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PREFACE

Every community is forced to confront issues regarding water. The issues change from region to

region, yet a simple repetitive note is sounded -- water is important for existence. Whether the issue

is too much, not enough, or not enough of the right kind for the right price, water is important. The

current articles presented at the 1983 meetings of the AWRA - AAAS in Flagstaff, Arizona present a wide

variety of water issues. Important for their ability to use rainfall measurements to predict streamflow

characteristics are the articles by Solomon et al. and by Simanton and Osborn. In addition, the

articles by Ffolliott and by Baker illustrate the important linkage between land -use utilization and

water production.

Water resources planning requires models. If the objective is to optimize wild -land production,

the article by Lane and Stone is appropriate. A state -wide approach for the allocation of imported

surface water is developed in the article by Buras. And finally, an important determinant of water

needs, residential water demand, is presented by Woodard and Rasmussen.

Sophisticated chemical techniques are being used to identify groundwater movement. The use of

stable isotopes is an important field of research, allowing investigators the ability to trace regional

groundwater movement. The articles by Mohrbacher and by Kaufman et al. present new additions to the

family of groundwater tracing techniques. Once a system is defined, evaluation of the data requires

models such as the finite element model presented by Contractor. The use of such models extends the

understanding by allowing the evaluation of management scenarios which are difficult to evaluate in the
field. In addition, the article by Postillion and Esposito indicates the improved management which

results when careful analysis of the hydrologic data is performed.

Finally, the articles op the presence of virus in sewage effluent creates doubts about the long-

term health effects associated with using the effluent in any area where humans may congregate. In

particular, the use of effluent on golf courses and public parks may result in compromising the health

of the general population by introducing a vector for disease -causing viruses to infect humans. While

pumping drinking water for use on golf courses may appear to be a greater risk to local economic

development, the added risk to the regional health is of vital importance and, needless to say, bears

further examination.

A new feature appearing in this volume is an index of authors for the thirteen volumes of the

proceedings of "Hydrology and Water Resources in Arizona and the Southwest" plus the four AWRA Arizona

Section symposiums. The author index was compiled to complement the subject index published as a part

of the previous volume in this series. It is hoped that the two indices will provide a useful source of

information to students and researchers who wish to access quickly the large amount of information which

has been presented under the auspices of the Arizona Section of the AWRA.

Todd C. Rasmussen

July 1983



Instructions to Authors

Beginning with Volume 11, instructions have been modified to accommodate the use of word
processors. While the use of a word processor is preferred, a typewriter is acceptable. Each
submitted manuscript must be camera - ready. Use papers in Volume 11 or later volumes as typing models.

Manuscript Paper

Upon receipt of written or telephoned request, 10 sheets of 9 1/2 x 13 1/2 paper will be sent to
authors for use on the final manuscript typing. No other paper will be acceptable.

Page Limit

Manuscripts must be limited to 8 pages, including all figures and tables. Pages in excess of 8
will be accommodated at a charge of $10.00 per page, whether or not the author orders reprints.

Page Margin

Text, tables, and figures must fall within the text area of 8.75 x 12.25 inches. Please attempt
to fill the page as completely as possible, keeping the right hand margin as straight as possible.
Type from one blue line side margin to the other, and from the top to the bottom blue line of the
supplied manuscript paper. Except for the first page, completely fill the space between the blue lines
with typing and figures. Take care to use proper hyphenation. The submitted material will be reduced
for a printed line length of 5.25 inches.

Right justified text is preferred if text is being typed on a word processor.

Typewriter or Printer Ribbon

Only carbon or film ribbon is acceptable.

Typewriter and Type

It is recommended that an IBM Selectric Typewriter (or equivalent) or a word processor with Letter
Gothic type be used for typing the manuscript. If you are preparing the manuscript on a word processor
with proportional spacing capabilities, the use of proportional fonts such as Gothic PS is encouraged.
Do not use small elite fonts as they will not show clearly when reduced; also, please do not use dot
matrix printers.

Spacing

Single space all text material. Double space (or leave a blank line) between paragraphs. Leave 2

blank lines between sections. Indent the beginning of each paragraph 5 characters.

Figures and Tables

Tables and figures must be kept between blue margin lines. If a figure is of such a size that it
may be inserted in the text material to conserve space, plan the typing to leave space for the figure.
Paste (use stick glue or rubber cement) the drafted figure in the blank space.

Alternatively, figures may be placed at the end of the manuscript. Please provide complete
captions for each figure or table. Figures and tables must be of camera -ready quality and clearly
identified. Figures must be originals. Neither photocopi 1íires and tables nor computer generated
tables printed with a dot matrix printer are acceptable.

First Page

When typing the first page of the manuscript, leave 1 1/2" of space between the top blue line and
your title.

Place the author affiliation(s) and complete mailing address beneath the author's name(s). Use

the papers in this volume as a guide.
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Abstract

An abstract may be included. I f one is included, give it a most important heading and begin it
directly below the author's name and affiliation on the first page.

HEADINGS

Titles are centered and capitalized.

Most Important Headings

First letters capitalized, centered, underlined or bold faced, triple- spaced below the last line
of the text and double- spaced above the line.

Next Important Headings

First letters capitalized at left margin, underlined or bold faced and triple- spaced below last
line of text or previous heading, and double- spaced above the next line.

Least important headings. Lower case (except for first letter of first word), incorporated into
the beginning of a paragraph, underlined or bold faced, followed by a period.

Underlining vs. bold face. If text is being typed on a word processor, bold face type is
preferred to underlining; be consistent in your choice of methods. However, underlining, not bold
face, is required for italicized words in text and bibliography, unless italic type is availabT

Endnotes

Endnotes, not footnotes, are to be used. They should be consecutively numbered throughout the
paper and appear at the end of the paper, following references cited, within the margin requirements.
Avoid the use of end notes entirely, if possible.

Reference Citations

Use the name- and -year system (Smith and Green, 1982). The heading above the list of references at
the end of your paper should read References Cited. Use hanging indentation typing format. Do not use

underlining except for italicized words such as species names. Capitalize only the first word and
proper nouns in article titles. Capitalize all major words of book and journal titles. Also use the
following format: Volume(Issue number):page numbers. See the enclosed sample of "reference citations

for proper citation format.

Smith, Robert and Arthur Green. 1982. Conflicting theories on the reproduction rate of Felis
domesticus during the Great Flood. In: Proceedings of the Society of Arcane Studies. R. o

(Ed.). San Francisco: Obscure Publications, Inc. 5(14):127 -136.

Page Numbering and Assembling Manuscripts

Do not number pages of the manuscript. Numbering will be done when the volume is assembled. To

avoid possible confusion, temporary page numbers should be blue -penciled lightly in the upper right
hand corner of the page.

Please do not staple pages. Place pages in order in an envelope; the manuscript should not be

bent or folded.

Submission Deadlines

The deadline for manuscript submission is the final day of the annual meetings of the AWRA. At

the meeting, manuscripts may be submitted to any of the AWRA Officers. However, it is prefered that
manuscripts be mailed directly to the Editor of the Proceedings at the address given on the Preface
page of this volume. In past years, deadline extensions have been liberally granted for a variety of
reasons, sometimes delaying publication for several months. Frequently, long delays result from the
government agency peer review process and improperly prepared manuscripts. Therefore, the editors
request that all authors take special care in following the instructions for manuscript preparation and

do everything in their power to meet the meeting date deadline.
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li4PORTANCE OF SHORT DJ!IATION RAINFALL INTENSITIES
FOR HYDROGRAPH r1ODELING

Rhey A. Solomon
James R. Maxwell
Larry J. Schmidt

JSDA Forest Service
Albuquerque, New Mexico

Abstract

Flood flows and '.pater quality in the Southwest are roust dramatically influenced uy short, intense

rainstorms. Runoff from these storms has been modeled with some success. One key element that has
often been overlookea, however, is the importance of intra -storm rainfall distribution on runoff
response. Actual storms were modeled for small experimental watersheds in the Southwest using differ-
ent time increments of intra -storm rainfall. Increments of 5 minutes or less proven satisfactory for
accurate hydrograph simulation. As increments became longer than S minutes, the ability to simulate
actual hydrographs became increasingly difficult. Increments of 30 minutes or longer proved unaccept-

able for most storms. Hydrologic models must be sensitive to short time increments of intra -storm
rainfall to accurately predict peak flows in the Soutnwest. Watershed treatments will oe more cost -
effective if their design considers intense bursts of intra -storm rainfall in addition to total storm

volume.

I rrtroaucti oar

Over the last decade, tremendous strides have been made in computer hardware and software. These

advances have made computer systems accessible to natural resource scientists. Many new rainfall -
runoff models have been developed, tested and their results published. Many are process -based models
that solve complex or tedious differential equations with numerical approximations or other techniques
which would require unreasonable amounts of time if done by hand. These process -based models have
promoted a clearer understanding of the nyarologic cycle in general, and tne factors controlling the
rainfall -runoff process in particular.

Extensive work has been done in the Southwest to quantify rainfall- runoff relationships. i-lucn of

this research has studied the depth -area and energy -erosion relationships of thunderstorms (Osborn et
al., 1980). Investigators have understood and accepted tne importance that time plays in the runoff
process. Jnfortunately, the importance of time in hydrograph synthesis has not been passed on to

field engineers and hydrologists that make planning decisions ana design flood control improvements.
This paper points out the importance of time in hydrograph synthesis, and illustrates the size of
error that can ue expected by using hourly or even 30- minute rainfall data to calculate peak runoff in
areas dominated by intense rainstorms.

The Problem

Engineers and hydrologists are often given the task of predicting flood peaks for small basins.

Since local stream records are usually inadequate or nonexistent, runoff models must often ue used to

make such predictions. With computer technology now available, the Rational, SCS, and other sim-
plistic models are losing favor in preference for more sophisticated process -based models. However,

these new models often produce no more accurate results than the traditional methods (Naef, 1931).

They require more sophisticated data, much of which are estimates usiny professional judgment. These

estimated data often produce inaccurate results. The models can correctly depict rainfall- runoff
processes, but the required data are often insufficient to predict peaK flows tnat agree situ observed
values.

Almost all rainfall- runoff models require some input of rainfall, the area of tne datersned, and
some abstraction of infiltration. Even the simple Rational formula contains these factors:

q = CIa

where q = peak flow
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C = runoff coefficient based upon flood -proaucing cnaracteristics of the basin (abstrac-

tion of infiltration and delivery).

I = rainfall intensity, customarily averaged over the time of concentration.

a = area of the basin.

The relationship between I and a is one aspect of accurate nydrograph synthesis, and nos received
adequate attention (Osborn et al., 1980). The infiltration- rainfall relationship has also been dealt

with in part by numerous investigators. Attention has focused primarily on adjustments to the infil-
tration index, for example, the C factor in the Rational formula or the curve number in the SCS model

(Bondelid et al., 1982). The importance of I as a function of time within storms nas not been

adequately addressed.

An analysis of model performance reveals the importance of intra- storm rainfall distribution.

The performance of the Rational formula and the SCS model was tested for over 50 storms (Hiemstra and

Reich, 1361). The SCS model substantially underpredicted, wnile the Rational formula overpreaicted

peak flows. Hiemstra and Reich (1967) pointed out that the Rational formula can account for rather

small time increments of rainfall while the SCS model is limited to longer increments. The original

SCS model was not designed to account for intra -storm rainfall distributions and computes infiltration
eratically for 5 minute increments (Kumar and Jain, 1982). When Hiemstra ana Reicn (1967) accounted
for intra -storm rainfall distribution, the SCS model performance improved.

Recent studies nave recognized the shortcoming of the SCS model and other simple models to accur-
ately predict runoff from short, intense rainstorms (Kumar and Jain, 1)82; Aron et al., 1977). Many

computer based models can account for short time increments of rainfall, although the importance of

corresponding rainfall data is often understated. This problem results in part from data being

published by clock hour, with one hour as the shortest time increment (Frederick et al., 1981).

Importance of Short Time Increments

Surface runoff is the result of rainfall excess. Two factors influence excess water, the soil's

infiltration capacity and the rate of rainfall. Given a set of initial conditions, the soil infiltra-

tion curve can be defined (i.e., the soil will infiltrate water at predictable rates given initial

moisture conditions and soil properties). The rainfall rate determines the amount of excess surface

water in two principal ways: (1) it can shift the location of the infiltration decay curve because it
affects the time to ponding (Smith and Cherry, 1973); and (2) it affects the separation of rainfall
excess from infiltrated water (i.e., the higher the rate of rainfall the larger the excess). Rainfall

rates averaged over longer time intervals are lower and produce less excess water.

Tne integrated effect of these two principles is demonstrated in Figure 1. A snort, intense (B.0

in /hr) rainfall is shown for a time increment of five minutes. If this same volume were spread across

10 minutes the rainfall rate would be 2.5 in /hr. The excess water produced from these two rates is

shown by blocks A and B, respectively. The 10 minute increment underestimates actual excess and

resultant runoff volume. This is precisely the problem encountered wnen using models that nave coarse
time- increment requirements or use rainfall data published with one -hour or 30- minute increments.

Study Metnuds

The importance of short time increments of rainfall has been demonstrated conceputally (Enginan

and Hershfield, 1981). But this concept has not been displayed for actual ddtersned cases. To better

explore the implications of short rainfall time increments, 14 storms on three experimental water-

sheds were modeled. The three watersheds are located near Albuquerque, New Mexico and range in area

from 40 acres to 245 acres (Hickok et al., 1959). The 14 storms ranged in duration from 19 minutes to

over three hours. The rainfall data were collected by recording rain gages, ana the streamflow data
were collected by recording gages on precalibrated triangular weirs. The period of record was 1948

through 1957.

A simple computer model that simulates infiltration and runoff processes was used to snow the

effects of varying time increment. The model and its performance have been descrioed by Solomon et

al., (1982) and Solomon (1933). Regardless of which process -based model is used, the results snould

be comparable.

Each of the 14 storms was partitioned into une Minute time increments and modeled. Adjustments

were made to infiltration coefficients until observed hydrographs matched predicted hydroyraphs. The

time increment was then increased from one to two to five minutes, etc. the longest time increment

used was one hour.

Of the 14 storms modeled, only two had one- minute partitioning as part of the original reported
data. Six storms were reported with two -minute increments. All storms were reported witn at least

2



five -minute increments. The assumption was mane that rainfall values in toe original aata were given
for the smallest increment that showed differences in rainfall intensity (i.e., if toe rate of
rainfall was constant for five minutes, the data .Mere reported for a five- minute increment).

10

"ssiss,

5-

o 10 20 30 40
TIME (min.)

Figure 1. Precipitation Excess for Two Rainfall Intensities and Durations.

Results

These 14 summer storms serve as a base for evaluating the effects of intra -storm rainfall aistri-
bution on hydrograph syntnesis. Table 1 shows the effect of increasing the length of intra -storm time
increments on predicted peak flow. Peak flows using one- minute increments match observed values. As

increments are lengthened, predicted peak flows drop dramatically and are substantially under -

predicted.

Figure 2 illustrates these effects graphically for intr -storm time increments of one minute to
one hour. The use of time increments up to five minutes produces predicted peak flows that average
36% of the observea peaks. As time increments are expanded to 10 and 15 minutes, auility to model
peak flows diminishes dramatically. Beyond 30 minutes, differences in peak flow are not as abrupt but
errors are substantial. Note in Figure 2 the range in peak flows for any given intra -storm time
increment. This range is due to the extremely variable rainfall distributions for the storms evalu-
ated. Some storms were dominated by one snort, intense burst of rainfall less than 5 minutes long
while other storms were characterized by a 10 to 15 minute dominant period. ivo storm had a maximum
rainfall intensity longer than 15 minutes. Other hydrograph characteristics, sucn as time to peak and
runoff duration, did not change substantially with changes in length of time increments.

Changes in hydrograph characteristics are shown in Figure 3. The storm of august 12, 1967 was
modeled for various intra -storm time increments. The 1 minute, 5 minute and 30 minute intra -storm
time increments are shown. For this storm, the 30 minute time increment produced a peak less than
one -half the actual peak and a total runoff volume at about 60 percent of the actual runoff volume.

Implications

For rainfall -runoff models to accurately predict peak flows in the Southwest, they must be sensi-
tive to short time increments of rainfall. Engineering designs snuuld evaluate snort time increments
of intra -storm rainfall and not rely on prediction tools that use one hour or longer time periods of
precipitation accounting. Rainfall for intra -stoma time increments might be estimated by establishing
a standard distribution for the one hour rainstorm (Farmer and Fletcher, 1972; Engman and Hershfield,
1981; Frederick et al., 1931) or by using five minute or 10 minute rainfall pruoabilitias (Kangieser,

1959).

3
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Peak flows depena more on short, intense Lursts of intra -stows rainfall than un total storm
volume. Small volumes of rain falling over a short enough time period can produce significant runoff.
Time is the lever that land ,tanagers can use to control surface runoff. Intruuucing snort delays in
the runoff process reduces the effective rainfall intensity. In the short term, the manager can
increase surface detention storage through structural treatments such aS contour furrowing ana rip-
ping. Properly designed contour treatments can usually accommodate the small runoff volumes involved.
In the long term, the manager can increase ground caver of plants anti litter to increase infiltration
as well as detention storage. These implications suggest that land management agencies need to
measure rainstorms with greater resolution and design standard rainfall distrioutions that reflect
local intra -storm characteristics.

