we express towards our environment. The long -range future will be
defined by how well we modify our competitive uses so as to accommodate our natural world.
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INFILTRATION RESPONSE TO SURFACE PLANT COVER
AND SOIL INVERTEBRATE POPULATION

by

Isobel R. McGowan
University of Arizona

INTRODUCTION

The determination of factors affecting infiltration is fundamental to the solution of many severe
land management problems. These problems include excessive runoff and erosion, flash -flooding, sedi-
mentation of waterways and reservoirs, and non -point source pollution of surface and ground waters.

The mechanics of infiltration are well known in a laboratory situation devoid of life processes,
but little work has been done to relate water intake by soil to the complex interaction of biological
factors that exists under field conditions. The abundance of vegetative litter and the population of
soil invertebrate animals are two variables whose effects on the infiltration of rainwater are con-
sidered in this study. Experimental examination of these variables provides insight into the pheno-
menon of infiltration as it occurs in the field.

LITERATURE REVIEW

In 1960, Parr and Bertrand conducted an exhaustive search and review of the literature on infil-
tration. They found that of the factors influencing infiltration, soil characteristics have been the
most intensively studied. However, as early as 1940, Free et al recognized that:

"the rate of infiltration is a variable rather than a constant factor, changing with changes
in soil structure, the temperature of air, water, and soil, the moisture content of the soil,
and the degree of biological activity within the soil profile. Some of these factors vary
seasonally, and others vary during the course of a single storm."

Although this enumeration of infiltration influences is incomplete, (lacking primarily surface char-
acteristics) it is a more realistic picture than purely theoretical, laboratory studies have pre-
sented.

The following review is broken down into two sections based on field conditions: infiltration
as affected by vegetative factors, and infiltration as affected by soil animal populations.

VEGETATION INFLUENCES

Researchers working on different soil types, under different climatic conditions, and with vary-
ing types of instrumentation have reached similar conclusions regarding the effectiveness of surface
litter in improving infiltration. Duley and Kelley (1941) found antecedent soil moisture content and
soil type to be less important to infiltration rate than surface condition of the soil. Even wet soils
were found to take in substantial quantities of water if the surface was kept open with a straw mulch
(water was not restricted to lateral flow). They further concluded that cultivated land has higher
runoff (thus lower infiltration) than does a grass- covered or leaf -littered soil, although mulch pro-
tection does reduce runoff. Mannering's findings (1965) concurred, showing that infiltration increased
proportional to the amount of wheat -straw mulch applied. In another study, application of 1 ton or
more of wheat straw per acre resulted in essentially no soil loss and marked reduction in runoff as
compared with bare plots (Mannering and Meyer 1963). Dead organic material on the soil surface was
more significant in improving infiltration than any of the other factors explored by Dortignac and

Love (1961). Similarly, Rauzi and Fly (1968) concluded that the greatest correlation with water intake
occurred with the amount of both old and new vegetation present at a site, when both soil and cover

factors were considered. They also showed that the amount of cover needed to increase the infiltration

varied with the site. In Nebraska, grass plots were clipped close to the ground and the old growth

was removed; subsequently, runoff rates from the plots approached those for cultivated land (Duley

and Kelley 1941). In 1974, Tromble et al. measured infiltration and runoff on three rangeland soils

as affected by vegetative cover. Lowest runoff was measured on a brush -covered, Hathaway loam soil,

and the highest on hare Cave soil.
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Land management practices, including grazing, affect vegetative cover and thus the infiltration

capacity of a soil. Infiltration is greater on ungrazed than on grazed plots (Tromble et al 1974).
In Colorado, a sandy loam had significantly greater infiltration rates on lightly and moderately
grazed pastures than on those subjected to heavy grazing, although infiltration rates and total plant
material were not significantly correlated during the trial period (Rauzi and Smith 1973). This study

also showed that during the first 10 minutes of infiltration, soil type is the dominant controlling
factor; after 15 minutes, grazing effects were detected; after 20 minutes, soil type and grazing
effects were equally important; and by 30 minutes, interaction of the two factors was significant.

Sealing and compacting of the soil surface affects infiltration, and consequently, runoff.
Mannering et al. (1975) suggested some factors affecting sealing to be: (1) tillage methods, (2)

soil structure and aggregation, and (3) surface cover at the time of rain. As early as 1910,

Russell found tilled and unmanured soils to have the smallest amount of pore space, while those under

old, undisturbed meadows to have the largest. In the rich soil of Romney Marsh, fine pores of bio-

logical origin (mostly plant roots) have been preserved for several hundred years. These and other

macropores strongly influence the drainage of the region (Green and Askew 1965).

Seasonal variations in vegetation, soil temperature, and soil moisture content will cause infil-

tration rates to vary at a given location. In Colorado, infiltration rates were found to vary during

seasonal cycles on a semi -arid watershed in Colorado; the highest rates were observed in spring before

summer rains began (Schumm and Lusby 1963).

SOIL ANIMAL INFLUENCES

Infiltration enhancement through burrowing of soil invertebrate animals, especially earthworms

and ants, is well recognized and documented in the literature (Slater and Hopp 1947, Teotia et al.

1950, Russell 1957, Johnson 1963, and others). The seeming lifelessness of the soil surface is a dec-

eptive facade. Scientists in New York State counted invertebrates in the top inch of soil; on the ave-

rage, they found 1,356 animals per square foot, including 865 mites, 265 springtails, 22 millepedes,

19 beetles, and various other forms (Farb 1961). And earthworms inhabit the soil virtually world -wide,

appearing as 1800 different species, ranging from one inch to 10 feet long (Farb 1961). All of these

animals contribute to the breakdown of dung and plant litter, renewal of soil nutrients, maintenance

of soil porosity and stability, and mixing of the soil profile.

Unproductive soil may yield several times as much vegetation when earthworms or ants are present

than when they are excluded (Hopp and Slater 1948).
Cultivation and plant residue removal cause earth-

worm populations to migrate out of the soil and further decrease soil productivity (Hopp and Hopkins

1946a). Thus, it is not surprising that undisturbed soils with
earthworm inhabitants are more produc-

tive than are disturbed soils. Ehlers (1975) reported that the percent volume of channels doubled

over 4 years of no -till practice over cultivated plots. Most of these channels were connected either

directly or indirectly to the surface, and thus were
able to transmit water to depths of 180 cm or more.

Earthworms increase soil stability through ingesting soil and organic particles and depositing

them in water -stable aggregates called casts.
Casts were found by Swaby (1950) to maintain their

structure under a process of soaking for 24 hours, seiving and shaking under water, and drying at 50 °F.

Teotia et al. (1950) used water -drop tests to
illustrate this stability, and Hopp and Hopkins (1946b)

found that soil containing earthworm populations
had twice to three times as many water -stable aggre-

gates as did soil without earthworms.

Ants use partly -digested organic particles as cement in mound -building. Ant mounds studied by

Denning (1973) were found to have surface crusts of very low hydraulic conductivity relative to the

mound interiors. Studies of the interior of the mound (Denning et al. 1974) found the saturated hyd-

raulic conductivity to range from 10,000 to 44,000 cm /day as compared with that of the surrounding clay

soil of 3 cm /day.

Channels created by soil animals are known to benefit soil in several ways. In 1961, Harman

stated that geophilus, or soil -loving worms, may burrow 10 feet or more below the surface to find

water. These burrows are beneficial to the soil in three ways: (1) in burrowing, the earthworms

ingest subsurface soil rich in minerals and deposit it on the surface in castings, resulting in an

overall mixing effect; (2) their burrows allow rainwater to more readily infiltrate; and (3) the

burrows allow air to reach plant roots.
Macropores created by ant and earthworm burrows, soil cracks,

and old root channels allow water to
infiltrate rapidly into soils ranging from clay through fine

silty clay to very fine sandy loam (Green and Askew 1965). Ehlers (1975) concluded that only the

channels that reach the surface, unimpeded by soil particles, aid in the
transmission of water. Thus,

many channels in the subsurface do not share in the infiltration process.
He further stated that in-

filtration through burrows is possible only at high rain intensities which
produce ponded water at the

surface; otherwise, all the water will move
through the soil matrix according to the hydraulic poten-

tial gradient. Slater and Hopp (1947) noted an
additional benefit to infiltration that earthworm chan-

nels provide: leaf accumulations and casts at the mouth of the burrow detain
rainwater, allowing it to

infiltrate. Salem and Hole (1968) reported
that ants had moved to the surface the equivalent of 2,500

kg of soil (dry weight), and reduced
the hulk density thereof by almost one half. Russell (1957)

discovered that earthworm consumption
and deposition of soil sorts the particles by size, since only
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particles less than 2 mm diameter can be ingested.

Types and numbers of soil animals depend largely on the availability of food. Small earthworms
live and feed within surface litter, while larger species tunnel through the soil to feed on dead
plant roots as well as surface litter. Russell (1957) found soil animals prefer nitrogen -rich sites,
verifying his observations by showing that invertebrate populations are much higher in undisturbed
grassland soil where there is plenty of vegetable matter or manure than on cultivated land where
supplies are less abundant. Earthworms are seldom found in oak and pine forests, but favor aspen, ash,
hickory, dogwood, and basswood vegetation types (Farb 1961). The benefit of earthworms is greater
where over -winter cover is maintained (Hopp and Slater 1948).

This search and review of literature on biological influences on infiltration revealed that res-
earch has been done on invertebrate populations and their effect on infiltration, vegetative litter and
its effect on infiltration, as well as the relationship of litter and invertebrates to one another.
However, little or no work has been done to relate the three variables in one study. Also, although
the effects of soil animal burrows on water intake have been studied, actual population numbers have
not been related to the infiltration process. Furthermore, no attempt at establishing an empirical
relationship between surface litter and infiltration was made in any of the publications reviewed.

METHODS

SITE LOCATION AND DESCRIPTION

Infiltration, surface plant litter, and soil invertebrates were measured at three sites. These
sites represent three different climatic- vegetation zones typical to Arizona: Sonoran Desert, Pinyon -
Juniper Woodland, and Canyon Hardwood Forest. All three sites are on or near the Santa Rita Experi-
mental Range, about 25 miles south of Tucson, Arizona.

Sonoran Desert. Mesquite and palo verde trees characterize the Sonoran Desert vegetation type. Pric-
kly -pear, barrel, and cholla cacti; desert whitethorn; and several species of grasses and forbs are
other predominant vegetation forms. This vegetation generally covers from 40 to 60 percent of the
total surface area, leaving many barren patches. At the surface, the soil is yellowish -tan with a
sandy texture, containing some clay but little organic matter.

Regular topography, with a few gentle slopes, typifies the Sonoran Desert, generally found at
elevations of about 3500 feet. Gullies and dry -washes dissect the terrain, an erosional result of
runoff from the high -intensity summer storms typical to the southwest.

Pinyon -Juniper Woodland. Pinyon -pine, juniper, mesquite, and oak trees dominate the vegetation of
Pinyon -Juniper Woodland. Some cacti (fewer here than in the desert), desert whitethorn, and several
species of grasses and forbs cover from 60 to 100 percent of the ground surface, except in the bottoms
of dry washes. The tan -colored sandy loam at the surface contains a moderate amount of organic matter.