0 10 20 30 40 50
TIME INCREMENT (min.)

too

60 O 10 20 30
TIME (mint

Figure 2. Changes in Predicted Peak Flow Re-
sulting from Changes in Length of Intra-
Storm Time Increments.

40 50

Figure 3. Comparison of Hydrograpns
Resulting from Changes in Length of
Intra- Storrs Time Increments.
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Stock Tank Characteristics and Performance in the Beaver Creek Watershed, North -Central Arizona

Julia Hughbanks

Northern Arizona University

Flagstaff, Arizona

ABSTRACT

The Beaver Creek Watershed is located in southern Coconino and southeastern Yavapai Counties, Arizona.
This 472 square mile watershed contributes to Beaver Creek which flows into the Verde River. The
objectives of this study were: 1) to monitor a network of stock tanks in the watershed on a bi- weekly

basis to document seasonal fluctuations in water levels over one year; 2) to investigate the impact of
stock tanks on local hydrology by determining the number of times the tanks fill during one year; and
3) to determine a set of dependent variables which would quantify stock tank performance, and a set of
independent variables representing characteristics of the tanks and their drainage basins which could
affect the performance of the tanks. The relative importance of each of these independent variables in

influencing tank performance was then determined through statistical analysis.
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RUNOFF ESTIMATES FOR THUNDERSTORM RAINFALL ON
SMALL RANGELAND WATERSHEDS

J. R. Simanton and H. B. Osborn

USDA -ARS, Southwest Rangeland Watershed Research Center, Tucson AZ 85705

ABSTRACT

Almost all runoff from small rangeland watersheds in the Southwest is the result of intense thunder-
storm rainfall, and the variability of this rainfall is an important runoff -influencing factor in such
areas where high intensity rainfall dominates watershed hydrology. Thunderstorm runoff estimates for
small rangeland watersheds can be made using a multitude of estimating techniques ranging from simple
table and graph procedures to utilizing high -speed computers, and even the most sophisticated models
greatly simplify the rainfall input. In this paper, the combined effects of rainfall quantity and inten-
sity, and the rainfall energy factor, EI, in the Universal Soil Loss Equation (USLE), were analyzed, and
simple procedures for estimating semiarid rangeland runoff volumes were developed. Equally good correla-
tions with runoff volumes were found for EI, and for total storm rainfall times maximum rainfall intensi-
ties for 5, 10, and 30 minutes and the square of the maximum 60- minute rainfall.

INTRODUCTION

Almost all runoff from very small (less than 1 mi2) rangeland watersheds in the Southwest is the
result of intense thunderstorm rainfall. Thunderstorm runoff estimates for small rangeland watersheds
can be made using various estimating techniques ranging from simple table and graph procedures to utili-
zing high -speed computers. Most of these models greatly simplify the actual rainfall input to the sys-
tem. For example, the curve number method, developed by the Soil Conservation Service (Kent, 1973),
incorporates rainfall volume, along with certain watershed characteristics such as soil cover and antece-
dent moisture conditions, to estimate runoff volumes. The method does not allow for varying rainfall
intensity, although the effect of intensity is known to be imporatant (Simanton et al., 1973; Hawkins,
1978). Linear regression is another rather simple procedure for runoff estimation. Schreiber and Kincaid
(1967) and Osborn and Lane (1969) applied multiple linear regression analyses to semiarid rangeland
watershed hydrologic data and found that 70% of the variance in predicted runoff was attributed to dif-
ferences in rainfall amounts. They also found that, because of the interrelation between rainfall quan-
tity and intensity, there was no significant improvement in the prediction when both parameters were
included in a stepwise linear regression.

In this paper, the combined effects of rainfall amounts and intensities, and their relationships to
runoff, are analyzed, and simple procedures for estimating semiarid rangeland runoff volumes are discus-
sed.

Study Area Description

Data used in this study were collected from the Walnut Gulch Experimental Watershed located in south-
eastern Arizona (Fig. 1). There are 95 recording raingages and numerous instrumented subwatersheds with-
in the 58-mi2 experimental watershed. The semiarid climate of the area is characterized by a bimodal
precipitation pattern, with approximately 70% of the 12 -inch average annual rainfall occurring during the
summer months of July, August, and September. Almost all watershed runoff occurs during this summer
rainy season, and is a result of short -lived, high- intensity airmass thunderstorms. The sub -watersheds
studied (63.101, 63.104, 63.105, 63.201, and 63.214), ranging in size from 0.45 acre to 372 acres, have
similar physical characteristics, and are typical of the many thousands of acres of semiarid rangeland
with mixed grass and brush cover in southeastern Arizona, southwestern New Mexico, and northern Sonora,
Mexico. Creosote bush (Larrea divaricata), white -thorn (Acacia constricta), and tarbush (Flourensia
cernua) are the principle species making up the 40% canopy cover of the brush -dominated vegetation. The
oi s are a well- drained, gravelly loam formed in calcareous old alluvium. The soil surface has minimal

vegetative basal cover, with up to 60% gravelly erosion pavement. Watershed side slopes range from 3 to
15 %, with about a 9% average. Grazing has been eliminated on the smaller watersheds (63.101, 63.104, and
63.105) since 1963, but cattle have been continuously grazing the larger watersheds (63.201 and 63.214)
at the rate of about 5 animals per section per year. Rainfall data were tabulated from 24 -hour recording
raingages located on, or very near (within 1,000 ft of), the studied watersheds. Runoff was measured
with small flumes or broad -crested weirs equipped with water -level recorders.
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Figure 1. Location of Walnut Gulch Experimental Watershed.

RESULTS

In the initial analysis, a basic rainfall- runoff linear regression relationship

y = ax + b, (1)

where x = rainfall factor, EI, in the Universal Soil Loss Equation (USLE) (Wischmeier and Smith, 1978),
and y = runoff, Q (inches), was developed using runoff events from the smallest watershed (63.105, 0.45
acre). The smallest watershed was used because it best represented a homogeneous plot with no channel
abstractions. The EI factor for each runoff -producing storm was computed from recording raingage data
and an equation expressing the relationship between energy and rainfall intensity. The EI units are
usually expressed in hundreds of ft- ton /ac -in. hr. The EI factor is the product of the total storm ener-
gy per acre (E) and the maximum 30-min intensity (I). In some years, over half of the annual EI (or R)

has been the result of one storm (Renard et al., 1974). The probability distribution of total summer EI
values and summer rainfall amounts for a raingage near 63.105 are shown in figure 2. For the period of
study (1965- 1975), summer precipitation varied from 5 inches to a little over 10 inches, while EI varied
from about 30 to about 200. The range of EI values is a direct measure of the -varying rainfall intensi-
ties, and is a much better indicator of potential runoff and erosion than is total summer rainfall. The

correlation between EI and runoff, for 63.105 and the rainfall -runoff equations (with and without the
record event), are shown in figure 3. The regression equations were:

and

y = 0.018x + 0.015

y = 0.020x + 0.005

(2)

(3)

When the regression equations, developed from the data without the very large event, were used to
estimate runoff from the large event, there was only an 18% difference between the actual and estimated
volume. This suggests that the sample size was adequate. Either equation would be acceptable for pre-

diction, although Eq. (2) is preferred.
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The regression equations-were developed using EI values from runoff -producing rainfall only. Before
the equation could be applied to larger watersheds, it had to be modified to reflect the influence of
drainage area. Antecedent storm conditions are usually dry, and the sand -bottomed ephemeral stream chan-
nels associated with semiarid rangelands absorb a significant volume of runoff (Keppel and Renard, 1962).
Larger watersheds generally have wider channels which abstract an increasingly larger volume of runoff.
Furthermore, runoff -producing rainfall is limited in areal extent. Therefore, average annual runoff
decreases with increasing watershed size. Based on analyses by Renard (1977) for larger watersheds and
data from very small watersheds, the relationship of runoff volume to area was determined as:

Q = 1.06 A-,'35 (4)

where Q = runoff volume (in.), and
A = area (acres).

Runoff estimates for the larger watersheds, based on Eq. (2), were reduced using Eq. (4) and the ratios
of watershed area for the larger watersheds to 63.105.

Watershed Runoff Estimates:

Storm runoff estimates for the four larger watersheds are shown in table 1. Runoff was badly under-
estimated for the two largest watersheds, which may suggest less channel abstraction than anticipated or
an inadequate sample of runoff -producing events, or both. Also, one must remember that Eq. (4) repre-
sents the average for Walnut Gulch subwatersheds.

Table 1. Statistics for regression of actual vs estimated storm runoff esti-
mates from area -modified basic equation developed on 63.105.

Watershed Area (ac) n Slope Intcp
Std

ofeestr
r2

63.105 .45 -- -- -- -- --

63.101 3.2 54 0.975 0.000 0.038 0.94

63.104 11.2 50 0.972 0.008 0.034 0.93

63.201 110. . 32 0.690 0.006 0.021 0.92

63.214 372 25 0.656 0.023 0.014 0.82

Other Precipitation Parameters:

Other precipitation parameters were correlated to the runoff from the smallest watershed to deter-
mine if a simpler, more widely -available precipitation parameter (other than EI) could be used in water-
shed runoff estimation. Thirteen rainfall factors (Table 2) were correlated to each other, to runoff
volume, and to peak runoff rate from watershed 63.105. The rainfall factors and their correlation matrix
are given in table 2. Of the six parameters that were highly correlated (r > 0.95) to runoff, the (P60)2
(the square of the maximum 60-min rainfall) parameter appears to be the simplest single rainfall param-
eter to use in estimating rangeland storm runoff volume. Because most of the runoff -producing rainfall
is associated with short duration (1 hr or less) thunderstorm events, and because there is usually only
one event a day, the 60-min rainfall can be estimated, with some confidence, from the daily total report-
ed in NOAA monthly climatological reports. In figure 4, actual runoff is compared to estimated runoff
with linear regression equations using various precipitation parameters, including (P 602)'

The analysis included only runoff -producing storms, and a single very large event (EI > 120) was
included in the data. Therefore, a modified linear regression technique ( Diskin, 1970) Was used to esti-
mate runoff from all summer rainfall ((P60)2) and runoff data, and both the Diskin method and the regres-
sion /reduction method were made on the data exclusive of the largest event. The analyses indicated no
significant difference between using the Diskin method and the basic equation.

Peak Runoff Rate:

Runoff peaks and volumes are highly correlated on small watersheds dominated by thunderstorm rain-
fall (Table 2; Osborn and Lane, 1969; Renard et al., 1974). Therefore, the correlation coefficients
(Table 2) also indicated that the peak run -off rate was correlated to P60, EI, and (P60)2, though not as

well as was runoff volume. Of the linear regression equations associating P60, EI, and (P60)2 with peak
runoff, the P60 gave the best estimate (fig. 5).

Return Frequency Runoff Estimates:

Widely available precipitation frequency information is found in the NOAA Precipitation Atlas for
the western United States (Miller et al., 1973). These 1 -hr amounts (P60)2 were then used to estimate
runoff for various return periods. The ratio of estimated runoff to rainfall were plotted versus return
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period and compared to the plot of the return period versus the ratio of actual runoff to rainfall for
63.105 (fig. 6). The return period of the actual runoff and rainfall was calculated using 22 years of
data and the Gumbel method for estimating frequency functions of extreme values (Gumbel, 1958). Esti-
mates based on NOAA Atlas 2 were significantly lower than those based on actual data.

100

Table 2. Correlation coefficients of 13 precipiation parameters and two run-
off parameters (only runoff -producing rainfall used in analysis. N

= 69) (All values are significant at the 1% level).

PT P60 P30 P15 P10 P5 EI Emax PTx30 PTx15 PTx10 PTx5 (P60)2 Q Qpr

PT .94 .92 .83 .77 .70 .87 .66 .89 .92 .92 .91 .89 .87 .82

P60 .98 .90 .85 .78 .92 .71 .93 .96 .96 .95 .92 .93 .87

P30 .95 .90 .84 .90 .73 .91 .95 .95 .95 .89 .91 .88

P15 .99 .94 .78 .80 .79 .87 .88 .88 .76 .82 .89

Pio .97 .73 .80 .73 .83 .84 .85 .70 .78 .87

.68 .75 .68 .77 .79 .81 .65 .72 .83

Ei .56 1.00 .98 .98 .97 1.00 .97 .81

Emax .57 .65 .67 .66 .55 .63 .73

PTx30 .99 .98 .97 1.00 .97 .82

PTx1s 1.00 .99 .98 .98 .88

PTx10 1.00 .97 .97 .89

PTxs

(P60)
2

.96 .97

.97

.89

.80

Q .91

PT = Total storm amount (in).
P60 = Max 60-min storm depth (in).
P30 = Max 30-min intensity (in /hr).
P15 = Max 15-min intensity (in /hr).
Pio = Max 10-min intensity (in /hr)

Ps = Max 5-min intensity (in /hr).
E = USLE rainfall factor (ft tons /ac in hr).

Emax = Max energy within storm (ft tons /ac).

PTx3o = Total storm amount x max 30-min intensity (in2 /hr).

PTxis = Total storm amount x max 15-min intensity (in2 /hr).

PTxio = Total storm amount x max 10-min intensity (in2 /hr).

PTxs = Total storm amount x max 5-min intensity (in2 /hr).
(P60)2 = Square of max 60-nin storm depth (in2).
Q = Runoff volume (in).
Qpr = Runoff peak rate (in /hr).
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precipitation and equation estimated runoff for 63.105, Walnut Gulch.
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CONCLUSION

Linear regression techniques can be used to estimate runoff volumes from small rangeland watersheds.
In the semiarid Southwest, where thunderstorms dominate the runoff -producing rainfall, there are two con-
tributing factors: rainfall quantity and intensity. These factors are reflected in the EI term of the
USLE. This term, when regressed with storm runoff volumes from a small rangeland watershed, produced a
linear equation that could be used to estimate watershed storm runoff volumes. However, because of the
inverse relationship found in semiarid rangelands between watershed drainage area and runoff volumes, an
additional step to regression is needed in the method before it can be applied to larger watersheds.
Runoff estimates for various -sized watersheds indicated the procedure could be useful if the estimated
watersheds were in the same climatic regime and had similar, but not necessarily identical, vegetation
cover. These conditions are found in large parts of southeastern Arizona, southern New Mexico, western
Texas, and northern Mexico.

In comparing different estimating parameters, we found that (P60)2 gave a good estimate of runoff
volume, and that P60 gave good estimates of runoff peak rate. The P60 parameter can be estimated for
different return frequencies from the NOAA Precipitation Atlas. Data from this atlas can be used with
the runoff -estimating equations to give runoff estimates for various return frequencies. The estimated
runoff volumes for the shorter return frequencies were lower than actual volumes. These differences can
be attributed to the low NOAA precipitation estimates (Reich and Osborn, 1982).
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TIME -SPACE EFFECTS OF OPENINGS IN ARIZONA FORESTS ON SNOWPACKS

by

Peter F. Ffolliott
School of Renewable Natural Resources

University of Arizona
Tucson, Arizona 85721

Introduction

Forest openings affect a snowpack during both accumulation and melt phases. At any point in time, a
snowpack is the integrated result of all accumulation, redistribution, and melt processes that have taken
place before the time of measurement. Since snowpacks do not always have distinct accumulation and melt
phases, it is difficult to determine the effect that an opening will have on a snowpack regime.

This paper describes an analysis of the effects of openings in Arizona ponderosa pine forests on
snowpacks in and adjacent to the openings, using readily available input variables.

Methods

Seven study areas were established in ponderosa pine forests to simulate an array of openings (Table
1). Three sites were located 40 miles south of Flagstaff, while the other four were established in the
White Mountains. Many of the sites were transmission line rights -of -way. In all cases, the openings
were oriented with their long axes up and down the slope.

Two parallel transects, each extending 5H (H = average height of surrounding trees) into the forest
on both sides of the openings, were established 50 feet apart on the study areas. All sampling points
were located along each transect at an interval of 1 /4H.

During a year of record snowfall in Arizona, 1972 -73, data were collected on 10 sampling dates
approximately two weeks apart. Total snow depth and snowpack water equivalent were measured at each sam-
ple point with a Federal snow tube and scale.

To evaluate the effects of an opening on the snowpack for a sampling date, the assumption was made
that the influence of the opening is confined somewhere within the boundaries of the measurement transect.
This assumption is supported by earlier studies which demonstrated that the effect of an opening is essen-
tially nonexistent by the 2 to 3H distance within the forest (Anderson, 1963; Rothacher, 1965; Hansen and
Ffolliott, 1968; and others).

Table 1. Range of Conditions on Study Areas.

Variable

Range of Conditions

Units Minimum Mean Maximum

Timber Density Square feet of basal area per acre 76 103 155

Opening Width1 H (average height of timber surrounding
opening)

1.0 1.6 2.0

Slope- Aspect Langleys (average potential input per
day between December 1 and May 31)

599 658 709

Elevation Feet (above sea level) 6600 7450 8100

1Dimension perpendicular to forest edge.
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It was further assumed that the effect that an opening has on snowpack conditions becomes less as
one proceeds away from the opening. It was felt, and subsequently verified, that the zones between 3
and 5H on both sides of an opening would be most representative of an undisturbed forested condition.
However, it may also be possible that the entire influence of an opening at some point in time is con-
fined within the opening itself. If this is the case, the average of all sample points within a forest
would be most representative of the undisturbed forested condition.

Since a strict delineation of the extent of influence exerted by an opening into a forest at a point
in time is difficult, a weighted average of all sample points within the forested condition was selected
at the appropriate method to determine the average snowpack water equivalent of the undisturbed forested
condition. As the 3 to 5H zone was most representative of an undisturbed forested condition at all
points in time, sample points within this zone were given the heaviest weight. Zones closer to the open-
ing were given less weight due to the likelihood that sometimes these zones would be more affected by the
opening. Therefore, sample points from 3 to 5H were given a weight of 4; from 2 to 2 -3/4H, a weight of
3; from 1 to 1 -3/4H, a weight of 2; and from 0 to 3/4H, a weight of 1.

Once the average snowpack water equivalent of an undisturbed forested condition has been determined,
the net effect of the opening was obtained by computing the signed deviation between that of the observed
water equivalent of every sample point in the snowpack profile and the average snowpack water equivalent
of the undisturbed forested condition. The summation of these deviations indicated the net effect of the
opening for the point in time being analyzed.

The net effect of the opening calculated at the end of each time period for the different sites over
the snow season was then regressed against readily available input variables that change with time and
with location.

Variables that varied with time were:

1. Temperature. The total number of degree -days occurring between each time interval was calcu-
lated for each site from temperature records.

2. Potential insolation. Daily potential insolation values were obtained from curves developed
for each site from December 1 through May 31, using appropriate values (Frank and Lee, 1966). The varia-
ble was expressed as the total number of potential langleys occurring between measurement dates at each
site.

3. Precipitation. The amount of precipitation, expressed as inches of water equivalent, that fell
at each site was recorded for the intervals between measurement dates.

4. Albedo. The daily snowpack albedo was calculated for each site by determining the number of
days between precipitation events from weather records, and then changes in albedo with time relations
(U.S. Army Corps of Engineers, 1956). The average daily albedo was computed for each time interval at
each of the sites.

Variables that changed with location, but were independent of time, included:

1. Opening width. This variable was expressed in terms of the average height (H) of the surround-
ing forest.

2. Forest density. Average forest density along the measurement transects on either side of the
opening, expressed as square feet of basal area per acre, was estimated by point sampling techniques
(Avery, 1975).

3. Elevation. Elevation, expressed in feet, was obtained from USDI Geological Survey 7 -1/2- minute
quadrangle maps.

4. Tree height. Average tree height of the forest surrounding the opening was expressed in feet.

5. Slope- aspect. Using data previously obtained to determine potential insolation, the average
number of langleys received from December 1 through May 31 was computed for each site; this is a way of
numerically expressing slope- aspect combinations for different sites and, therefore, does not change with

time once computed for a given site. (In comparison, the potential insolation variable listed under
time dependent variables" was used to evaluate potential insolation inputs over a given time period at

a particular site.)

The dependent variable, the actual value of the net effect of an opening at the end of each time
period, was regressed on the nine independent variables, using multiple regression techniques. To empir-
ically evaluate their relative significance, the independent variables were expressed in linear form,
squared form, and in cross -products. Data compilations from all study areas over all time periods were
included in the analysis.
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Results and Discussion

While there were several significant regressions at the five percent level of significance, an equa-
tion including precipitation, slope- aspect, and a joint variable of forest density -opening width sug-

gested potential use in practice. This regression, which accounts for nearly 60 percent of the variation

in the net effect of an opening, is:

Y = 117 + 0.471 (Xi) - 0.119 (X2) - 0.226 (X3X4)

where Y = the net effect of the opening expressed as inches of snowpack water equivalent

X1 = the precipitation variable

X2 = the slope- aspect variable

X3X4 = the forest density -opening width joint variable

Information contained in the above equation is two -fold. First, if a watershed manager wanted to

maximize the net effect of an opening, he would select a site where X3X4 (forest density x opening width)

and X2 (slope- aspect) were low. Second, having selected the site, if the watershed manager wanted to
predict the net effect of such an opening at any point in time, he could evaluate the amount of precipi-
tation that had occurred within a specified time period, and then substitute this value for X1 (precipi-

tation) in the equation, along with the appropriate values for the site variables. For the range of con-

ditions studied, an optimum net effect is obtained when a 1H opening is cut in a forest density of ap-
proximately 75 square feet of basal area per acre on a site receiving an average of nearly 600 langleys
per day from December 1 through May 31 and "high" amounts of precipitation.

Opening width is of primary importance during snowpack accumulation stages. Narrow opening widths

have been shown as early as the 1900's to be most effective as snow traps (Church, 1912). The amount of

precipitation received affects the magnitude of this trapping effect; the greater the amount of precipi-

tation, the greater the trapping effect. This general relationship holds so long as snow storage in the

opening is less than its capacity.

It is important to realize that in determining the net effect of an opening, one is comparing the
average water equivalent of the snowpack lying within the "sphere of influence" with that of the undis-

turbed forested condition. At a point in time immediately following a heavy precipitation event, this

net effect may be relatively large. However, if melt processes are more active in the opening than in

the forested condition, the net effect will diminish during the melt phases. Also, the time distribu-

tion and sequence of precipitation events is important in determining the magnitude of the net effect of

an opening at a given time. (Ten storms of one -inch water equivalent may differ in magnitude from one

event yielding 10 inches of water equivalent.)

Forest density also has a large effect on the melt characteristics at a given site. Trees on the

site affect several processes simultaneously (Anderson, 1967). The density of the forest determines the

amount of short -wave radiation directly impinging on the snowpack. Forest density also determines the

amount of short -wave radiation that is absorbed and reradiated as long -wave radiation (Reifsnyder and

Lull, 1965). Wind movement through a forest and, consequently, the amount of evaporation is affected by

the same trees. If the trees surrounding an opening are dense, the undisturbed forested condition is
shaded, resulting in less impingement of direct solar radiation; and snow in openings is subjected to
comparatively large amounts of long -wave radiation from the dense forest surrounding the opening, result-

ing in accelerated melting along the forest edges.

Openings cut in dense forested areas result in comparatively large differential melting between the
undisturbed forested condition and the "sphere of influence" of the opening. Therefore, previous gains

in the net effect of the opening made during accumulation phases may be rapidly offset during active

melting. In contrast, rates of melt in the undisturbed forested condition progressively approach those
of the opening as the forest density is reduced because: the undisturbed forest condition becomes in-

creasingly open to both incoming solar radiation and wind movement, resulting in higher rates of abla-
tion; and there are fewer trees around the edge of the opening, resulting in comparatively lower magni-

tudes of "back radiation."

It is well documented that sites having low potential insolation inputs have less intense melt

characteristics than do those with high inputs (Anderson, 1967; Ffolliott and Hansen, 1968; and others).

Therefore, the potential insolation variable is important when determining the net effect of an opening.

Since melt is not as intense on "cool" sites, an opening is not subjected to the same amount of ablation

as openings associated with "warm" sites. Consequently, the differential melting between the opening's

"sphere of influence" and that of the undisturbed forested condition is less on "cool" sites, resulting

in a maximization of the net effect of the opening.
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Conclusions

The analysis of the net effect of forest openings on a snowpack regime may be useful in designing
cutting practices to affect snow melt. However, additional data sets representing other sites and addi-
tional years are needed to verify the results presented herein. Use of the results of this study in
other locations in the Southwest and for other years should be predicated on discerning acceptable val-
ues for "confidence limits" to be used for prediction purposes, and on validating the manipulation of
site variables in determining locations of proposed forest cuts.

Finally, a question that remains unanswered is what proportion of a watershed should be occupied by
openings to insure optimum snow melt increases. In other words, the relative spacing between openings
and forested areas required to achieve desired water yield increases derived from snow melt must be de-
termined.
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INFLUENCE OF SLASH WINDROWS ON STREAMFLOW

Malchus B. Baker, Jr.
Rocky Mountain Forest and Range Experiment Station,

Flagstaff, Arizona

Abstract

Although the effect cannot be isolated, removal of slash windrows has apparently caused some
reduction in annual water yield response from a cleared ponderosa pine watershed. Removal of the
slash windrows has eliminated any influence on snow distribution, retention, and melting and has also
eliminated any possible influence on losses to soil water recharge and on runoff efficiency of the
watershed.

Introduction

Ponderosa pine forests occupy about 1.7 million ha in Arizona, including more than 0.7 million ha
or 20% of the Salt -Verde River Basin. These forests are the largest single contributor of water to
many of the river basins in the state (Ffolliott and Thorud 1975) and produce nearly one -half of the
water yield in the Salt -Verde Basin (Barr, 1956).

Because current water consumption in Arizona includes the mining of an estimated 250 -370
thousand ha -m of ground water annually (Ffolliott and Thorud 1975), any effects that ponderosa pine
management have upon water yield become very important and significant to land management planners
in Arizona.

The Beaver Creek research watersheds in north -central Arizona were established by the USDA
Forest Service to quantify treatment effects on water yield from pinyon -juniper woodland and pond-
erosa pine forests. Two types of vegetation manipulation have been studied in the ponderosa pine
forests on Beaver Creek: thinning forest overstory and creation of cleared openings (Brown et al.
1974). This paper documents results of the 4 -year period following the removal of slash windrows on
a cleared watershed.

Study Area

The paired watersheds used in this study are located 80 km south of Flagstaff, Ariz. at an
elevation of about 2,170 m. Physical characteristics of the experimental watersheds are presented in
Table 1.

Soil in the study area developed from volcanic basalt parent material is predominately a Brolliar
stony clay loam; while the soils derived from volcanic cinder parent material are a Sponseller or a
Siesta stony silt loam. These soils are generally less than 1 m deep (Williams and Anderson 1967).

Prior to the application of the clearing and windrowing treatment, the watersheds were stocked
with uneven -aged stands of ponderosa pine (Pinus ponderosa, Laws.) and with interspersed Gambel
oak (Quercus gambelii, Nutt.) and alligator juniper (Juniperus deppeana, Steud. ). Overstory basal
area, prior to treatment, averaged about 25 m2ha 1 on both basins.

Average annual precipitation for the period 1960 -1981 is 611 mm. Winter precipitation averages
403 mm, or 66% of the annual total. Most of the remaining precipitation falls during July, August,
and September. A more detailed description of the hydrologic regime of the study area can be found
in Baker (1982) and Campbell and Ryan (1982).

Continuous streamflow records on each watershed were obtained from a precalibrated, concrete,
trapezoidal flume (Brown et al. 1974). Mean annual streamflow amounts for the treated and control
watersheds are presented in Table 1. Annual streamflow on the treated watershed has varied from
12 to 700 mm.

Most of the annual water yield on the experimental watersheds is produced in the winter. Dur-
ing the period of this study, few years had less than 90% of the annual discharge occurring during
the winter season. The soil mantle is recharged during the winter when water from rain or snowmelt
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Table 1. Physical Characteristics for Two Experimental
Watersheds on Beaver Creek.

Characteristics

100% Cleared

Treated Control

Watershed Number 12 13

Size (ha) 184 369

Aspect SW SW

Warm slope ( %) 87 74

Cool slope ( %) 13 26

Mid -area elevation (m) 2150 2195

Basal area (m2 ha -1) 24 28

Annual precipitation

Before clearing treatment (mm) 617 609

After clearing treatment (mm) 552 592

Annual streamflow

Before clearing treatment (mm) 150 93

After clearing treatment (mm) 186 94

Soil water holding capacity

(weighed mean) (mm) 241 335

is available and evapotranspiration demands are low. Most streamflow appears a snowmelt runoff in
March and April, terminating in early May. Most stream channels in these headwater basins become
dry before the onset of summer rains.

Slash from the original clearing treatment was windrowed rather than piled because it was felt
windrowing would improve water response from the clearing treatment. It was hypothesized that
windrows would trap and retain snow, reduce evapotranspiration losses, and increase drainage effi-
ciency of the watershed. It was not intended to separate the effect of overstory removal from that
of windrows.

The juniper and oak have been allowed to sprout and grow during the 14 -year period following
the clearing treatment. The size and number of oak sprouts, in particular, have increased signifi-
cantly. Periodic measurements of the overstory show that total basal area on the cleared watershed
was 2.7 and 3.4 m2ha 1 in 1975 and 1980, respectively. Canopy density of the overstory was 15 -20%
in 1980.

Covariance analysis of the clearing and windrowing treatment for the period of 1968 -1977 indi-
cated a significant increase in annual water yield. However, after water year 1973, the increases
in individual annual water yields were reduced or even lost as the size and number of Gambel oak
sprouts increased. The ability of the Gambel oak sprouts to utilize the gain in water derived from
reduction in evapotranspiration and interception (Tew 1966, 1967, and 1969) was apparently respon-
sible for the diminished annual streamflow response.

Treatment and Analyses

The slash windrows were removed in the fall of 1977 to determine if they had any influence on
water yield. The paired watershed method was used to evaluate changes in annual water yield
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resulting from removal of the slash windrows. A covariance analysis was used to test significance of
windrow removal on annual water yield. An a level of 0.10 was used to determine statistical sig-
nificance of the covariance analysis. A multiple regression analysis was also used to determine if a
time trend for the water yield response could be detected.

Rest Its

Analyses of the water yield response since 1977 have shown significant changes. It is hypothe-
sized that these changes are due to removal of the slash windrows and the continued growth of the
Gambel oak. The effect of removing windrows cannot be isolated because of the continued regrowth
of Gambel oak. Any difference caused by the removal of windrows appears to be masked by more
significant changes caused by the regrowth of oak. Any analysis is also weakened by dry years
preceding the removal of windrows and by the comparatively wet years immediately after (figure 1).
However, the following analyses display data anomalies which may be at least partially caused by
windrow removal.
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Figure 1. --Pre- and post- treatment regressions for the analyses of the removal of slash windrows.

Analysis of annual water yield for the period 1978 -1981 with windrows removed and for the period
1974 -1977 with annual water yield response apparently lost, shows there is no significant difference
between the two regression relationships (figure 1). Therefore, no effect on water yield can be
attributed entirely to the removal of windrowed slash.

However, a regression model is developed using years 1968 -1977 with a time factor included to
show change in response caused by the clearing and windrowing treatment (figure 2). The model
predicted well (r= 0.996) until 1977 when the windrows were removed. During the last 4 years, the
model overpredicts water yield for all years except 1981, which was relatively dry. This supports
the hypothesis that removal of the windrows has caused further reductions in water yield from the
watershed. An explanation is that the windrows did affect snow accumulation and melting of snow
during the winter and provided for more efficient waterways to the main channel areas.

Discussion

Determination of the effects of windrow removal is confounded by the sprouting and growth of
the Gambel oak on the watershed. As shown, the significant increase in annual water yield caused
by the original clearing and windrowing treatment was lost 4 years prior to removal of the windrows.
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Figure 2. -- Deviation of the annual water yield from the regression model.

This leaves the sprouting and growth of the oak as a significant contributor to the loss in the water
yield response. Although the canopy density was only 15 -20$ in 1980, the additional leaf area of the
shrubs and herbage plants must have an effect on water yield. The ability of hardwood species to
use soil water more efficiently also influenced the amount of water available for runoff.

Removal of the slash windrows apparently has some influence on annual water yields. Although
not specifically measured, anomolies in the data suggest that removal of windrows has further reduced
water yields by eliminating their influence on snow distribution, retention, and melt and by eliminating
any possible influences on losses to soil water recharge and runoff efficiency of the watershed.

The possible influence of slash management on water yield provides land managers the oppor-
tunity to complement silvicultural and water yield improvement practices. Managers desiring to
maximize streamflow should consider leaving windrowed slash in place, rather than burn it.
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WATER BALANCE CALCULATIONS, WATER USE EFFICIENCY, AND ABOVEGROUND NET
PRODUCTION

L. J. Lane and J. J. Stone

The authors are Hydrologists, USDA -ARS, Tucson, Arizona 85705

Abstract

A discrete form of the water balance equation is used to illustrate the interaction among precipita-
tion, runoff, percolation below the root zone, bare soil evaporation, plant transpiration, and plant
available soil moisture. Under rangeland conditions, water availability is often the limiting factor in

plant survival and growth. Therefore, the water balance equation is used, together with soils data and
water use efficiency factors, to estimate annual aboveground net primary production of perennial vegeta-
tion.

INTRODUCTION

Arid and semiarid rangelands are extensive (e.g., Branson et al., 1981), and in these regions, water
availability is most often the limiting factor in plant production. Water availability is also the most
important environmental factor controlling survival of range plants (e.g., Brown, 1977). Therefore, water
balance calculations are essential in soil- water -plant relationships studies. Plant water use, as a com-
ponent of total evapotranspiration (ET), affects the water balance and soil moisture content, and thus,
infiltration and runoff. As will be discussed later, soil moisture often limits the rate of ET so that
consideration of feedback is necessary in water balance calculations.

If we assume no net subsurface water movement in the horizontal direction and a limited rooting
depth well above the permanent water table, then a discrete form of the water balance equation in terms
of unit area is:

AS= P - Q - ET - L (1)
"Et

where:
S = soil water content (mm representing units of volume per unit area),

At = time for the calculation period (e.g., hr, day, month, etc.)
P = rainfall depth for the time interval (mm),
Q = net runoff for the area (mm),
ET = combined evaporation and plant transpiration (mm), and
L = seepage or percolation below the root zone (mm).