The fairly steep topographic relief results from location of the site on the lower slopes of the
Santa Rita Mountains. Dry- washes are common, but less gully erosion has taken place than at the
Sonoran Desert site, due to the greater amount of surface cover present here. This vegetation type
dominates at elevations of about 4500 feet.

Canyon Hardwood Forest. This vegetation type consists of many more trees than either of the previously
mentioned sites, including juniper, spruce, beech, box elder, and oak. Many species of grasses and
forks make the ground cover virtually 100 percent, and some fungi and mosses are present. The surface
soil here, in some places buried under 5 to 10 cm of plant litter, is a black loam, very rich in
organic matter.

Topographic relief is steep (the site is located in the Santa Rita Mountains) with almost ver-
tical canyon walls in many places. An intermittent stream flows through Madera Canyon, near where the
samples were taken. The average elevation of this vegetation type is 5500 feet.

LITTER SAMPLE COLLECTION

After choosing the vegetation types to be studied, plant litter and invertebrate samples were
taken. About a week in advance of the date of infiltrometer testing at a given site, litter traps
were installed as follows. Cover densities of 0, 50 percent, and 100 percent were visually estimated
and three approximately level plots replicating each density were chosen. Litter was then gathered at
each plot over a circular area 35 cm in diameter (the diameter of the litter traps to be used) in two
segments: the fine litter was collected separately from the coarser material. A litter trap, consist-
ing of a cylinder of galvanized steel 5 cm in height, 35 cm in diameter, and having a bottom made of
steel mesh (.64 cm spacing), was placed on the area thus cleared such that the screen was in contact
with the soil surface (Figure 1). The litter was then replaced over the screen, and an attempt was
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Figure 1. Litter screens were posi-
tioned on the cleared soil surface,
and litter was replaced over the
screen.

made to reproduce the original density distribution by placing
the finer material on the bottom and the coarser material on top.

The screens were left in place for one week before infilt-
ration tests were run, to allow the soil invertebrates to resume
activity, and to obtain a sample in a relatively undisturbed
condition. After this period had elapsed, the litter screens
were collected in the early morning, before dawn (3:00 -4:00 AM)
in order to sample the night- feeding invertebrates. Each screen
was lifted from the surface, and dumped directly into a plastic
bag. Each sample bag was filled with air, tied at the top, and
labelled, to be taken back to the lab for analysis. Removal of
the surface litter in this manner left cleared but relatively un-
disturbed sites for infiltrometer testing.

INFILTRATION TESTS

After removal of the litter from the surface of the plots,
the infiltrometer tests were made immediately, to prevent seal-
ing of the surface macropores during any elapsed time period.

A closed -top infiltrometer was designed and built for testing the cumulative infiltration at each
plot. Closed -top infiltrometers were first developed to determine the influence of surface -connected
macropores and soil -air pressure on infiltration rate (Dixon 1975). They are especially useful where
open -top infiltrometers over -estimate infiltration. This would occur in soils with a surface -connected
macropore system, but which also have a shallow, air -impervious layer, water -repellent characteristics,
or high antecedent moisture content.

The infiltrometer used consists simply of a PVC cylinder, 22 cm in diameter, which is closed at
one end. A gaged manometer tube is installed on the side of the cylinder to monitor changes in water
level with time (Figure 2). To operate the infiltrometer, the cylinder is filled with water, and
placed inside an aluminum frame. The open end is closed with a removable acrylic plate which is fixed
in place by tension on springs within the frame, and lubricated with silicone spray for easy removal.
The entire apparatus is inverted when measurement is ready to begin. The plate is quickly withdrawn,
allowing the cylinder to contact the soil surface, and water to be ponded almost instantaneously. A
paste of flour, bran, and water is used to seal the edges of the infiltrometer cylinder at the soil
surface, to prevent entry of air at this boundary, and subsequent reduction in pressure inside the
cylinder. The cumulative changes in water level (as observed in the scaled manometer tube), are
recorded over fixed time intervals.

Figure 2. (a) The closed -
top infiltrometer consists
of a cylinder, closed at
one end, with a manometer
tube on the side, and an
aluminum frame. (b) The

cylinder is placed inside
the frame, filled with
water, and sealed with a
removable plate. When
measurement is ready to
begin, the entire apparatus

is inverted, and the plate
is pulled out from below

the cylinder by the rope
shown here. This allows
the cylinder to contact
the surface, and water to
be ponded instantaneously.

INVERTEBRATE SAMPLING AND LITTER MASS DETERMINATION

The litter samples collected at each plot were returned to the lab within six hours of collection

to be analyzed for invertebrate content and litter mass.

To extract the invertebrates present in a litter sample, a Berlese funnel apparatus was used
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Figure 3. The Berlese funnel consists
simply of a galvanized steel cone, sup-
ported over a sample collecting bottle. A
removable screen (in this case the same
screen used to collect the litter sample)
fits over the top of the cone. The litter
sample is placed on the screen above the
funnel, and exposed to a heat lamp. The invertebrates present in the litter,
seeking dark, moist conditions, move downward and fall into a bottle of iso-
propyl alcohol below the funnel, where they are collected for counting.

(Figure 3). The bottom
of a litter screen was
partly lined with coar-
sely -woven burlap, and
the litter sample was
placed on the burlap and
over the funnel. This
prevented fine particles
from dropping into the
sample bottle below, but
allowed soil animals of
all sizes to move
through either the bur-
lap or the screen mesh
into the sampling bottle.
Each sample was left
under the heat lamp
until the litter reached
dry weight. The time
for this varied, depend-
ing on the litter volume,
from 1 to 3 hours.

The invertebrate
samples were collected
from the alcohol onto a
filter paper using a
Buchner funnel and
vacuum filtration appar-
atus. The invertebrates

were placed on a grid and counted, using a dissecting microscope and 100 power magnification. This
method allowed soil animals less than 1 mm in length to be observed and counted (Figure 4).

After extracting the invertebrates, each lit-
ter sample was weighed to within 0.1 grams.

DATA ANALYSIS

Infiltrometer Tests. Cumulative infiltration data
were graphed against time for each plot (Figure
5). The data points were fitted to an exponen-
tial curve with a hand calculator programmed for
linear regression, using the equation:

In I = In a + b In t
where I = cumulative infiltration, cm

t = time, hr
a,b = parameters of Kostiakov's

equation I = atb

The correlation coefficient, r, was calculated
for each "curvilinear" regression. At all plots
tested, the relationship between cumulative in-
filtration and time proved to be remarkably lin-
ear (i.e. the exponent in Kostiakov's equation was close to 1.0). This linear relationship was
observed consistently despite variations in soil type, antecedent moisture conditions, vegetation
type, and amount of surface cover present.

Figure 4. Invertebrates found in the litter samples
included ants, spiders, praying mantises, mites,
springtails, larvae, and many more whose identi-
fication was beyond the scope of this study (grid
lines are spaced 1 mm apart).

Statistical Correlations. Simple, bivariate correlations between variables (60- minute cumulative
infiltration, litter mass, and number of invertebrates) for all plots were established using a Stat-
istical Package for the Social Sciences (SPSS) program. This program computes statistics and plots
scattergrams of the data in all bivariate combinations.

Correlations of 60- minute infiltration versus litter mass and versus invertebrates were computed
for each vegetation type as well as 60- minute infiltration versus litter mass over all 25 plots. The

data in each case were fitted to a simple linear regression formula. The correlation coefficient, r,
was calculated for each variable pair, and the significance (the complement of confidence interval)
of r was determined from statistical tables published by Richmond (1964) (Table 1).
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Figure 5. Representative examples of infiltration
data plotted against time at different cover densi-
ties on the Sonoran Desert vegetation site. Note

the linearity of the results.

RESULTS AND DISCUSSION

INFILTROMETER TESTS

The linear infiltration results obtained in the
field tests appear contrary to Darcy -based flow
theory, which states that cumulative infiltration
levels off with time, and infiltration rate ap-
proaches a constant value. This departure from
flow theory is attributed to: (1) surface -con-

nected macropores, such as soil animal burrows or
root channels, whose presence invalidates the basic
Darcian assumption of non- turbulent flow; and (2)
the fact that flow is two -dimensional (there is no
buffering ring on the infiltrometer). Linear
infiltration (constant infiltration rate) in a
two- dimensional system is predicted by theory and
borne out by experimental results (Gardner and May -

hugh 1958).

The high variability in infiltration rates
under approximately equal amounts of surface

cover (Table 2) is a result of using an infil-

trometer of small diameter (22 cm) to measure an
area over which the macropores may be sparsely
distributed. That is, if the infiltrometer covers
two macropores, infiltration would be high, due
to easy exchange of water and soil air across the

soil surface; if the infiltrometer covers only one
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Table 1. Bivariate correlations at each vegetation type,
and the significance of r (the smaller the significance
level, the better the correlation).

Variable Regression Parameters Significance
Pair a b r of Correlation

Sonoran Desert I vs. m .089 .450 .9446 (n =9) < .01

I vs. v .776 .437 .7497 (n =9) .05

Pinyon Juniper I vs. ml .022 .682 .8384 (n =8) < .01

I vs. v .028 .837 .8198 (n =8) <.01

Canyon Hardwood I vs. ml .057 13.08 .5876 (n =8) .08

I vs. v .017 12.79 .6594 (n =8) .06

All Vegetation
Types I vs. ml .066 3.86 .6052 (n =25) <.01

I = Cumulative Infiltration at 60 minutes (cm)

ml = Litter mass (gm)
v = Number of invertebrates counted

Some of the variability observed in correl-
ating the variables may be attributed to the
relatively small sample size used. It would be
expected that taking more samples would reduce
this variability, an expectation supported by the
high levels of significance observed.

On the basis of these results, it may be
postulated that a relationship between surface
cover and infiltration does indeed exist, and
that this relationship is strong enough to domi-
nate effects of other site characteristics such
as soil type and antecedent moisture. The num-
erical value of this relationship depends on
the units of measurement, and the type of infil-
trometer used. For the closed -top infiltrometer
used in this study, the relationship derived
from the data is:

I = 0.066 ml + 3.86
where I = 60- minute cumulative infiltration (cm)

ml = litter mass (grams)

(This relationship is based on 25 sample plots,
with a computed r value of .6052, and signifi-
cance of <.01).

it is further postulated that the reasons
for the existence of this relationship are:

macropore, infiltration would be
lower due to impeded exchange of
water and soil air; and if no
macropores lie beneath the infil-
trometer, infiltration will be
very slow. However, the data
show that minimum and maximum
observed values of cumulative
infiltration after 60 minutes do
increase with increasing surface
cover.

CORRELATIONS

All variables correlated
(60- minute infiltration versus
litter mass, 60- minute infilt-
ration versus invertebrate count,
and litter mass versus inverte-
brae count) showed high levels of
significance of r values (Table
3). These levels of signifi-
cance indicate that there is
indeed a relationship between
the variables (although this
relationship is not necessarily
one of cause and effect).

Table 2. Range of variability in 60- minute infil-
tration under similar surface cover conditions at
different vegetation types.