The rate of ET in Eq. (1) depends upon atmospheric demand (a potential rate), soil texture, and
vegetation characteristics (e.g., the leaf area index (LAI)) when soil moisture (SM) is nonlimiting, and
upon soil water content, soil texture, atmospheric demand, and vegetation characteristics when water is
limiting. Veihmeyer and Hendrickson (1955) suggested that the ratio of actual evapotranspiration (AET)
to potential evapotransporation (PET) stayed about constant as the soil moisture decreased from field
capacity to near the wilting point. Thornthwaite and Mather (1955) suggested a linear relationship
between the ratio AET /PET and available soil water. Other investigators have proposed nonlinear rela-
tionships, as summarized by Hanson (1973, Fig. 3, p. 16). This relationship can be expressed as:

PET SM > SM1

AET = < f(SM, PET) SM0 < SM < SM1 (2)

0 SM < SM0

where SM1 is a limiting soil water content (between wilting point and field capacity) where soil water
content above SM1 does not influence AET, and SM0 is the permanent wilting point where plant available
soil water is exhausted. The function f controls the ratio of AET to PET when soil moisture is between
the limits SM1 and SMo. The parameters SM1 and SM0 are often expressed in terms of the soil water con-

tent at -1/3 and -15 bars, respectively.

Leaf area index (LAI) is the leaf area per unit area of land surface (e.g., m2 /m z), and is often

used in models to relate evapotranspiration and plant growth (e.g., Chang, 1968; Stern, 1965; Penman,

1963; and Brougham, 1956). Hanson (1973, Fig. 2, p. 15) illustrates two relationships between LAI and

AET /PET. For LAI = 0 (bare soil), the ratio AET /PET varied from zero to about 0.26, depending upon the
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relationships assumed and on the potential rate, PET. For LAI = 1.0, the ratio was about 0.5, and for

LAI > 2.5, the ratio approached 1.0. Therefore, LAI can be used to estimate the magnitude of AET and to
partition total AET into bare soil evaporation, E, and plant transpiration, T (e.g., Parton et al., 1978;
Ritchie, 1972; Ritchie and Burnett, 1971; Ritchie et al., 1976; and Smith and Williams, 1980).

Ritchie (1972) describes the two stages of bare soil evaporation: stage 1 (constant rate limited by

supply of energy to the surface) and stage 2 (falling rate stage where water movement to evaporation

sites, at the surface depends upon soil properties). The volume of evaporation during stage 1, u, is:

u = a (c - b)d (3)

where u is in mm, a, b, and d are fitting coefficients (e.g., a = 9, b = 3, and d = 0.42 fit Ritchie's

data), and c is a parameter dependent upon soil texture. Stage 2 evaporation rate is:

ES2 = 1/2 ct-1/2
(4)

where Est is evaporation in mm /day, t is time in days since initiation of stage 2, and c is the soil

texture parameter. The total soil evaporation during a drying period, t, can then be approximated as:

Et =u +f Es2dt (5)

which, as a first order approximation for a finite time period, can be represented as:

Et = u + Au = (1 + A)u (6)

where A is the ratio of stage 2 to stage 1 evaporation volume.

Now, if this volume is assumed to represent water extracted when soil moisture is between field
capacity, FC, and wilting point, WP, then by continuity, we can write:

y(FC - WP) = (1 + A)u (7)

where y is the effective depth influenced by bare soil evaporation. Values of c, in Eq. (3) and (4), are

reported by Ritchie (1972) and by Jackson et al. (1976). The value of ET, in Eq. (5), was compared

with data from Ritchie (1972), Hillel (1976), and Jackson et al. (1976) to estimate the value of A in Eq.

(6). Data presented by Jackson et al. (1973, Fig. 8) show the locus of the zero flux surface (vertical

direction) in a soil profile (16 to 38 cm with a mean of about 20 cm) which provided experimental data to

compare with y values calculated from Eq. (7). Finally, SCS (1982) presents additional data on values of

c in Eq. (4) vs. soil texture.

Rawls et al. (1982) analyzed data from over 1300 soils in 32 states to generalize soil water proper-

ties as a function of textural class. Interpolated values from the texture triangle (from Rawls et al.

(1982) and from SCS (1982)) were combined to produce the gross soil properties summarized in Tables 1 and

2. Table 1 lists 12 texture classes, representative proportions of clay, silt, and sand, mean rates of
saturated hydraulic conductivity, and soil evaporation parameters. Notice that the data labeled "avg"

represent a central, or representative, value for mean hydraulic conductivity and c in Table 1, and for

mean water holding capacities in Table 2. The columns labeled "low" and "high" refer to low and high
estimates on the mean, not to the maximum expected range for the given parameter. Moreover, the parame-

ters in Tables 1 and 2 were derived predominately from agricultural soils, and probably do not represent

desert soils with high gravel content.

Table 1. -- Selected soil properties based on soil textural class.

Soil texture
class

Representative composition

Clay Silt Sand

Saturated hydraulic
conductivity (cm /hr)

Avg Low High

Bare soil evaporation parameter
c(mm /day 1/2)

Avg Low High

Sand 3 7 90 23. 11.7 43.2 3.3 3.05 3.32

Loamy sand 5 15 80 6.1 3.6 11.7 3.3 3.05 3.32

Sandy loam 10 20 70 2.2 1.7 3.6 3.5 3.10 4.06

Loam 20 40 40 1.3 .91 1.7 4.5 3.20 4.57

Silt loam 15 65 20 .69 .46 .91 4.5 3.20 4.57

Silt 5 87 8 .51 .30 .61 4.0 3.15 4.40

Sandy clay loam 30 10 60 .30 .25 .46 3.8 3.15 4.32

Clay loam 35 35 30 .20 .19 .25 3.8 3,15 4.32

Silty clay loam 35 55 10 .18 .15 .19 3.8 3.15 4.32

Sandy clay 45 5 50 .13 .11 .15 3.4 3.10 3.56

Silty clay 45 50 5 .10 .09 .11 3.5 3.10 3.81

Clay 65 20 15 .08 .06 .09 3.4 3,10 3.56
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Table 2. -- Porosity and water holding capacity (water content in % by volume) based on soil textural

class.

Soil texture
class

Total porosity

Avg Low High

-1/3 Bar
Water holding capacity

Avg Low High

-15 Bar
Water holding capacity

Avg Low High

Sand 41 39 43 9 7 15 3 2 6

Loamy sand 43 39 45 12 10 20 6 4 8

Sandy loam 45 39 52 20 14 29 9 5 12

Loam 47 45 52 26 20 36 12 9 18

Silt loam 50 49 55 31 20 36 13 7 20

Silt 51 49 55 28 26 30 9 6 12

Sandy clay loam 42 38 45 27 17 34 17 11 21

Clay loam 47 40 51 34 29 38 20 16 24

Silty clay loam 47 46 51 36 33 40 21 18 24

Sandy clay 42 40 44 31 27 40 21 18 30

Silty clay 48 46 49 40 35 46 27 23 32

Clay 49 44 52 42 34 49 29 23 38

Smith and Williams (1980) describe the AET calculations used in the CREAMS model (Knisel, 1980).

Their basic equations follow Ritchie's model, and were formulated as follows: Potential daily soil eva-

poration is adjusted for the plant canopy such that

Eso = Eo e -4
LAI (8)

where E0 is the potential evaporation, and Eso is the reduced potential soil evaporation which is

then used to compute stage 1 and stage 2 evaporation rate, as described earlier. Plant transpiration is

computed as:

To =

(E0)(LAI /3) 0 < LAI < 3

(9)

Eo - E LAI>3

where E is the actual soil evaporation. If soil water is limiting, then the reduced transpiration is

computed as:
T = (T0)(SM) /(0.25 FC) (10)

where To is computed from Eq. (9), SM is soil moisture < 0.25 FC, and FC is field capacity of the soil.

At each time step, the sum of soil evaporation, E from Éq. (3), (4), and (8), and transpiration, T from

Eq. (9) and (10), cannot exceed E0 calculated from temperature and radiation. Therefore, total AET is

partitioned into soil evaporation and plant transpiration according to the value of LAI. This value of

LAI varies throughout the season to reflect crop growth stage or plant phenological stages.

Therefore, to estimate AET and plant water use using a model such as Ritchie's equations in the

CREAMS model, it is necessary to know soil properties (Tables 1 and 2), plant rooting depth, the seasonal

LAI, and the other data used to solve the water balance equation. The CREAMS model is typical of many

water balance -climate models in that it uses LAI to partition AET into E and T, and AET is limited by

available soil moisture, as described by Eq. (2). More complex models (e.g., the ELM model, Innis (1978)

and the EPIC model, Williams et al. (1982)) explicitly include plant growth components and direct feed-

back with the water balance components. In the absence of sufficient information to estimate the parame-

ters of these complex models, or if the objective is to obtain first -order approximations for plant pro-

duction when water is limiting, then simple water balance -plant production models (e.g., Wight and Hanks

(1981) or Lane et al. (1983)) can be used to relate the water balance and plant production.

TER USE EFFICIENCY

Water use efficiency (WUE) has been defined in many ways, but in each case, the intent was to relate

a quantity of plant production to a quantity of water used for that production. Briggs and Shantz (1914),

and others (e.g., Pendleton, 1966; Viets, 1966), have used the term water requirement to mean the amount

of water required to produce a gram of aboveground dry matter. Others (e.g., Dwyer and DeGarmo, 1970)

have used total dry matter production (roots, shoots, and fruits) as a measure of plant production in

defining water use efficiency. Still others (e.g., Szarek, 1979; Tadmor et al., 1966) have used annual

precipitation as a predictor for annual actual evaportranspiration, which in turn was used as a predictor

of actual plant water use. McGinnies and Arnold (1939) illustrated seasonal influences on WUE, and Dwyer

and DeGarmo (1970), among others, have illustrated the influence of soil moisture status on WUE. Unless

we state otherwise, water use efficiency shall mean the ratio of the amount of aboveground dry matter

production (g, g/m2, kg, kg /ha) to the amount of water used in that production (g, kg, kg /m2, mm) on an

annual basis. The term water use excludes evaporation from bare soil and evaporation of intercepted
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water from vegetation surfaces. Thus, production refers to aboveground only, and water use refers to

plant water use. Finally, it is not known, explicitly, how WUE factors, measured under controlled condi-
tions, apply to field conditions where water stress, competition, spatial variability in weather and soil
characteristics, and related factors might affect water use efficiency.

Selected WUE data, from greenhouse or carefully controlled plot studies, are listed in Table 3. The

first column of Table 3 lists the vegetation types, the second column lists WUE in units of g2 of above-
ground dry matter production per kg of water use, which is the same as g d.w. /m2 over mm H20/m , or grams

dry weight per square meter per mm of plant transpiration per square meter. The third column of Table 3

provides comments, and the fourth column lists the appropriate reference. The references were selected

to be representative of results obtained from the literature for arid and semiarid rangelands. Data

collected by McGinnies and Arnold (1939) were from 76 -liter galvanized Witt cans filled with 125 to 145
kg of soil. Because of the rather large -sized soil containers and duration of the experiment (1932- 1936),
these data are probably among the most reliable of those shown in Table 3. These data represent annual

means, with summer WUE being from near to one and a half times as large as the annual values. The mean

annual WUE for the six desert grasses was 1.8 g d.w. /kg H2O and ranged from 1.7 to over 1.9. In contrast,

the mean annual WUE for the desert shrubs and trees was 0.57 g d.w. /kg H2O and ranged from 0.42 to 1.30.
Therefore, these data suggest that, on the average, the selected desert grasses have a WUE some three
times higher than the selected trees and shrubs (the range of the ratio of WUE grass to WUE trees and

shrubs was 1.3 to 4.6). Dwyer and DeGarmo (1970) used pots (18 cm diameter by 25 cm deep) to study the

WUE of four desert grasses and four desert shrubs. Means for the desert grasses ranged from 1.0 to 1.09,

with an overall mean of 1.03 g d.w. /kg H20. The means for Dwyer and DeGarmo's four shrubs ranged from

0.23 to 0.57, with an overall mean of 0.28 g d.w. /kg H20. These data suggest that, on the average, the

desert grasses have a WUE some 3.7 times higher than the selected desert shrubs.

Table 3.-- Selected water use efficiency data.

Vegetation WUE Comments References

(Type)

Desert grasslands

Plains grasslands

(g d.w/kg H20)

1.70 - 1.92

1.42 - 2.09

Southern tall grasss 1.41 - 2.12

Desert shrubs and trees 0.42 - 1.30

Desert grasses 1.00 - 1.09

Desert shrubs 0.23 - 0.57

Native and seeded
within the pinyon -
juniper type

Selected grasses 0.31 - 2.95

Annual values for 6 species

Annual values for 3 gramma
grasses

Annual values for 3 species

Annual values for 6 species

Greenhouse study of 4 species,
120 days

Greenhouse study of 4 species,
120 days

Brief survey of values reported
in the literature

Brief survey of values reported
in the literature

McGinnies and Arnold (1939)

McGinnies and Arnold (1939)

McGinnies and Arnold (1939)

McGinnies and Arnold (1939)

Dwyer and DeGarmo (1970)

Dwyer and DeGarmo (1970)

Branson et al. (1981) from
Gifford (1976)

Teare (1977)

The ratio of mean WUE for the desert grasses, in McGinnies and Arnold's study to Dwyer and DeGarmo's,
was 1.81/1.03 = 1.75, and, for the trees and shrubs, a similar ratio was 0.57/0.28 = 2.04. The reasons

for these differences between the two experiments are not clear. One possible reason might be distor-

tions due to root bound plants in the small pots. This situation, if it did in fact occur, would tend to

lower the mean water use efficiency. Finally, Branson et al. (1981) and Teare (1977) present brief sum-
maries of water use efficiency data selected from a variety of sources. Data, such as those presented in

Table 3, may be used to estimate aboveground production. However, the magnitude of the variability in

WUE values, as discussed above, should be kept in mind.

ANNUAL ABOVEGROUND NET PRIMARY PRODUCTION

Annual aboveground net primary production (ANPP) is the total aboveground dry weight (d.w.) biomass

produced per unit area in a growing season. Net refers to the gross production minus respiration per
unit time of an individual plant, and primary is the sum of the net productions of all individual plants

in a unit area (Whittaker and Macks, 1975). Total above and below ground net primary production of gen-

eral ecosystem types is summarized by Whitaker and Likens (1975). They suggest values for desert and

semidesert scrub of 10 - 250 g /m2 /yr, with a mean value of 90. Corresponding estimates for woodland and

shrubland range from 250 - 1200, with a mean of 700, while values for temperate grassland vary from 200 -

1500, with a mean of 600. These values are for total annual net primary productivity so that the above-

ground values would be significantly less, depending on the root -shoot ratios. Lieth (1975) lists simi-
lar estimates for selected climatic regions, and Murphey (1975) lists estimates for tropical terrestrial

ecosystems. Webb et al. (1975) present productivity data, including grasslands and desert ecosystems,
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and Szarek (1979) summarizes data for four North American deserts.

Generalized relationships relating annual actual evapotranspiration, AET, and annual aboveground net
primary production, ANPP, have been developed by several investigators (e.g., Rosenzwieg, 1968 and Webb
et al., 1978). Data on ANPP and AET for three North American deserts (Szarek, 1979 and Lane et al. 1983)
and for a site in the Tunisian steppes (Floret et al., 1982) are shown in Fig. 1. Notice that, for the
data shown, Rosenzweig's equation tends to provide an upper limit on ANPP, and that the Webb et al. equa-
tion seems to fit the overall trend, but underestimates for low values of AET < 120 mm.
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Figure 1. -- Relation between AET and ANPP for selected data from desert and semidesert
areas and proposed general relationships.

An expanded plot of the Rock Valley, Nevada data are shown in Fig. 2. The curve labeled 1 is the
equation from Webb et al. (1978), and the curve labeled 2 is a linear regression between ANPP and AET.
The least squares equation derived for this particular data set provides a better fit than the general-
ized equation which is intended for broader application over wider ranges of AET. For comparison, annu-
al actual transpiration, AT, is plotted against ANPP, as shown in the left portion of Fig. 2, identified
as curve 3. If seasonal estimates of transpiration from a continuous simulation model are used, then the
unexplained variance in ANPP is further reduced (R2 = .90), as described by Lane et al. (1983). The

slope of the line relating AT and ANPP can be used as an approximate estimate of the water use efficien-
cy, WUE, provided the intercept is near zero. From curve 3, in Fig. 2, the WUE for Rock Valley data is
about 0.7, which is well within the range of values suggested in Table 3 (WUE values of 0.42 to 1.30).

If the product of AT and WUE provides a first order approximation of ANPP (curve 3 in Fig. 2), then
relationships, such as curves 1 and 2 in Fig. 2 and the curves shown in Fig. 1, provide a somewhat coar-
ser approximation using AET as an approximate predictor for actual plant water use, AT. The relationship
between ANPP and AET is inherently weaker than the one between ANPP and AT, because AET includes bare
soil evaporation, and is thus an imperfect predictor for AT or plant water use. However, less informa-
tion is required to estimate AET than is required to estimate AT, so that the choice of approximating
relationships depends upon the degree of accuracy required, the amount of information available, and the
intended scale of application.
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Rock Valley, Nevada.

SUMMARY

Water balance calculations are important in soil -water -plant relationships studies and essential to
predict net primary production when water availability is the limiting factor. These circumstances are
often realized on arid and semiarid rangelands so that the water balance equation can be used together
with soils data and water use efficiency factors to estimate net primary production. Equations (1) and

(2) describe a simple water balance in a discrete form, selected soil properties are summarized in Tables

1 and 2, and water use efficiency factors are presented in Table 3. Figures 1 and 2 illustrate relation-

ships between actual evapotranspiration, actual transpiration, and annual aboveground net primary produc-

tion. Depending upon scale of application, available information, and desired accuracy, relationships
such as these can be used to estimate annual aboveground net primary production of perennial vegetation.
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WATER HARVESTING: AN ALTERNATIVE USE FOR RETIRED FARMLANDS

Martin M. Karpiscak, Kennith E. Foster, and Leslie R. Rawles
Research Associate, Associate Director, and Assistant Director, respectively

Office of Arid Lands Studies
College of Agriculture

University of Arizona, Tucson, Arizona 85721

Introduction

Tucson, a rapidly growing city with a current metropolitan population of about 500,000, is located within the
Sonoran Desert of the southwestern United States. Beautiful scenery, mild winters and vast open spaces are expected
to attract an additional 350,000 people by the year 2000 (The Comprehensive Plan for the City of Tucson, Pima
County, The City of South Tucson, and Pima Association of Governments, 1975). Groundwater is the area's primary
resource impacted by current demands.