Amount Minimum Maximum
of Cover 60- minute 60- minute

Infiltration Infiltration

Bare (9 plots) 0.2 3.5
50 % (8 plots) 1.1 31.2
100% (8 plots) 2.0 49.2

Table 3. Correlation of variables over all 25 sam-
ple plots showed high levels of significance of the
correlation coefficient (r).

CORRELATION r SIGNIFICANCE

60- minute infiltration
versus litter mass .6052 .0067 (n =25)

60- minute infiltration
versus invertebrates .6758 .0001 (n =25)

litter mass versus
invertebrates .8151 .00001 (n=25)

(1) the presence of plant litter prevents surface
sealing of macropores by raindrop impact or compaction; and (2) plant litter fosters populations of
soll animals which live in the soil but feed in the litter, thus perforating the surface as they move

hack and forth, and creating macropores.

CONCLUSIONS AND RECOMMENDATIONS FOR FURTHER STUDY

Consideration of the infiltration process from the viewpoint of both soil physics and hydrology

has been historically limited to highly idealized or greatly simplified systems, to permit process
modelling by mathematical expressions. Biological factors, both plant and animal, introduce comp-
lexities into the system well beyond the scope of theoretical equations. However, understanding the
naturally occurring process of infiltration dictates examination of these factors and an attempt at
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quantifying their complex interrelations, in order to predict the behavior of the natural systems in

which infiltration occurs.

This study has evaluated the effects of surface plant litter and invertebrate populations on the
infiltration of rainwater into the soil profile. Further experimentation might include: (1) similar

tests conducted in different vegetation types. Results of such tests could either support or negate
the conclusions drawn herein; (2) infiltration measured under a larger number of surface cover densit-
ies; and (3) continuation of infiltration testing over one or more annual seasonal cycles. The amount

of plant litter, the populations of soil animals, and the amount of water in the soil would all vary at

different times of the year, and thus affect the infiltration rate.
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CHARACTER OF EARTH FISSURE MOVEMENT IN
SOUTH- CENTRAL ARIZONA

by

M. C. Carpenter
and

J. K. Boling, Jr.
University of Arizona, Tucson, Arizona

ABSTRACT

Detailed bimonthly horizontal strain measurements of fissures were made over a three -year period
at locations near Signal Peak, Picacho Mountains, and in Avra Valley, Arizona. Fissures opened and

closed repeatedly. They exhibited relatively smooth movement with occasional sudden jumps. During a

major event in a locality, all fissures were affected. Some opened, and some closed. Fissures closed

during long dry periods and opened after high rainfall. After periods of high pumping rates followed

by high rainfall, fissures opened. Among different fissure movements the greatest total was 20.27 mm,
the greatest single event was 30 mm, and, exclusive of that, the greatest net was 10.69 mm. Data were

collected from a network of roughly 1 m long horizontal strain gauges at an earth fissure system south
of Apache Junction, Arizona. Horizontal movement in the middle of the fissure was greater in magnitude
and rate than at either end of the fissure. There was good correlation among 9 out of 10 gauges during

a period of closing followed by opening. During a period of controlled fissure flooding, smooth opening
rates increased, and about 100 sudden events occurred. A typical event exhibited a highly damped wave
form with an amplitude of 1.5 Um, net opening of 0.3 um, and lasted 20 seconds.
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HYDROLOGIC EVALUATION OF TOPSOILING FOR REHABILITATING BLACK
MESA COAL MINE LANDS

by

Frank G. Postillion
Bureau of Land Management; Las Vegas, Nevada

ABSTRACT

Two experimental paired watersheds on Black Mesa Mine, in the Four -Corners region of Arizona were
compared by several hydrologic variables in order to determine their relative capabilities for vegeta-
tive reestablishment. From July 1977 to the present, precipitation ranged from 5 to 7 inches; runoff
was 7 times lower on the topsoiled watershed. Because of its structureless nature, the non - topsoiled
watershed tended to crust and seal the surface. In general, the sediment yield was lower on topsoiled
spoils; however, increased sediment yields were observed during intense storms, possibly reflecting the
fact that the topsoil was not anchored to the underlying spoils. The non -topsoiled watershed was found
to have a higher soil moisture at wilting point (13.8%) and high soluble salts (3,000 - 5,000 ppm), mak-
ing water unavailable at higher suctions. The range of available water was higher on the non -topsoiled

watershed. Tests indicated that most soil moisture water storage results from winter frontal storms of
long duration. A vegetation survey indicated a more successful rate of seedling establishment (8.1
plants /m) on the topsoiled watershed, but with a high subsequent die off rate due to drought conditions.
Mechanical treatment of and chemical amendments to spoils and topsoils are discussed. It is concluded

that the practice of topsoiling will greatly enhance revegetation of mine spoils in arid environments.
If it is necessary to directly revegetate spoil materials without topsoiling, salt and drought tolerant
species are recommended.

INTRODUCTION AND AREA DESCRIPTION

The passage of the Surface Mining Control and Reclamation Act of 1977 (Public Law 95 -87) made it
mandatory (in most cases) to topsoil graded coal mine spoils. Investigations on the feasibility of top -
soiling, for increasing the speed of reclamation and of vegetation establishment have been suggested by
various authors. Some investigators have questioned the use of topsoiling for seedling and vegetative
establishment in western coal mining areas as being unnecessary and very costly (Bradshaw, 1973). Some

feel that in most arid land areas topsoil is undefined and restricted to the upper 2 -3 inches of the A
horizon (Wahlquist, et al. 1975) and that stripping this topsoil could be economically unfeasible. Others
contend that topsoiling is a necessity if anything is to be established on graded spoils, due to the un-
stable nature of the spoils (United States Federal Register, 1978). Much of the semi -arid western coal

mining lands have poor quality topsoil, are low in organic matter and nutritive value (Wahlquist, et al.
1975), and may seem a doubtful medium for vegetative purposes. Very little has been done by way of com-

paring topsoiled and non -topsoiled areas. One Northwestern New Mexico study points to limited success in
seedling establishment on topsoil, and subsequent high die off rates (Wahlquist, et al. 1975). The

intent of this study is to compare a topsoiled with a non -topsoiled area, and to propose what each area
may have to offer for the rehabilitation of coal strip mined lands.

Spoils have unique chemical and physical properties and cannot be called soils in the pedological

sense. They may present problems in revegetation due to higher salt content and finer texture, although
some areas in the southwest anticipate a favorable response from mine spoils as a growing medium (Yamamoto

1975). Of particular concern on the Black Mesa (included in the Four- Corners area), is its low and vari-
able rainfall, which averages from 9 -12 inches per year with a range between 6 inches in the basin areas
and 15 inches near the rim where mining is less intensive (National Academy of Sciences, 1974). There are

two rainy seasons. The winter season (November - April) brings in long duration frontal storms and aids

mostly in the buildup of soil moisture. The summer season (late July - early September) usually consists
of high intensity convective cells which cause most of the runoff and result in little soil moisture stor-

age. During this season, some areas may receive considerable quantities of rainfall during a storm, while
others may not receive any, a situation that makes vegetation efforts difficult. Because of the low and

sporadic rainfall, an important consideration was made for topsoil and spoil moisture retention and stor-
age, and possible mechanical and chemical alterations of these media to increase moisture retention.

The study areas were two experimental paired watersheds in the J -27 area on Black Mesa Mine, in Nor-
thern Arizona, leased and operated by the Peabody Coal Company. The topsoiled watershed (3.0 acres) was

first regraded to blend in with the existing topography and covered with 12 inches of reddish, moderate,
coarse, crumb, sandy loam, alluvial soil, that had been scraped away from the surface three feet, and
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stockpiled before overburden removal. Slopes varied from 5 - 15 %. The non-topsoiled watershed was

5.4 acres, consisting of structureless, fine, platy, sandy loam gray spoils material. Slopes again

varied from 5 - 15% and conformed to existing natural terrain.

Continuous data for runoff and precipitation have been collected since July of 1977. The water-

sheds were equipped with a standard 8 -inch continuous recording raingage located between the watersheds.
Each watershed had provisions for measuring and collecting runoff by use of 2.0 ft. deep "H" - flumes,

measuring a maximum of 10.98 cfs. Each flume was equipped with FW -1 continuous recording water level

recorders. In addition, each had a Coshocton splitter dividing the runoff into 1/200 of the total, and

diverts it into a runoff collector. From this first collector, another splitter further divided the

runoff 1 /10 more, making runoff in the 2nd collector 1/2000 of the total runoff. Sediment samples were

taken in the collectors. Neutron access tubes have been established on the watersheds to help evaluate

the soil moisture regime. No other treatments were added to the watersheds until June 1979, when the

area was seeded with a mixture consisting of Indian Rice Grass (Oryzopsls hymenoides), Vernal Alfalfa,

saltbush (Atri lex spp.), Alkalai Sacaton, a variety of Crested and Western Wheatgrass (Agropyron spp.),

and sweets ovi er.

The areas were first disked across the contour, broadcast seeded, and finally chained for adequate

seed coverage. No fertilizer amendments were made. After seeding, a vegetation study was initiated to

compare differences in seedling establishment.

CHEMICAL ANALYSIS OF SOILS

Chemical analysis of the topsoiled and non -topsoiled watersheds were conducted in August, 1977 and

August 1979 to compare differences, and to check for any salinization, nitrification, or mineralization.

Soils were collected randomly and submitted to the University of Arizona Soils and Water Testing Labo-

ratory for analysis. Results of the analysis are shown in Tables 1 and 2.

Table 1. Chemical Analysis of Topsoiled and Non -topsoiled
Mined -Land Materials on the Black Mesa

Characteristic

August 1977 August 1979

Non-topsoiled
0 -6 in.

Non -topsoiled Topsoiled
6 -12 in. 6 -12 in.

Non -topsoiled Topsoiled

0 -6 in. 0 -6 in.

pH 5.48 5.33 7.73 4.00 8.00

EC x 103 4.92 7.50 1.57 10.01 1.59

Sot. salts, ppm 3444 5252 1099 7007 1113

ESP 0.62 1.09 1.67 1.89 1.19

Na, meq /1 9.80 7.10 4.63 14.18 4.05

K, meq /I 0.49 0.63 0.17 0.36 0.21

N, ppm 30.88 45.21 4.15 194.00 5.75

P. ppm 0.13 0.21 0.36 0.20 1.25

SAR 2.17 1.68

Samples taken for the 1977 analysis of all constituents, except particle size, were not mixed in

order to check for variations between samples. Coefficients of variation for ESP, sodium, and nit-

rogen were particularly high. Values for nitrogen In the non -topsoiled watershed varied from 170 ppm

to 3.0 ppm in the 0 - 6 inch strata and 63 to 2 ppm in the 6 - 12 inch strata. This high variation may

suggest a need for supplemental nitrogen applications to insure adequate nitrogen distribution. The

topsoiled watershed was deficient in nitrogen as indicated from both 1977 and 1979 analyses. The ESP

and sodium values were low enough in both areas, even with high variations, to be inconsequential for

plant growth. All other values were well below the standards set for a sodic soil (United States

Salinity3Laboratory Staff, 1954). Of particular concern fqr the non -topsoiled watershed is the high

ECe x 10". soluble salts, and low pH values. The ECe x 10 exceeds the accepted value of 4, making the

spoils material saline in nature (United States Salinity Laboratory Staff, 1954). Being a fine sandy

loam to fine loam in texture, and having high salts, causes this material to have a very high runoff

capacity in a very arid area. Furthermore, pH values of below 5.5 may have a detrimental effect on the

germination of many of the rangeland species planted. The relatively low coefficient of variation for

the non-topsoiled area indicates pH values very near the mean. This may indicate that pH is becoming

progressively lower as revealed by the pH value of 4.0 in the 1979 analyses.as compared to the 5.4

found in 1977. A pH range of 6 -77 is optimum for plant nutrient availability (Lyon, et al. 1952).