Tucson, in the Upper Santa Cruz Sub -Basin as shown in Figure 1, relies totally upon groundwater for its water
supply. The city currently pumps about 90,000 acre -feet per year (AFY) of groundwater from the Santa Cruz Basin.
Tucson shares its water supply with agricultural and mining users within the basin. Pumpage has exceeded natural
recharge since the 19405, and as a ^esult water levels have been declining. Of the estimated 395,000 acre -feet
withdrawn in 1980, agriculture and mining accounted for 272,000 acre -feet (McNulty, 1982).

The total dependable supply for the Tucson Active Management Area (which includes the Upper Santa Cruz Sub -
Basin and Avra Valley) currently does not exceed 160,000 AFY; therefore the difference, 240,000 AFY, must come
from storage as aquifer over -draft. Importation of water through the Central Arizona Project and reuse of effluent
will reduce, but not eliminate, the need for more groundwater to meet urban needs as the city continues to grow
(McNulty, 1982).

Avra Valley, approximately 20 miles west of Tucson, is a separate groundwater sub -basin within the Tucson
Active Management Area, and supports a predominantly agricultural economy. Groundwater development there
began in the late 1930s and by 1954 supported about 30,000 acres of agriculture.

Since 1975 the City of Tucson has purchased and retired about 12,000 acres of farmland in the Avra Valley to
allow transfer of groundwater to the city for municipal use. In fiscal year 1981 Tucson imported about 13,000 acre -
feet of water from Avra Valley compared to 9,000 acre -feet in fiscal year 1982 (Bruce Johnson ,Tucson Water, 1982;
personal communication).

The Problem

Retired Avra Valley farmlands present a management challenge and an untapped economic potential. Once
farming ceases, Russian thistle (Salsola kali) infestation rapidly invades fallow ground. The young weeds emerge in
response to spring rains and eventually grow to several feet in diameter. They are easily windblown and can cause
great management problems to neighboring farmers (Karpiscak et al, 1981).

Fragile semiarid ecosystems such as those in Avra Valley present rehabilitation challenges once they have been
disturbed and abandoned. These lands do not revert to aesthetically pleasing desert growth without considerable
passage of time, if at all, and weeds and dust become problems (Figure 2). Range grasses are established with
difficulty in relatively low annual rainfall regions (11 inches or less) where evapotranspiration is relatively high.
Grasses do not survive prolonged drought without additional water.

Significance of Water Harvesting Agrisystem

In Avra Valley the average annual rainfall does not exceed 10 inches, and therefore agricultural crops cannot be
grown there without the benefit of a suplemental water supply. Previously this source of additional water has been
groundwater; however, this supply is no longer available for agriculture production on land retired by the City of
Tucson. One possible management alternative is to concentrate existing rainfall from a large area (catchment) onto
a cropped area and to store the excess water for later use. This practice is called water harvesting.

A five -acre water harvesting agrisystem was developed on retired Avra Valley farmland (Figure 3) by the
University of Arizona, College of Agriculture, Department of Soils, Water and Engineering, in cooperation with the
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FIGURE 2. Retired farmland before construction of the Water Harvesting Agrisystem.
Russian Thistle was the dominant plant with scattered mesquite and burroweed.
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Office of Arid Lands Studies and the City of Tucson Real Estate
Division. The system was established: (1) to demonstrate a potential
and economic use for retired farmland, (2) to indicate the city's
commitment to water conservation and land management by
determining the feasibility of farming with rainfall as the only
source of water for irrigation, and (3) to show the city's concern for
all sectors of the water -using community. Crops grown in 1982
included jojoba, eucalyptus, olive, ornamental date palm, mondell
and aleppo pine, Arizona cypress, corn, and watermelon.

Initial evaluation of the program indicates that the salt -
treated, compacted -earth water harvesting system is a technical
success. Data collected from continued monitoring, modifications
and expansion of the system will substantiate the economic
potential of water harvesting systems, water conservation strategies
and plant species for potential economic use of retired agricultural
land.

Although this project is primarily directed toward the
economic agricultural use of City of Tucson property, the related
conservation techniques, if adopted, will affect beneficially all of
the area's major water users. Agricultural water users will benefit
even if the irrigation, cropping and soil treatment technology used
in the demonstration system is only partially practiced. More
significantly, the reduced irrigation water need will benefit all.
Municipal supply can be augmented with variations of the system.
Water harvesting systems can be used directly as a source of potable
water or indirectly by aquifer recharge. Mining interests also may
benefit by using some of the techniques developed in this program.
Future research will explore the potential for water harvesting
techniques within the urbanized area of Tucson and for aquifer
recharge.

The Agrisystem

The Theory

0 C

Water Harvesting
Agrisystem

AV -19

Snyder Hill Road

Ryan Field
0
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FIGURE 3. Location of the Water
Harvesting Agrisystem.

The quantity of runnoff increases per unit area as the size of watersheds decreases. Applying this principle to
catchments, Shanan and Tadmor (1979) found that, under given climatic and soil conditions, runoff per unit area was
increased from 10 to 30 times when catchment areas were reduced from 12,500 to 0.05 acres. The principle reason
for this increased water yield is the reduction in water loss by infiltration preceding and following peak flow. In
general, water yields increase when the time- to-peak -flow is minimized.

Runoff also can be increased by reducing the infiltration rate, which in turn reduces the time it takes for the
flow to reach its peak. Both techniques result in an increase in runoff and a proportionate increase in the water -
supply rate. Infiltration rates can be reduced from catchments by removing weeds, adding Na + and compacting soil
(Baver, 1961). Common table salt (NaC1) is usually the least expensive source of Na +, which increases the
conductivity of water, retards weed growth, and decreases the infiltration rate (Dutt and McCreary, 1974).

Site Selection

The success of a water harvesting agrisystem depends primarily on the soils on which it is constructed. In arid
and semiarid regions, soils should be deep (usually more than 5 feet) to store water in the crop area. Soils also should
be clayey (moderate -to -high clay content, usually greater than 20 percent in the B, or argilic, horizon) to shed runoff
on catchment areas. In the catchment area, this clayey, fine -textured soil should be close enough to the surface to
be exposed by grading or plowing. In the crop area, it needs to extend deep enough below the surface to provide
adequate soil -moisture storage for the crops being grown. The soil should be of mixed clay -mineral content
(kaolinite, illite and montmorillonite) or low in montmorillonite to avoid excessive cracking. Soil samples taken at
the site confirmed the necessary structure needed for construction (Appendix A).

Topographically, the site should be fairly level and slopes should not exceed 10 percent to minimize erosion.

Catchment Configuration

The land surface was shaped as shown in Figure 4. Catchment widths vary as shown in Table 1. The length of
run for each catchment is 300 feet, with a slope of 0.5 percent. Rainwater runs from the ridged portion into adjacent
drainages planted with the various crops. Excess runoff is collected in the shallow sump by a cross ditch (collecting
channel) located north of all catchments and is pumped into the reservoir for use during prolonged periods of scant
precipitation. Figure 5 shows a diagram of the various crops in relation to the sump, reservoir and irrigation system.
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TABLE 1

CATCHMENT CONFIGURATION

Catchment Crop Length*
(ft)

Total
Width
2b + c

(ft)

Planting
Area Width

c
(ft)

Catchment
Slope

a/b x 100
(5)

1 Vegetables 300 46 4 2

2 Eucalyptus 300 46 4 2

3 Jojoba 300 46 4 2

4 Jojoba 300 46 4 2

5 Grapes 300 46 4 2

6 Grapes 300 46 4 2

7 Grapes 300 46 4 2

8 Vegetables 300 60 12 4
9 Vegetables 300 60 12 4

10 Vegetables 300 60 12 4

11 Dates /Olives 300 44 12 2

12 Aleppo Pines 300 32 4 3

13 Monde11 Pines 300 20 4 10
14 Mondell Pines/ 300 44 4 2

Arizona Cypress
15 Mondell Pines/ 300 32 4 3

Arizona Cypress
16 Mondell Pines/ 300 20 4 10

Arizona Cypress

*Slope = 0.5 percent.

TABLE 2

PARTICLE SIZE ANALYSIS OF SOIL FROM SUMP /RESERVOIR SITE*

Depth of
Sample

(ft)
Sand
( %)

Silt
( %)

Clay
( %)

Soil
Classification

Sample 1 0 -2 24.9 31.3 43.8 clay
2 -4 21.5 32.4 46.1 clay
4-6 18.6 42.4 39.4 silty clay loam
6 -8 22.3 40.6 37.1 clay loam

Sample 2 0 -2 21.5 32.4 46.1 clay
2 -4 15.9 39.2 44.9 clay
4 -6 31.6 26.8 41.6 clay
6 -8 32.2 41.4 26.4 loam

*Soil, Water and Plant Tissue Testing Laboratory, University of Arizona (April 16, 1982).
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Construction

A site was selected on the former Growers Finance Farm now owned by the City of Tucson (Sec. 27, T14S,
RilE). Soil samples were taken at the proposed location of the catchments, sump and reservoir (Appendix A).
Samples taken from the sump /reservoir site and cropping area indicated that the soil ranged from a clay in the upper
2 feet to a loam 6 to 8 feet below the surface (Table 2). The area was first cleared with a front end loader. Then, in
order to increase infiltration, the soil was ripped using rippers attached to the rear of the front end loader.
Construction water was then applied from a city well (Avra Valley #19) to raise the soil moisture to near field
capacity in the upper 18 inches of soil in the catchment and 36 inches of soil in the sump and reservior area. The
application of water was necessary because the soil was extremely dry during the time allocated for construction and
proper soil moisture was required to make the soil workable with the equipment designated for construction.

/Crop
i

Original Surface

FIGURE 4. Catchment configuration.
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Sump and Reservoir: The combined design capacity for the sump and reservoir is approximately 2 acre -feet of
water. Figure 6 shows the designed side slopes, depth, and bottom dimensions for the sump and reservoir.

To provide a consolidated and uniform soil mixture for the base of the reservoir, soil was first removed from
the reservoir site to a depth of about 1 foot below the land surface. A 9 cubic yard earth mover was used. Care was
taken to ensure that the depth did not go below 2 feet or penetrate the clay laver, which forms an effective water
seal on the bottom of the reservoir. The reservoir walls were then erected using soil excavated during the
construction of the sump (Figure 7). A small bulldozer was used to complete the side walls of the sump (Figure 8) and
reservoir.

120'

-
6'

Sump

108'

- 120'

84'

%

Reservoir

5'

.i
120'

FIGURE 6. Sump and reservoir configuration.

Grade

FIGURE 7. Heavy equipment used during reservoir and sump
construction included a 9 cubic yard earthmover and
a road grader.
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Catchments: In order to compare different construction techniques, including time and equipment required for
construction, two different approaches were used for catchment construction. Catchment 1 was constructed using a
motorized road grader. Shaping began by tilting the grader blade and pushing material out from the cropped area to
the ridges. A front end loader was used to remove excess soil from the planting arena. rototiller was used to break
uc the soil in the planting area before planting.

Catchments 2 through 16 were constructed by a multiple -pass operation with conventional farm machinery.
The soil first was ripped in both east -west and north -south directions using a 100 horsepower farm tractor. Water
was then applied by sprinkler to a depth of approximately 18 inches. Each catchment was plowed three times so that
soil was moved from the center of the catchment to the outside, thus creating a slope toward the center planting
area (Figure 9). After plowing, the surface was disked using a 72 -inch tandem disk pulled by a 30 horsepower tractor.
A rock rake was used to smooth the catchment slopes, and in some instances additional smoothing of the catchment
slopes with a road grader was required (Figure 10).

Salt (NaC1) was applied at a rate of 5 tons per acre using a fertilizer spreader (Figure 11) and was worked into
the sloping surfaces of all 16 catchments with the rock rake (Figure 12). Following a rainstorm, a 10 -ton
roller /compactor was used to compact the catchment surfaces (Figure 13).

z
11.

FIGURE 8. The sump being completed with a small bulldozer.

FIGURE 9. Plowing and disking catchments during multiple pass construction operation
using conventional farm machinery.
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FIGURE 10. Using a road grader to smooth catchment slopes.

tir

FIGURE 11. Applying salt CNaCI) at a rate of 5 tons per acre to catchments.
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FIGURE 12. Working salt into surface of catchments with a rock rake.

FIGURE 13. Roller /compactor compressing salt treated catchments.
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Irrigation System

The irrigation system consists of an 8 horsepower centrifugal pump, a 3 -inch PVC pipeline connecting the sump
and reservoir to the pump, a 2 -inch PVC pipeline connecting the pump to the field plots, and 3/4 -inch polyethylene
driplines equipped with 2- gallons per hour (Reed Model E -2) drip emitters (Figures 14 and 15). The valving system
permits movement of water from sump to reservoir, from reservoir to sump, and from either the sump or reservoir to
the field. Screens on the input ends of the 3 -inch pipeline help prevent foreign material such as weeds from entering
the system, and a fine mesh filter is installed in front of the water meter. The water meter records the total amount
of water applied to the plants. Sixteen 1 -inch metal risers are capped with 1 -inch gate valves at the head of each
catchment. Polyethylene driplines are attached to the gate valves and staked to prevent the lines from moving.
Removable screw caps are used at the end of each of the driplines and at both ends of the 2 -inch PVC line to
facilitate cleaning of the system. A breakdown of major irrigation equipment expenditures is presented in Table 3.

- 3/ 4' or4ano
1' Piplln

2' Pipeline

MIN 3' Plplln

Sump

TScrew coo

E*1 ßt valve

C) Screen

Reservoir

A 4
0 O O 0 O O 0 0 0 0 0 00 0 00

FIGURE 14. Irrigation system at Avra Valley Water
Harvesting Agrisystem.
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Figure 15. Installing irrigation system at the Avra Valley Water Harvesting Agrisystem .

TABLE 3

COST OF IRRIGATION CONSTRUCTION MATERIALS

ITEM COST
($)

Pump (8 hp centrifugal) $ 500

Polyethylene Tubing (3/4 "; 3,600 ft) 325

Pipe (2 -inch PVC; 1,200 ft) 300

Pipe 3 -inch PVC; 100 ft) 60

Salt (25 tons) 950

Valves (3 -inch; gate valves) 160

Emitters (2 gal /hr; 600) 100

Assorted pumping supplies 250

Miscellaneous supplies and equipment 600

TOTAL $3,245
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Planting

A 48 -inch tandem disk cultivated the soil within the planting areas and destroyed any developing weeds. After
cultivation and before transplanting, a 9 -inch diameter power auger was used to bore holes. Boreholes were filled
with water. Container and tube -grown seedlings (Table 4) were placed in the holes and were backfilled. Perennials
were planted during the first ten days of September, 1982. The vegetables planted earlier included watermelon, corn,
tepary bean, squash, guar, pumpkins and okra.

TABLE 4

SEEDLING CONTAINER SIZE AND AVERAGE HEIGHT AT TIME OF TRANSPLANTING TO FIELD

Plant Size

Catchment Species Container Size Avg. Height
(inches)

1 Vegetables seed -
2 Eucalyptus 1 gal 23

3 Jojoba 1 gal 17

4 Jojoba 1 gal 19

5 Grapes 1 qt -
6 Grapes 1 qt
7 Grapes 1 qt
8 Vegetables seed
9 Vegetables seed

10 Vegetables seed -
11 Ornamental Date Palms /Olives 5 ga1/2 gal 21/42
12 Aleppo Pines 5 gal 54

13 Mondell Pines 5 gal 16

14 Arizona Cypress /Mondell Pine tubes* 13/12

15 Arizona Cypress / Mondell Pine tubes* 15/12

16 Arizona Cypress /Mondell Pine tubes* 13/11

*Some in one -quart containers.

Monitoring

A program to monitor the water harvesting agrisystem is ongoing. Reservoir water levels, evaporation rates,
seepage rates, water quality, cropping area soil moisture, rate of plant growth and percent survival are being
monitored.

Rainfall

The dates and amounts of rainfall are shown in Figure 16. Substantial runoff into the sumpoccurred only twice
(September 10 and December 9 -10, 1982). Total runoff into the reservoir systems from these two precipitation
events was approximately 2 acre -feet. Minor amounts of additional runoff have been generated by other rainstorms.

Figure 17 shows the system in operation during the September 10 rainstorm. Note the concentration of runoff
around the plants. Excess runoff filled the sump following the September rainstorm (Figure 18).

Reservoir Water Levels

The need to transplant seedlings during the hot, dry summer of 1982 required that water be available to sustain
the plants. Therefore, standing water from a nearby drainage ditch was used initially to partially fill the reservoir.
This surface -harvested water was collected from runoff caused by summer storms in adjacent upslope areas of the
valley.

Cumulative seepage and evaporational losses following the initial filling of the reservoir are shown in Figure 19
and Table 5. Seepage losses from both the sump and reservoir appear to have stabilized. Total water loss from the
reservoir was approximately 37 inches after 90 days; however, the percentage of loss due to seepage has decreased
from 70 percent to less than 50 percent of the cumulative loss.

Changes in reservoir water levels are shown in Figure 20. The small aberration in early October and the rapid
increase in water levels during December resulted from additional water that was pumped into the reservoir from the
sump. A mathematical description of the reservoir water balance is presented in Appendix B.
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FIGURE 16. Measurable rainfall at Avra Valley Water
Harvesting Agrisystem in 1982.

FIGURE 17. Mondell pine catchments filled with runoff from intense summer
rainstorm, Sept. 10, 1982.
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Total Dissolved Salts

Total dissolved salts (TDS) detected in the runoff from the December storm (225 ppm) were almost half of the
amount observed in the water collected from the September storm (403 ppm). The reduction in TDS resulted from
the stabilization of the salt- treated catchment by repeated wetting and drying cycles and from the probable decrease
in rainfall intensity during the December storm.

Irrigation System

Emitters in the irrigation system occasionally become clogged with suspended sediments and foreign substances
such as pipe threading compound. Clogging is virtually eliminated by using an emitter that discharges a stream of
water rather than drops. Damage to one emitter was caused by an animal, probably a coyote.

Plant Survival

Plant survival following transplanting to the field was excellent. Many of the aleppo and mondell pines displayed
fall growth. Less than 10 percent of the grape seedlings required replacement. One ornamental date palm, which
appeared to have died shortly after transplanting, recently has shown signs of recovery.

Growth of corn and melons, especially watermelon, was good when adequate moisture was available. Additional
plantings of guar and tepary bean also were good. Other vegetable seed planted failed to germinate or to become
established probably because of outdated seed, inadequate moisture and the late date of planting.

SPECIAL ANALYSIS

COLLECTOR:

Name C. Sands II

Address S.W.E.

DATE April 7, 1982

Zip

APPENDIX A

Particle Analysis of Samples from Soil Horizons A,B, and C.

THE UNIVERSITY OF ARIZONA
College of Agriculture

Department of Soils, Water and Engineering
Soils, Water and Plant Tissue Testing Lab.

Tucson, Arizona 85721

BILL TO: (Authority of Dr. W. Gardner) COMMENTS:

Name Dr. Brent Cluff Moehani rai lnalyaia

AddressWater Resources Research Center Moisture Tensions

Zip

PO/Fund No.

Please Save Samples.

Sample
ID

Substance
Sampled

Analysis
Requested

Lab.
No.

Sand Silt Clay
( %)

C %) ( %)

Al
8213
1563 50.6 19.9 29.5 Sandy Clay Loam

A2 1564 48.2 20.7 31.1 Sandy Clay Loam

81 1565 49.4 20.5 30.1 Sandy Clay Loam

B2 1566 50.5 20.9 28.6 Sandy Clay Loam

Cl 1567

1568

40.3

45.3

23.4

20.5

36.3

34.2 Sandy

Clay

Clay

Loam

LoamC2

C3 1569 26.0 26.9 47.1 Clay
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APPENDIX B

Reservoir Water Balance at Avra Valley Site

In arid areas such as Avra Valley, where surface water must be stored for supplemental irrigation, a system for
determining a reservoir water balance and sizing for reservoirs must be employed. Proper sizing of irrigation
reservoirs must start by considering all inflows and outflows to and from the reservoir as shown in Figure B -1.

The inflows are precipitation and catchment runoff given by

Precipitation (Qp) + Catchment runoff (Qro)

1. Qp = PR X A reservoir

Qro = RO X A catchment

PR = precipitation (inches) daily

RO = runoff (inches)

A = area in square feet or acres

The outflows are evaporation, seepage, and irrigation demand given by

Evaporation (Qe) + Seepage (Qsi + Qs2) + Irrigation demand (Qi)

2. Qe = PET X A reservoir

3. Qsi = 4Kh2C /9L

Qsi = seepage discharge through reservoir sides

K = hydraulic conductivity

h = reservoir base to present water level

C = constant

L = mean length of seepage line (1/3 height)

PET = potential evaporation

4. Qs2 = seepage discharge through bottom

5. Qi = I X A crop /effs

I = water applied (inches)

A crop = area of irrigated land (square feet or acres)

effs = efficiency of the irrigation system

Daily RunoffQro --

Daily Precipitation Op

Daily Irrigation
Demand Qi

Daily Evaporation
Qe

Deep Seepage
Qs2

Seepage
through Reservoir

Qsi

FIGURE B -1. Water balance of an irrigation water supply showing all inflows and outflows.
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The daily balance incorporating these inflows and outflows gives

OSj= Qroj +Qpj- Qej-Qslj-Qs2j -Qij

The storage at any date is given by

S = E O sj

J=1

n = number of days since reservoir was last full

S = in cubic feet, acre -feet or gallons

In order to size the reservoir, an initial reservoir height is assumed and daily reservoir balances are calculated
starting at the time of the simulated period.

Once the reservoir is sized the model can then be used to determine the number of days water will be available
for irrigation. Treatments can also be incorporated to reduce evaporation and for seepage, thus offering a
modification to the number of days water will be available for irrigation.

Figure B -2 shows a schematic of reservoir size, side slopes and storage capacity.

Top View

+ +

Side View

S =ahl +4(1/2 bh)I
S= hl(a +2b)
a= bottom length (ft.)
I= bottom width (ft.)
b= function of slope

FIGURE B -2. Reservoir schematic.
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A Hierarchical Model for Arizona's Water Resources
Nathan Buras, Ph.D.

Department of Hydrology and Water Resources
University of Arizona
Tucson, Arizona 85721

Abstract

Arizona's water resources system consists primarily of four active management areas (Tucson,
Phoenix, Pinal and Prescott), the Central Arizona Project, and the Salt River Project. The problem of
water allocation among user categories involves pumping from aquifers and diversions of surface flows.
In systems less complex than Arizona, allocation policies may appear obvious. In this case, however, a
two -level hierarchical management model is proposed to control water allocation to users: the active
management areas as a lower echelon, and the Arizona Department of Water Resources at the higher level.
A system theoretic approach combined with recent developments in the decentralized control theory are
proposed to be included in the model. A significant characteristic of the proposed model is the ability
to consider possible interactions among the active management areas as a result of policy decisions at
the State level. A dynamic optimization model based on a state space formulation with total energy re-
quired as the objective function is solved for each of the subsystems. Detailed information thus gener-
ated at the regional level is then appropriately aggregated for statewide decision making. An iterative
algorithm is suggested.

Introduction

Management of water resources at the State level is becoming increasingly more complex so that sys-
tems theoretical concepts are very useful in analyzing the issues involved (Major and Lenton, 1979).
The application of these concepts to water resource systems analysis and planning has been a matter of
considerable interest in recent years (Loucks et al., 1981) leading to a variety of mathematical models.
In many instances, state -space models (in contrast with decision -space models) seem to be particularly
useful because of the possibility of defining clearly the state of the system (e.g., groundwater levels,
volume of water stored in a surface reservoir). Thus a number of models exist for groundwater aquifers
(Burt, 1976) as well as for surface water resources (Maidment and Chow, 1981). At the same time, input -
output models are being developed for water resources management (Hendricks and Dehaan, 1981), as well
as models of large -scale systems using decomposition techniques (for example, see Haines, 1977). Last-
ly, state and dynamic optimization formulations exist for water resources management problems. However,
dynamic optimization ( Buras, 1972) seems to be more accepted by water management agencies because of the
dynamic nature of most variables identified in a large number of water resources systems. Typical opti-
mization criteria for dynamic models are energy requirements, needed storage capacity, water shortages
or water spills.

The study of socio- economic frameworks, whether at the national or at state level, often require
the construction of complex, large -scale models. However, the use of large -scale models in a planning
exercise of whatever scope is still an infrequent event and there are serious reservations regarding
their possible use in this context (Dantzig 1981). One such reservation arises from the observation
that planning and management models are often designed to achieve a higher rate of performance in re-
source use, without much consideration of the behavior and reaction of various decision makers at low
levels of the hierarchy, who are the actual users of the resource. It appears, therefore, desirable to
attempt, at least, a reformulation of large -scale planning models so as to represent regional problems
at an adequate level of detail, and linking these sub -systems in an effective manner with the broader
decision- making framework.

The Problem

Arizona's water resources present a picture of considerable complexity. The area of the State,
about 113,900 square miles (291,600 sq. km), makes it the sixth largest in the U.S. The average precip-
itation is approximately 13" (330 mm), with about half the State receiving less than 10" per year (250
mm). Of an estimated average of 80 million acre feet (Maf) of precipitation falling over Arizona each
year (98.7 billion cubic meters), more than 95 percent is lost to evaporation and plant transpiration
(Arizona State Water Plan, 1975). The remaining 4 Maf /yr (4.9 Bcm /yr) represent the yearly runoff, both
surface and subsurface. It is estimated that the yearly groundwater recharge amounts to 0.3 Maf (370
million cubic meters) and the dependable surface flows do not exceed 2.5 Maf (3.1 Bcm).
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However, the groundwater which accumulated in the Arizona aquifers over a period of several millen-
nia represents a considerable resource. Within the top 700 ft (about 200 m) below land surface, the
groundwater is estimated to amount to 794.55 Maf (980 Bcm); the next 500 ft (about 150 m) contains an
estimated quantity of 407.25 Maf (502 Bcm). The total of 1.201 Maf (over 1,480 Bcm) represents a sub-
stantial water resource which, if managed judiciously, could last several centuries.

Current water utilization in Arizona amounts to about 4.8 Maf /yr. (5.9 Bcm), 89% of which is used
in irrigated agriculture, 7% by municipalities and industries, 3% by mines and the energy sector, and
about 1% to maintain fish and wildlife. There is a strong inclination by the State water managers to
improve the efficiency of water use in all the economic sectors of the State (Arizona State Water Plan,
1977, 1978).

The economic development of Arizona relies heavily on groundwater; yet significant surface water
supplies were developed early in this century by the Salt River Project, and another major project --the
Central Arizona Project --is currently under construction for the diversion of about 1.2 Maf /yr. (1,480
Bcm /yr) from the Colorado River. Nevertheless, aquifers will remain major suppliers of water and their
rational exploitation is an issue of major concern, as evidenced by the promulgation in 1980 of the
Arizona Groundwater Management Act. Under this law, the Arizona Department of Water Resources was
established, as well as four Active Management Areas: Tucson, Phoenix, Prescott, and Pinal (Arizona
Department of Water Resources, 1981).

A map showing the major elements of the Arizona Water Resources systems appears in Figure 1.

0 20 40 60 Miles
I

. »» Salt River Project Irrigated Area

ELEMENTS OF THE ARIZONA WATER RESOURCES SYSTEM

Figure 1

The major components of the State water system can be divided into three groups:

The Salt River Project (SRP);

The Active Management Areas AMA's);
The Central Arizona Project CAP).
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These groups also represent three organizations connected rather loosely: (i) the Salt River
Users' Association (established in 1903); (ii) The Central Arizona Water Conservation District which was
established to operate the CAP; (iii) Arizona Department of Water Resources (ADWR). Now, the decision -
making process related to the operation of AMA's takes place at several levels within the ADWR. For the
purpose of this analysis, a two -level hierarchy of decision- making is considered, as shown in
Figure 2.

ARIZONA DEPARTMENT OF WATER RESOURCES

TUCSON
AMA

PHOENIX
AMA

PRESCOTT
AMA

PINAL
AMA

Figure 2

Management of Groundwater Resources in Arizona

This simplified scheme, which reflects the bulk of the water used in Arizona, could be extended to
also include the CAP (Yeh et al., 1980) and the SRP. The model proposed in the next section is within
the framework of dynamic optimization, to which recent developments in decentralized control theory
(Siljak, 1978) could be applied. The problem can now be formulated as follows: What are the alterna-
tive policies available to water managers in Arizona, both at the central (State) and at the regional
(AMA) levels, given the scarcity of the resource, the possible interactions between components, and the
stochastic nature of the demand?

The Model

The formulation of the problem indicates its complexity, yet any operating decision must consider
the reliability of system's performance. A basic approach to the reliability problem in water storage
systems is mentioned by Sniedovich (1979). A simple concept related to the reliability of dynamic sys-
tems states (Siljak, 1978) that

"A dynamic system composed of interconnected subsystems is reliable if all subsystems are self -
sufficient and their interdependence is properly limited."

Here "interdependence" is interpreted as interaction between subsystems, such as those between
aquifers and surface streams (Illangasekare and Morel -Seytoux, 1982). In the case of the Arizona Water
Resources, the interactions between the subsystems are shown in Figure 3. An important detail in this
diagram is that aquifers are main sources of water for each AMA. The AMA's are connected with ADWR by a
two -way link: the AMA's transmit to ADWR information regarding their respective state (including demand
to be satisfied), and ADWR may issue guidelines for groundwater abstraction.
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Figure 3

Schematic representation of Arizona Water Resources System
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Colorado River water will be supplied to all four AMA's, either directly (Tucson, Phoenix, Pinal)
or indirectly by an exchange arrangement via SRP (Prescott). A two -way connection is assumed to exist
between CAP and ADWR: information regarding flows diverted from Colorado to CAP is transmitted contin-
uously to ADWR; ADWR could modify CAP allocations to AMA's

The SRP supplies water --both from surface diversions and from aquifers --only to the Phoenix AMA,
which overlaps much of the SRP irrigated area. The connection with ADWR is mostly indirectional:
water -related information flows from SRA to ADWR.

The scheme shown in Figure 3 is modeled using a deterministic formulation. Let the vector xi

xi = (xii, xi2, xi3)T i = 1,2,3,4, (1)

represent the state of subsystem i, where i =1 is associated with Tucson AMA, i =2 with Phoenix AMA, i =3

with Prescott AMA, and i =4 with Pinal AMA. Here x11 is the average depth to water table, x12 is the
availability of CAP water, and xi3 is the availability of SRP water. Clearly

xl (x11,x12, 0)T,

X2 = (x21,x22,x23)T,

x3 = (x31,x32,0)T,

X4 = (x41,x42,0)T

Let

Bi = (bil, bi2, bi3)T, i = 1,2,3,4

(2)

(3)

be the net "recharge" of the water supply in subsystem i. Here bil is groundwater recharge; b12 is the
diversion from the Colorado river to CAP theoretically allocated to the i -th AMA; and b13 is the SRP
target allocation to the Phoenix AMA (i =2).

Define the control and decision vectors pi

Pi = (Pil, Pi2, pi3)T, 1=1,2,3,4, (4)

to be the pumping and delivery rates in subsystem i from groundwater (pil), from the CAP (P12) and from
SRP (p13). These control and decision variables are mapped onto the state vectors through function
fk(.), k = 1,2,3.

Given a finite time interval (0 -tf), the basic dynamics of the subsystem AMA i are given by the
equations

xik(t+1) = Xik (t) - fk(Pik) +bik, i=1,2,3,4, k = 1,2,3. (5)

These equations represent a situation in which the subsystems i are quasi- independent. However, should
an AMA require more water from CAP while another AMA may be over- supplied, the ADWR could adjust the
control variables pi so as to maintain the stability of the system. These adjustments generate inter-
actions hij between the subsystems, which have to be taken into account. Thus, the dynamic model of
subsystem 1 is

xi(t +1) = x1(t) - F1(Pi) + 51 + h12x2(t) + h13x3(t) + h14x4(t) (6)

The rate at which the state of subsystem 1 changes is given by

4

X1 = xi (t +1) - xl(t) = - F1(pi) + B1 + hijxj(t).
j =2

In general, the dynamics of subsystem i is expressed by

Xi = - F (Pi) + Bi + hijxj(t)
j=1
j*i
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Equation (8) represents the behavior of the subsystems, components of the Arizona water resources
system. -

The management problem at the statewide decision- making level is formulated in terms of dynamic
optimization. A possible optimization criterion is the minimization of an energy cost matrix associated
with the control and decision vectors pi, E(pi). Thus, the objective function to be optimized is

t

Min J = I E(pi)dt.
pi>0 o

(9)

The minimization problem (9) is subject to the following constraints:

t

(a) demand, di, f pidt > di (10)
0

(b) minimum "storage" level, si, Xij > sij, (11)

(c) subsystem components capacities cij, pij < cij (12)

Thus the two -level hierarchical model for Arizona's water resources consists of the dynamic optimi-
zation (9), subject to the constraints (10), (11) and (12), where the dynamics of the component sub-
systems are given by equations (8).

Future Work

The conceptual model given by equations (8) through (12) needs to be refined on the basis of actual
data. A crucial set of variables which have to be numerically evaluated are the interactions hij.
Details of past performance of groundwater basins currently aggregated into the Active Management Areas
should yield the necessary insights in these interactions.

The functions Fi, Bi and E should be formulated explicitly: E is probably a nonlinear function of
pi, while Fi and Bi could be. represented adequately by linear relationships. Similarly, the right -hand
side of the constraints (10), (11) and (12) need to be evaluated numerically for each subsystem (AMA).

Finally, an efficient computational algorithm will have to be developed to solve the two -level
hierarchical model (8) through (12), leading eventually to an interactive computer program which could
be used by decision- makers at the State level for managing Arizona's water resources.