Also, higher soluble salts in the non-topsoiled watershed in 1979 point to salinization, affecting both

plant soil water availability and salt tolerance. Thus, both topsoiled and non -topsoiled watersheds

need some adjustments. Addition of lime for the non -topsoiled watershed may prove ineffective since the
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Table 2. Analysis of Variance for Topsoiled (TS) and
Non -topsoiled (NTS) Materials (Data in Table 1)

Characteristic

Coef. of Variation
F

Coef. of Variation
F1TS

(0 -6 ")

NTS
(0 -6 ")

TS
(0 -6 ")

NTS
(6 -12 ")

pH 0.06 0.14 69.3** 0.06 0.15 72.0**
EC x 103 .55 .26 47.1** .55 .64 14.9
Soi. salts, ppm .55 .26 9.2 .55 .64 9.2**
ESP 1.25 1.22 0.2 1.25 .75 0.6
Na, meq/1 .88 1.58 l.1** .88 .58 1.8
K, meq/1 .29 .48 17.1 .29 .63 10.3
N. ppm .39 1.25 5.3* .39 1.03 7.2*
P. ppm .77 .54 5.8 .77 1.09 1.6

1F values to be exceeded: F
05,1,18

4.5; F
01,1,18 = 8.3

exchange surface is already saturated primarily with calcium and /or magnesium (low SAR). Leaching with
large amounts of water would help to ameliorate the situation. As for the topsoiled watershed, addition
of gypsum may increase the solubility of P, Fe, Cu, and Zn ions (Yamamoto, 1975). Both watersheds had
low concentrations of available phosphorus, indicating a need for phosphorus addition to raise the
levels to 2 - 3 ppm. The potassium value for both areas was adequate, but the non-topsoiled area was
significantly higher at both depths.

It should be noted that graded mine spoils are homogenous for some parameters (salts, E.C., and
K) but are highly variable, depending on substrata, for other constituents. A low pH is generally in-
dicative of layers with high sulfur content, and can be remedied by proper stockpiling of spoils. This
indicates a need for extensive overburden analyses before mining to insure placement of acid spoils far
below the surface growing region. Soil analyses have been made on other Black Mesa mine spoils in which
pH values similar to topsoiled areas (7.5 - 8.0) were found.

RAINFALL, RUNOFF, AND SEDIMENT

Measurements began in July 1977 after installation of the monitoring equipment. It is important
to note that the topsoil was untouched from the time of placement on the spoil until June, 1979.
Federal regulations require topsoil to be anchored somehow, possibly with a straw or hay mulch and con-
tour disking (United States Federal Register, 1978). From the hydrologic data collected it may be noted
that topsoil anchoring is of utmost importance to prevent heavy sediment loads during high intensity
summer storms. The summer storms of August 1978 washed out over 8 tons /acre on the topsoiled watershed
versus over 4 tons /acre on the non -topsoiled watershed. Low intensity storms are an aid to the top -
soiled watershed for building up soil moisture, and sediment loss is low. With the exception of the
very intense storms on 8/15/77, sediment loads were much lower on the topsoiled watershed. If anchored,
the sediment loss might have been much less. Runoff was about seven times lower on the topsoiled water-
shed during the 1978 and 1979 water years. This was probably due to establishment of natural vegetative
species from seeds brought in with the topsoil, and Russian Thistle (Tumbleweed), a drought tolerant
species whose seeds blow in from natural areas. Because of its structureless nature, the non -topsoiled
spoils crusted over and sealed off. Also, because of low amounts of humus, little root growth and /or
microbial activity, the spoils have developed few water stable aggregates (Hillel, 1971). Infiltration
was impeded allowing less available water for plant growth.

SOIL MOISTURE

Soil moisture data were collected using a Campbell Pacific Hydroprobe 503 with access tubes at the
lower, middle, and upper areas of the watersheds. A calibration curve was developed for the probe de-
rived from gravimetric determinations. Soil moisture was found 3on a weight basis and the converted to
percent by volume from bulk density determinations of 1.25 g /cm for spoils and 1.19 g /cm for topsoil.
Soil samples were randomly collected at 0 - 6 inches, mixed and submitted to the University of Arizona's
Soil and Water Testing Laboratory for moisture tension analysis. The graph of the soil moisture char-
acteristic curves indicates similar holding capacities, but different ranges between wilting point (15
bars) and field capacity (0.3 bars). The non -topsoiled 15 -bar value of 13.8% by volume is generally
above the low soil moisture values found in the spoils during critical growing periods. The wilting
point value for the topsoiled watershed is below the moisture contents found even in months of drought.
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Thus, the mine spoil material, even though it has a high water holding capacity, cannot supply water
to growing plants in very dry seasons. The soil moisture content must be above 13.8% to be available
to most seedlings and plants. There are some drought hardy plants which are able to obtain water
against pressures exceeding 15 -bars, but they are the exceptions rather than the rule.