Summary

An important issue recently identified in operating large -scale systems is the integration of de-
tailed information generated at a lower (subsystem) hierarchical level in an effective manner for
decision- making at a higher (e.g., statewide) level (Buras, 1982). The hierarchical model for the man-
agement of Arizona's water resources suggested in this paper represents an initial step in the analysis,
understanding, and resolution of this issue.
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TUCSON'S NEEDS FOR CENTRAL ARIZONA PROJECT STORAGE

Stephen E. Davis
Tucson Water
P.O. Box 27210

Tucson, Arizona 85726

Abstract

The future acceptance and utilization of Central Arizona Project water by the City of Tucson Water
Utility present many complex technical, economic, institutional, and environmental problems. Since
Congressional adoption of the Colorado River Basin Project Act in 1968, Tucson Water engineers have sup-
ported the concept of a large CAP raw water storage reservoir near Cat Mountain west of the City. The
United States Bureau of Reclamation, in its Stage Two planning for Phase B of the Tucson Aqueduct, has
identified four potential storage sites, including the Cat Mountain location, for economic and environ-
mental evaluation in conjunction with two basic aqueduct alignments. Engineers of the municipal water
utility have utilized available computer tools to develop a preferred CAP delivery location and eleva-
tion economically advantageous to water rate payers.

This paper discusses the various factors associated with Tucson's projected need for CAP water
storage including reliability, operational flexibility, water quality, shortage, and power management.
Each of these factors will affect the degree to which the water utility can successfully assimilate
Central Arizona Project water into its groundwater supply system. Although a decision regarding storage
location and volume has been postponed for the present, the initial years of CAP usage by the City of
Tucson will provide sufficient test to justify the decision for no storage or prove its necessity.

Introduction

Eastern Pima County contains a wide diversity of water -using entities, each solely dependent upon
groundwater for its current water needs. Groundwater pumpers include the City of Tucson, four mining
companies south of the City, Farmers Investment Company (FICO), Cortaro -Marana Irrigation District, Avra
Valley Irrigation District, private water companies, and private well owners. The collective impact of
all users pumping groundwater five times in excess of natural recharge in the region is water table de-
cline. Impacts of water table declines include increased energy costs, reduced well capacity, reduced
water quality and increased potential for land subsidence. In portions of the Avra Valley and the Upper
Santa Cruz basin water levels have dropped more than 120 feet over the last thirty years.

Statewide groundwater problems and the threat by the Federal Government to withhold funds to com-
plete the Central Arizona Project encouraged the Arizona State Legislature to adopt the Groundwater
Management Act on June 12, 1980. Primary elements of the Act affecting municipalities in general and
the City of Tucson specifically have been discussed in a previous paper by this author (Davis, 1982).
Four Active Management Areas (AMA's) were created by the statute including the Prescott, Phoenix, Pinal,
and Tucson AMA's. The goal of the Tucson AMA is to attain safe yield (the long -term balance of ground-
water withdrawals with natural and incidental recharge) by January 1, 2025. Staff of the Tucson AMA
have recently prepared an updated baseline estimate and projection of existing and anticipated water
uses and supplies from 1980 through 2025. This data, summarized in Table 1, demonstrates the ground-
water mining problem which currently exists within the AMA and which will persist without effective
management of all available water resources. Potential water supplies for the Tucson Active Management,
Area include Central Arizona Project water, reused wastewater, and natural and incidental recharge. In

1980, approximately 426,000 acre -feet of groundwater and wastewater effluent were used in the Tucson
AMA. Analysis of Table 1 data indicates that 56.3 percent of the total 1980 water use was agricultural,
22.5 percent was municipal, 14.1 percent was mining, and 7.1 percent was industrial. Under this "no
groundwater management scenario" prepared by Tucson AMA staff, overdraft is projected to decline from
261,000 acre -feet in 1980 to 111,000 acre -feet by 2025. Key assumptions include full utilization of
wastewater effluent by 1990, gradual conversion of some private agricultural land to urban uses, new
irrigation of 5,000 acres of San Xavier and 2,000 acres of Schuk Toak Papago Indian land after CAP de-
livery to Pima County, and full utilization of CAP water by requesting entities in the amount recom-
mended by DWR and recently approved by Secretary of the Interior, James Watt.

Tucson Water is a municipally -owned and operated water utility providing domestic and industrial
water service both inside and outside the corporate limits of Tucson. Water is provided to a service
area of over 300 square miles having an elevation differential of over 1,500 feet. Presently, Tucson
Water serves over 450,000 people through 131,000 active water services. This represents eighty percent
of the Pima County population and over eighty -five percent of the metropolitan Tucson population. In
1981 -82, Tucson Water actively pumped 186 wells from four wellfields serving the central metropolitan
system and 23 wells serving 13 isolated systems. Sixty -six percent of the 83,000 acre -feet pumped by
Tucson Water in 1981 -82 was from the central, interior wellfield, and eleven percent was from the Avra
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Valley west of Tucson. The remainder was pumped from the Southside and Santa Cruz wellfields near the
riverbed south of Tucson.

Tucson Water pumpage statistics for the past ten years are listed in Table 2. The implementation
of an increasing block, cost -of- service water rate structure, a winter- summer rate differential, the
"Beat the Peak" summer demand management program, and public education through the news media have col-
lectively reduced the Tucson per capita use from 205 gallons per day in 1973 -74 to 165 gallons per day
in 1981 -82. Tucson Water uses population projections officially adopted by the Arizona Department of
Economic Security and the Pima Association of Governments for Pima County. The December, 1981 DES fig-
ures indicate a County population of 536,000 in 1980 and a 2035 projection of 1,807,000. The corre-
sponding Tucson Water population and water use projections are shown in Table 3. Water use for munici-
pal purposes is projected to more than triple from an average of 68.5 million gallons per day in 1980
to 257.3 million gallons per day in 2035 based upon an assumed average daily per capita use of 160 gal-
lons. To meet projected demands of existing and future customers, Tucson Water will have three primary
supplies: groundwater, municipal wastewater effluent, and Central Arizona Project water. The focus of
this paper is discussion of the incorporation of Central Arizona Project water into the Tucson Water
domestic delivery system and the requirement that raw water storage be ultimately provided within the
vicinity of metropolitan Tucson.

The Central Arizona Project

The completion of the Central Arizona Project (CAP) to the Tucson metropolitan area represents the
primary ingredient to the formulation of a future water supply plan for the community (McLean and Davis,
1981). Legislation which ultimately resulted in federal approval for the CAP was enacted by Congress in
1921 when the seven Colorado River basin states were authorized to negotiate a compact for the apportion-
ment of Colorado River water. It wasn't until 1944 that Arizona approved the 1923 Colorado River Com-
pact and the 1928 Boulder Canyon Project Act allocating 2.8 million acre -feet of Colorado River's annual
flow to Arizona. It wasn't until 1968 when President Lyndon Johnson signed Public Law 90 -537, The
Colorado River Basin Project Act, that the Central Arizona Project was finally authorized by Congress.

The CAP is a water delivery system which will furnish municipal, industrial, and irrigation water
to urban, mining, and agricultural areas within Maricopa, Pinal, and Pima Counties. The CAP is a massive
U.S. Bureau of Reclamation water resource development project designed to help solve central Arizona's
problem of dwindling groundwater supplies, the overdraft of which exceeds two million acre -feet per
year. The importation plan includes construction of a series of pumping plants and aqueducts to lift
Colorado River water from Lake Havasu and carry it to the metropolitan areas of Phoenix and Tucson. The
project will deliver an average of 1.2 million acre -feet per year via the main aqueduct systems. The
Granite Reef Aqueduct will carry water in an open canal from Lake Havasu 190 miles to the Salt River
just below the Granite Reef Dam. The concrete -lined canal will continue from the south side of the
Salt River as the Salt -Gila Aqueduct for approximately 60 miles through agricultural areas of eastern
Maricopa County and central Pinal County and terminate east of the Picacho Reservoir in southern Pinal
County

The Tucson Aqueduct consists of two segments, labelled Phase A and Phase B by the Bureau of
Reclamation. Phase A planning is completed, and construction will commence in 1984 to bring the aque-
duct southerly to the town of Rillito. Planning for Phase B continues in furtherance of meeting the
USBR schedule shown below:

ACTION DATE

Determine Alignment and Terminus July, 1983
File Draft Environmental Impact Statement November, 1984
File Final Environmental Impact Statement August, 1985
Initiate Construction Late 1985
Initiate Water Delivery 1991

Tucson Aqueduct -Phase B

Tucson Water has been intimately involved with the planning for the Tucson Aqueduct since 1978
when the Arizona Projects Office assigned a full -time planning engineer to study this major CAP feature.
Advance planning for Phase B was initiated in May, 1981 through evaluation of numerous storage and
alignment alternatives and preparation of preliminary economic, environmental, and institutional im-
pacts. The number of alternatives were reduced significantly after public meetings in November, 1981.
Since that time, the Arizona Projects Office, in conjunction with the major water users in Pima County,
has performed further economic and environmental analyses leading to elimination of many Phase B alter-
natives from further consideration by the Bureau of Reclamation.

In early 1982, the Southern Arizona Water Resources Association (SAWARA) was formed to assist the
community in the assurance of a stable, long -term water supply and effective management thereof for the
Tucson Attive Management Area. A major objective is to support the timely completion of the Central
Arizona Project for the benefit of all the people of the State. In June, 1982, SAWARA was approached
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by the Bureau to assist in the development of consensus relative to the elements of alignment, terminus
and storage associated with Phase B. In response, the Committee on Alignment, Terminus, and Storage
(CATS) was formed in August, 1982. Initially, the Bureau presented the CATS with seven plans for its
review and consideration as indicated below:

SUMMARY OF USBR PLANS
TUCSON AQUEDUCT -PHASE B

Designation Alignment Reservoir Volume

Plan 1 West of Tucson Mtns. San Joaquin 10,000 A -Ft
Plan 2 West of Tucson Mtns. Cat Mountain 10,000
Plan 3 West of Tucson Mtns. None 0
Plan 4 East of Tucson Mtns. Marana 10,000
Plan 5 East of Tucson Mtns. Cat Mountain 35,000
Plan 6 East of Tucson Mtns. None 0
Plan 7 -No Action Alternative-

In an attempt to assist the Mayor and Council develop a position with regard to the seven Bureau
plans, Tucson Water staff utilized its computerized hydraulic modeling capability to evaluate the annual
capital and operating costs associated with delivery of its CAP water to various locations and eleva-
tions (Davis, 1980). Assumptions used to generate model results included a fifty -year planning horizon
(2035), Arizona Department of Economic Security population projections for Pima County, a per capita
daily water use of 160 gallons, peak day demand condition, average day of the peak month supply condi-
tion, an annual municipal CAP allocation of 159,000 acre -feet, and a water treatment plant capacity of
190 million gallons per day for single plant alternatives and a hydraulic equivalent for dual plant al-
ternatives. Figure 1 indicates the locations and elevations assumed by staff for Tucson's CAP water
treatment plant or plants consistent with the seven plans proposed by the Bureau. Four single plant
and two dual plant options were modeled. On the basis of model results, capital and operational cost
impacts of various treatment plant alternatives are indicated in Table 4. The least expensive treat-
ment plant location is the Cat Mountain site at an elevation of 2750 feet from both a total capital cost
standpoint (in 1982 dollars) and an operational cost standpoint (based on 1982 power rates and 2035
water delivery). This computation, together with storage, blending, and flexibility considerations, has
prompted staff to favor the USBR Plan 5 alternative for an east side alignment and a 35,000 acre -foot
Cat Mountain Reservoir.

Raw Water Storage Considerations

The Colorado River Basin Project Act of 1968 authorized the construction of the Charleston Dam and
Reservoir and the San Pedro Aqueduct partly as a supplemental source of water to serve Tucson. In 1978,
Congress was notified by the Commissioner of the USBR that the San Pedro Aqueduct had been eliminated
from the Tucson Division of the CAP due to anticipated growth of the Fort Huachuca- Sierra Vista area.
At that time it was proposed to extend the Tucson Aqueduct to the south and to add terminal storage to
facilitate improved operation of the Tucson Aqueduct and its integration with the Tucson Water system.
In view of the aforementioned, Tucson Water staff reviewed the four storage alternatives proposed by
the USBR to determine which met Tucson's requirements for reliability, operational flexibility, water
quality, and buffer against CAP shortage. Additionally, the future opportunity for power management on
the part of the Central Arizona Water Conservation District was evaluated.

As previously discussed, the USBR presented three storage volumes for consideration: 35,000 acre -
feet, 10,000 acre -feet, and no surface water storage for which Tucson's water wells would be used to
satisfy the criteria heretofore delineated. Under the no surface water storage alternative it was as-
sumed by the USBR that Tucson's wells could be used to provide supply reliability for the period in
which CAP delivery is interrupted. The USBR assumed the potential for a two week delivery interruption
due to power outage, subsidence cracking affecting the delivery facility, or other maintenance require-
ments. In 2025, Central Arizona Project water is projected to meet two- thirds of the water demand anti-
cipated for the growing Tucson Water service area. The loss of supply in this amount at the single lo-
cation of the treatment plant would cause significant pressure problems, potential water outages, and a
reduction in fire suppression capability if the CAP outage occurred in the summertime. In addition,
new wells drilled in strategic locations would be required at considerable utility cost and constrained
by as yet undefined well drilling limitations of the Tucson Active Management Area under the Arizona
Groundwater Management Act. For these reasons, storage in some significant quantity must be provided
by the USBR, particularly as CAP becomes the primary source of potable supply for the community.

The Bureau of Reclamation has provided two storage volumes for economic and environmental evalua-
tion at three potential sites. The 10,000 acre -foot alternative was computed by the Bureau to be that
volume capable of meeting municipal CAP water demands in the Tucson area for a two -week period. This
reliability storage would have to remain untouched throughout the year, preserved to meet any CAP de-
livery interruption. Tucson Water has no operational flexibility with this amount of storage unless
allowed by Bureau or Central Arizona Water Conservation District operating policy. Storage volumes
larger than 10,000 acre -feet would allow the Utility to take water from storage when customer demands
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are greater than CAP aqueduct deliveries and to put water into the reservoir when demands are reduced
at night or when it rains, for example. Storage for operational flexibility provides a buffer source
to the water treatment plant when projections of CAP water need vary from actual customer requirements.
The examination of raw water storage facilities of several similarwater agencies in the southwest sug-
gests provision of two to three months storage for the Tucson area. This results in a recommended vol-
ume of 30,000 to 50,000 acre -feet.

Another benefit of storage in excess of that required for emergencies is water quality enhancement.
A raw water storage reservoir provides for decreased fluctuation in water treatment plant influent water
quality and, therefore, increased operational stability. Reservoirs often reduce turbidity, color and
coliform levels. With storage, the potential exists for constructing a direct filtration plant rather
than a conventional water treatment plant at a savings of as much as twenty percent in construction
costs. This type of treatment process would also yield decreased chemical requirements and sludge pro-
duction. If blending of groundwater with CAP water is required throughout the year to assure a more
uniform water quality as delivered to the customer, then storage is necessary to deposit and withdraw
the exact amount of CAP water to effectuate a consistent blend.

A fourth consideration for storage is the potential for CAP water shortages. The Bureau has indi-
cated that shortages in the Colorado River system can be expected after the year 2000. Under the
Colorado River Basin Project Act of 1968, Arizona bears the burden of these shortages. If a shortage
occurs in 2035, Tucson's allocation of CAP water will be reduced from 150,000 acre -feet per year to ap-
proximately 70,000 acre -feet per year under the Bureau's proposed shortage operational mode. With this
assumption, and full utilization of locally -developed groundwater sources, an additional 28,000 acre -
feet of CAP water drafted from storage would be required for one year. If shortage persists, mandatory
conservation is the only alternative. With a large reservoir, Tucson's customers will have the minimal
time required to acclimate themselves to a major change in water use habits.

A fifth consideration for storage in the Tucson area is the potential for power management by the
Bureau of Reclamation. To pump water from Lake Havasu the Federal Government has purchased 24.3 percent
of the Navajo Generating Station in the Four Corners Region. This power has greater value if it can be
sold for other uses in the summertime. This is the primary justification for large storage at the pro-
posed New Waddel dam site near Lake Pleasant northwest of Phoenix. The Bureau's large storage option
for Phase B would serve a similar purpose near Tucson. The reservoir could be filled in the wintertime
and drained in the summertime for use by Tucson. The power savings could help offset the reservoir con-
struction costs.

For all the reasons heretofor presented, on November 8, 1982, the Tucson Mayor and Council unani-
mously adopted a position in favor of construction of a 35,000 acre -foot reservoir at the Cat Mountain
site as an element of Phase B of the Tucson Aqueduct. Additionally, it was recommended that the Bureau
deliver water to Tucson at the Cat Mountain site at an elevation of 2750 feet, the most economical loca-
tion and elevation for Tucson Water customers.

CATS Recommendations

The Committee on Alignment, Terminus, and Storage (CATS), per direction from its parent organiza-
tion, the Southern Arizona Water Resources Association (SAWARA), adopted a consensus position on the
Tucson Aqueduct Phase B on April 15, 1983. These recommendations were forwarded to the Bureau of
Reclamation and the Central Arizona Water Conservation District for their mutual consideration. These
proposals are included herein for information and future reference.

Alignment Considerations - CATS recommends that Phase B of the Tucson Aqueduct of the CAP
follow a route west of the Tucson Mountain Park described by the Bureau as Route 6. It is
further recommended that the aqueduct be split into two segments. One segment of the CAP
aqueduct at 350 cfs would deliver municipal water to the desired elevation of 2750 feet at
the City of Tucson treatment plant. The other segment of the CAP aqueduct would deliver
water to the Papagos, mines and other southerly water users at the south boundary of the
San Xavier Indian Reservation.