VEGETATION STUDY

Ten plots of 1.0 m2 were randomly selected on each watershed in an attempt to obtain representative
samples of seeded vegetation. Seedlings were counted and found to include species from both the seeded
mixture and natural sources that have invaded the area, such as Russian Thistle. Data are presented in

Tables 3 and 4. The topsoiled watershed had varied success in the establishment of new species. Die -

off rates for grasses were almost 100% while only about 50% for clover. Probably, dieoff rates were
so high because of drought conditions from 8/18/79 to 9/26/79 when no rain fell. Seedling efforts on
the non-topsoiled watershed were a failure. Russian Thistle, a drought hardy, salt tolerant species,
was not even present, except for a few small patches observed on the watershed. The spoils material not
only had a high runoff potential, but also a high soluble salt content, which raises osmotic potential.
Even though it had a higher water holding capacity, the ranges for soil water availability for plants
were too high in the arid environment. Though seedling dieoff was high on the topsoiled watershed some
plant establishment occurred, and dead plants were found to contribute to humus production needed on
arid soils. Additional amendments such as phosphorus, nitrogen, and gypsum, plus mechanical alterations
such as drilling seed and deep disking with 36 inch range disks may increase productivity.

Table 3. Vegetation Study on Black Mesa Coal Spoils, August 18, 1979

Station Number of Alive or Dead Seedling Types, Number, and Maximum Height
Seedlings Grass Clover

No. Max Ht. (cm) No. Max Ht (cm)

1 (TS) 2 Alive 1 7 1 6.0

2 3 Alive 1 5 2 5.0

3 1 Alive 0 1 2.5

4 1 Alive 0 - 1 1.5

5 6 Alive 1 10.5 5 4.0

6 7 Alive 1 7.5 6 6.0

7 26 Alive 9 9.5 17 9.0

8 20 Alive 6 7.0 14 5.0

9 9 Alive 0 - 9 5.0

10 6 Alive 1 1.0 5 0.5

Totals 81 81 Alive 20 - 61 -

Mean 8.1 8.1 Alive 2.0 6.8 6.1 4.4

1 (NTS)
2

3

4

5

6

7

8

9

10

Totals 0

Mean 0

DISCUSSION AND CONCLUSIONS

Reclamation of arid strip mined lands is a difficult endeavor. There must be an effort to use

every process available to conserve precious water for plant consumption. The medium for growing plants

must be of a desirable nature to make water highly available for plant use. Finally, the growing medium

must not be toxic in any way to the growing seedling or plant. Unfortunately, the mine spoils examined

on Black Mesa do not meet these criteria. Its low pH values make it toxic to some rangeland species.

An ECe of 10 will reduce yields of Crested Wheat grass ( Agropyron desertorum) 25 %, Alfalfa (Medica o

saliva) over 50 %, other Wheat grasses (Agropyron spp.) 10 - , and Clover (Trifolium Alexandrinum
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50% (Ayers and Westcot, 1976). The "total soil water potential" is thus raised due to increases in
pressure and osmotic potentials (Hillel, 1971). Because of this, the plant must work harder to extract
water for consumption compared to the topsoiled watershed with lower soluble salts and lower pressure
potentials. A low pH ( <5.0) may change physiological conditions making it unfavorable for lime loving
plants such as alfalfa, sweet clover, and red clover (Brady, 1974). Runoff and erosion potential was
higher for the non -topsoiled watershed. All this evidence points to the necessity of topsoiling mine
spoils in order to reestablish vegetation on Black Mesa.

Table 4. J -27 Vegetation Study on Black Mesa Coal Spoils, September 26, 1979

Station Number of Seedlings Live Seedling Types, Numbers, and Maximum Heights
Alive Dead Grass Clover Russian Thistle- ú- No type No. Max Ht (cm) No. Max Ht (cm) No. Max Ht (cm)

1 (TS) 6 1 grass 1 4.5 5 28.0

2 2 1 grass 2 5.0 0 -

3 4 0 - 1 2.5 3 25.0
4 1 1 clover 0 - 1 18.0
5 3 3 grass 3 1.5 0 -

1 clover
6 5 1 grass 5 4.5 0

1 clover
7 13 9 grass 13 2.0 0

4 clover
8 10 6 grass 5 3.0 5 30.0

9 clover
9 2 8 clover - 1 4.5 1 71.0

10 0 5 clover 0 - 0 -

1 grass

Totals 46 22 grass 31 - 15

29 clover
Mean 4.6 2.2 grass 3.1 3.4 1.5 22.4

2.9 clover

1 (NTS)

2

3

4

5

6

7

8

9

10

Totals 0

Mean 0

For areas not required by law to be topsoiled, it is recommended that species of high salt and
drought tolerance be planted at times when soil moisture Is highest (early spring). Deep furrow con-
tour disking and range drilling would facilitate moisture capture and adequate seed cover. Supplemental

irrigation on saline spoils could be hazardous unless the salts are leached to depths below the root

zone. This may require water in amounts exceeding available supplies. It has been found that acid
spoils can be adjusted by either liming or addition of fly ash from coal -fired power plants. Fly ash

is cheap and available in nearby Page, Arizona at the Page Power Plant. Fly ash also helps to increase
soil moisture capacity and certain nutrients such as P, B, and Zn (Capp and Gillmore, 1973). For

topsoil, additions of N and P are necessary, and possibly small amounts of gypsum. Also mulching with

hay or straw with a tucker disk to anchor topsoil would be necessary. Again, deep contour disking and

seed drilling would be advantageous for water conservation and adequate seed cover. Supplemental ir-
rigation of topsoiled areas may help decrease seedling dieoff in times of drought, especially since wet
periods at Black Mesa are episodic and unpredictable.
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SOIL MOISTURE CHARACTERISTIC CURVE FOR J -27

TOPSOILED AND NON - TOPSOILED WATERSHEDS (DESORPTION )
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Teaselled
Watershed

n
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