Terminus Considerations - As a consequence of the alignment recommendations, CATS recommends
that two termini be designated - one at the south boundary of the San Xavier Indian Reserva-
tion and another at the City of Tucson water treatment plant site.

Storage Considerations - CATS recommends that no further considerations by the Bureau be
given to storage in the Cat Mountain area. We make this recommendation with the recognition
that as the community becomes increasingly dependent upon CAP water to meet its domestic
needs, there will be a need for surface storage of not less than 10,000 acre -feet in the
future. This need will occur sometime after the year 2000 when it is projected that there
will no longer be sufficient well capacity to meet the municipal needs should CAP fail to

deliver water to the Tucson area. Prior to the occurrence of this situation, a cost /benefit
analysis for different storage volumes and locations should be conducted.
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It is apparent that the above recommendations will be adopted and implemented by both the U.S.
Bureau of Reclamation and the Central Arizona Water Conservation District. Tucson's long -held position
favoring large storage in the Cat Mountain area has been abandoned as a compromise to achieve desireable
delivery location and elevation at federal cost. Only time will test the decision to forego storage
initially. Ultimately, CAP storage in the Tucson area will prove to be both necessary and cost -
effective.
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TABLE 1

TUCSON ACTIVE MANAGEMENT AREA
WATER USES AND DEPENDABLE SUPPLIES

(APRIL, 1983)

1980 2000 2025

POPULATION 536,400 936,400 1,587,900

IRRIGATED ACREAGE 48,000 43,000 31,500

TOTAL WATER USE (A -FT) % % %

MUNICIPAL 96,000 22.5 168,000 33.3 285,000 47.4
INDUSTRIAL 30,000 7.1 52,000 10.3 89,000 14.8
MINING 60,000 14.1 69,000 13.7 69,000 11.5
AGRICULTURAL 240,000 56.3 215,000 42.7 158,000 26.3

TOTAL 426,000 100.0 504,000 100.0 601,000 100.0

CONSUMPTIVE USE (A -FT) 336,000 373,000 425,000

DEPENDABLE SUPPLIES (A -FT)

CENTRAL ARIZONA PROJECT

MUNICIPAL /INDUSTRIAL 92,000 23.5 173,000 35.3
AGRICULTURAL 55,000 14.1 28,000 5.7
INDIAN -- 38,000 9.7 38,000 7.8

REUSED WASTEWATER 9,000 5.4 80,000 20.5 136,000 27.8
NATURAL RECHARGE 75,000 45.5 75,000 19.2 75,000 15.3
INCIDENTAL RECHARGE 81,000 49.1 51,000 13.0 40.000 8.1

TOTAL 165,000 100.0 391,000 100.0 490,000 100.0

OVERDRAFT (A -FT) 261,000 113,000 111,000
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TABLE 2

TUCSON WATER PUMPAGE STATISTICS

Fiscal
Year

Peak Day
Pumpage (MG)

Average Day
Pumpage (MG)

Active
Services

Service
Population

Pumpage
Per Capita Per Day

72 -73 118.8 60.1 95,105 351,889 170.8

73-74 130.4 75.4 99,604 368,614 204.6

74-75 115.2 67.6 102,813 380,408 177.7

75-76 117.6 70.0 105,595 369,583 189.4

76-77 123.7 60.5 109,480 383,180 157.9

77-78 112.1 59.4 113,105 395,868 150.1

78-79 113.2 60.8 117,777 412,220 147.5

79-80 110.0 66.2 122,514 428,799 154.4

80-81 120.6 69.7 125,367 438,785 158.8

81-82 119.1 74.0 127,650 446,775 165.5

TABLE 3

TUCSON WATER SERVICE AREA PROJECTIONS

11980-20351

YEAR

PIMA CO.

POPULATION

TUCSON WATER

SERVICE POPULATION

AVERAGE DAILY

WATER DEMAND

1980 536,100 428.344 68.54 MGD

1985 620,000 493.852 19.02
1990 110,100 599.275 95.88
1995 810.100 684.612 109.54
2000 921.900 822,293 131.51

2005 1.048.400 935,754 149.12

2010 1,174.900 1.047.803 167.65
2015 1.301.400 1.159,852 185.58
2020 1.427.900 1.211.903 203.50
2025 1.554.400 1.383.952 221.43
2030 1.680,900 1.496.001 239.36
2035 1,807.400 1,608.051 257.29
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TABLE 4

ECONOMIC EVALUATION OF TUCSON DELIVERY ALTERNATIVES

ALTERNATIVE CAT MTN. CAT MTN. SAN MARANA CAT MTN. CAT MTN.
I /TANGR. JOAQUIN /MARANA II

DEL. ELEVATION 2617 2617 2400 2060 2617/2060 2750
WIP. CAPACITY 190 mgd 166/77 mgd 190 mgd 190 mad 166/77 mgd 190 mgd

WIR. SYSTEM
WIP

TOTAL

WTR, TREATMENT
BOOSTER PONTER

TOTAL

F

CAPITAL COSTS

$183.3m $187.9m $204.8m $247.9m $196.6m
41.2 55.8 41.2 41.2 55.8

$224.5m $243.7m $246.0m $289.1m $252.4m

OPERATIONAL COSTS

$ 2.43m $ 5.46m $ 2.43m $ 2.43m $ 5.46m
4.11 4.24 7.85 12.18 6.12

$ 6.54m $ 9.70m $ 10.28m $ 14.61m $ 11.58m
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FIGURE 1. MAP OF MODELED CAP TREATMENT PLANT LOCATIONS
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Models of Indoor and Outdoor Water Demand

for Single Family Residences in Tucson, Arizona

Gary C. Woodard and Todd C. Rasmussen

Division of Economic and Business Research

University of Arizona, Tucson, AZ

ABSTRACT

Structural models for single family residential water demand in Tucson, Arizona are identified using

cross -sectional data from the 1980 census. Indoor and outdoor water usage are modeled separately.

Indoor water demand appears to be a simple function of household size and fraction of the population

that are children. Outdoor water demand is a function of several variables, including length of

residence in the area and lot size. The indoor and outdoor models are shown to be significantly

different. The impact of the results on forecasting water demand is discussed.

INTRODUCTION

The Tucson Active Management Area (TAMA) was created by the State of Arizona to manage the water

resources of the Upper Santa Cruz and Avra -Altar valleys of southeastern Arizona. Currently, the major

water users within the TAMA depend almost entirely on groundwater to meet their water demands and are

pumping at about three times the natural recharge rate. Even after effluent is fully utilized as a

source of water and the Central Arizona Project (CAP) reaches Tucson, groundwater pumping will still

exceed recharge by a large margin.

The TAMA's long -range goal is to halt the decline of the water table by bringing the pumping rate in

line with the recharge rate. A wide variety of policy options, including mandating the use of low -flow

plumbing fixtures, promoting desert landscaping, prohibiting wasteful uses of water, and buying and

retiring farmland, are being considered or implemented. In order to help make water planners aware of

all the indirect effects of various water management decisions, and to help predict the long -term

impacts of various demographic and economic trends on patterns of water use, the Division of Economic

and Business Research (DEBR) at the University of Arizona is developing a computerized water budget

model. This model allows various hydrologic and econometric relationships between supply and demand

sectors to be described quantitatively. The authors do not intend to model all the relationships --

that would be an undertaking beyond DEBR's resources. Instead, the model is intended to be a framework

for incorporating the data gathering efforts and analyses of others into a useful management tool.

One function of this framework is pointing out areas where data are lacking or further analysis is

needed. When encountering such an area, the authors have gathered and analyzed data. For example,

climatic factors such as temperature, precipitation, humidity, and evaporation have been expressed as

functions of elevation in the TAMA so that better estimates of sources of recharge and net evaporative

losses from open bodies of water can be obtained.

Another area of original analysis, which is the subject of this talk, is modeling residential water

demand. This component of municipal demand accounts for about three -quarters of the water supplied by

the Tucson Water Department (see Figure 1). Therefore, accurate projections of the residential com-

ponent of municipal water demand are essential for effective water management. However, many residen-

tial water use projections are made by assuming that demand will increase proportionately with popula-

tion. In other words, a current per capita water use figure is multiplied by a future population

forecast to obtain a future water demand estimate. But water consumers are changing in many ways --

the population is getting older, household size is shrinking, incomes are rising, lots are getting

smaller, and the percentage of children in the population is falling, to name but a few trends. To the
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Figure 1
1980 Water Usage by Sector
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Figure 3

Indoor Water Use + Outdoor Water Use

Dependent Variables Modeled

Outdoor Uses

turf irrigation
landscape irrigation
pools /jacuzzis
evaporative coolers
car washing
pavement cleaning
(most evaporates)

March water use - Indoor water use

July water use = Indoor + Maximum outdoor water use

July - March water use - Maximum outdoor water use
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extent that these factors affect water consumption, such simplistic projections of water demand may be

seriously in error. The models presented in this paper describe residential water demand in terms of

some of these changing factors.

METHODOLOGY

In particular, Single Family Residential (SFR) water demand is analyzed, which accounts for some 57% of
the total water demand in the Tucson Water service area. This is a cross -sectional study, with the
basic unit of data being the census tract. Water consumption data are from Tucson Water; other data

are from various 1980 U.S. Census reports and the 1980 Tucson Trends survey.

Certain census tracts have been excluded from our study, for one of three reasons:

First, some tracts have many apartment and duplex dwellers without individual meters, so that census
data may or may not accurately describe SFR occupants.

Second, some census tracts are served entirely, or to a large extent, by other water companies, so that
water consumption data are not available.

Third, a small number of census tracts are excluded because of the large number of 'snowbirds' (winter

visitors) who spend time here but are not year -long residents and are excluded from the census.

This leaves about 45% of the tracts in Tucson, which contain approximately 60% of the city's single
family residences.

Residential water demand is characterized by yearly cycles. Figure 2 presents average daily water use

by month for single family residences served by Tucson Water in 1980. Water use is typically at a
minimum during March. It peaks in June or July, depending on the onset of the summer 'monsoon' season.

In 1980, it peaked in July. Residential water uses can be classified as either indoor or outdoor uses
(see Figure 3). The classification is based on where the water winds up after it has been used. If

most of it winds up in the sewage system, it is classified as an indoor use. If most of the water
evaporates, it is an outdoor use. That is why evaporative cooling is considered to be an outdoor use.

Unlike previous researchers, the authors have modeled indoor and outdoor water demand separately. This
should be valuable for several reasons: Modeling indoor water use would aid in designing sewage
systems of appropriate capacity. An undersized sewage pipe has obvious costs; an over -sized sewage
pipe is a waste of money and may not be self- scouring, leading to possible blockages. Also, the
ability to forecast sewage flows is necessary before long -term contracts for delivery or treatment of

effluent can be written.

Modeling outdoor water use also can be valuable. While indoor use is relatively constant, outdoor use

is concentrated by month and time of day. The amount of outdoor use determines necessary pump capa-
cities, lift capacities, and size of pipes. To a large extent, it determines the capital costs of the
water delivery system and is therefore the most expensive water to deliver. In addition, outdoor uses
result in most or all of the water evaporating and leaving the TAMA. Indoor uses, by contrast, return
most of the water to the sewage system for reuse or recharge. Thus, a model of outdoor water use could

be used to determine effective management options for limiting the cost of the water distribution

system and conserving the area's water resources.

Two assumptions are made in order to model indoor and outdoor water demand. First, it is assumed that

March water use is essentially all indoor use, or that outdoor use is roughly zero in March. This

seems to be a fairly reasonable assumption, since Bermuda grass and many other plant species are

dormant at that time, and since evaporation minus rainfall is at most a fraction of an inch. Also, no

water is used for evaporative cooling in March. Indeed, it appears that all outdoor water uses are
either zero or minimal during March.
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Table 1

Explanatory Variables Tried

Economic Variables

Median home value
Median monthly rent
Median household income
Fraction of homes self -owned

Age of Population Variables

Fraction of population under 5
Fraction of population 5 to 9
Fraction of population 10 to 17
Fraction of population 18 to 24
Fraction of population 25 to 64
Fraction of population over 64
Median household age

Age of Home Variables

Fraction of homes less than 5
Fraction of homes less than 10
Fraction of homes less than 15

Other Variables

Persons per household
Fraction of households living in

Pima County longer than 5 years
Fraction of population of Hispanic origin
Fraction of households of Hispanic origin
Median lot size

Table 2

Variables Occuring in Water Demand Models, Census Tract Data, Tucson S.M.A., 19801

Name

(Dependent

Description Mean
Standard
Deviation Range

Variables)

SFR M Mean water consumption, single family residences,
March, 1980 (CCF /Month)

9.3729 1.1322 6.133 - 11.448

SFR J Mean water consumption, single family residences,
July, 1980 (CCF /Month)

20.0694 3.0408 12.143 - 26.464

SFR O SFR J - SFR M; Estimated mean outdoor water consumption,
July, 1980 (CCF /Month)

10.6964 2.8020 5.839 - 17.009

(Independent variables)

PPH Mean persons per household 3.0116 0.501 2.06 - 3.89

UNDEQS Fraction of population less than 5 years old 0.0756 0.0262 0.037 - 0.132

B5AND17 Fraction of population between 5 and 17 years old 0.2258 0.0597 0.095 - 0.325

820AND24 Fraction of population between 20 and 24 years old 0.0919 0.0320 0.042 - 0.184

OVER64 Fraction of population older than 64 years old 0.0929 0.0573 0.026 - 0.259

TOTS Fraction of households living in Pima County
more than 5 years

0.7256 0.1671 0.289 - 1.00

LOTSIZE Mean lot size of single family residences (acres) 0.3385 0.2657 0.169 - 1.293

1Dependent variable data from Tucson Water Department;
independent variable data from U.S. Census reports
and Tucson Trends survey.
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The second assumption is that the difference between water use in any other month and March water use

is essentially equal to the outdoor use for that month. The underlying assumption here is that indoor
use per household is fairly constant throughout the year. There are many arguments that can be made as

to whether or not indoor water use remains constant over the year. People take more showers in the
summer and clothes may become soiled quicker. On the other hand, fewer bulky winter outfits fi 11 a

washer, and the price of water is lower in the winter. There is no reason to expect water used for
cooking and dish washing to fluctuate seasonally.

A more conclusive argument may be made with Pima County Wastewater Management Department data, which

show an essentially steady flow of effluent, with a slight drop in the summer corresponding to the

University recess, and a slight increase in winter months, explained by the arrival of snowbirds.

Thus, constant indoor water use per household over time also appears to be a reasonable assumption. To

minimize the effect of any fluctuations in indoor use on the estimated outdoor use, the authors modeled

the month of maximum estimated outdoor use during the census year of 1980, which was July.

Thus, there are three dependent variables to model: March water use, which approximates indoor use;

July use, which is the sum of indoor and maximum outdoor uses; and July minus March, which approximates

maximum outdoor use.

FINDINGS

The first potential explanatory variable investigated was geographic location. The question posed was

whether water use patterns are regional phenomena. A map showing indoor water use by census tract
shows no apparent spatial pattern. Both high and low water use tracts appear in all parts of the
metropolitan area, and many neighborhoods contain high, medium and low water use tracts. There is a
similar lack of spatial pattern for outdoor water use.

Not only is there no apparent geographic basis for either indoor or outdoor demand, there is also very

little correlation between indoor and outdoor use within census tracts, with some tracts having high

levels of indoor use and low levels of outdoor use, and vice versa. The simple correlation coefficient

of 0.02 between indoor and outdoor water use, which is not significantly different from zero, confirms

that knowing either the indoor or outdoor water use in a tract will not help to predict the other. It

also means that the models for indoor and outdoor water demand are probably substantially different.

There are a great many other variables which might help explain differences in water demand. Those

variables for which data were available and which were fitted to residential water demand are listed in

Table 1. Originally, the data were fitted with three different model forms: linear, log- linear, and

semi -log. These are the model forms commonly used in the water demand literature. The simple linear

form consistently fit the data as well as, or better than, the semi -log and log- linear forms.

Tables 2 through 4 summarize the models determined for indoor, outdoor, and total water demand. Table

2 lists the dependent variables and those independent variables which are significant in at least one

demand model and gives summary statistics. Note that in July outdoor water use accounts for about 53%

of total water use. Also, note that the standard deviation of outdoor water use is much greater than

that of indoor use.

Most of the significant independent variables are demographic. TGT5 stands for the fraction of the

population in the census tract that lived in the area prior to 1975, which was when water first became

a topic of immediate concern in the community.

Table 3 contains models of indoor, outdoor and total water demand. Of all the independent variables

considered, only the number of persons per household (PPH) and the fraction of the population under

five years old (UNDER5) are significant predictors of indoor water demand. PPH has the expected sign,

while UNDER5 is shown to have a negative impact on indoor water use. Income, the age of the home, and
home value are insignificant. The adjusted R2 is quite low, and an analysis of the residuals indicates

that the model is underspecified, i.e., one or more important explanatory variable has not yet been
identified and included.
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Table 3. Models of Residential Water Demand

Model of Indoor (March) Water Demand

SFR M = 4.46 + 2.28(PPH) - 25.94 (UNDER5)

R2 = 0.533; Adj. R2 = 0.507

Significant
Variables Coefficient Standard Error T Statistic Confidence Level

Constant 4.46 0.83 5.36 99.9

PPH 2.28 0.36 6.26 99.9

UNDER5 -25.84 6.98 -3.71 99.9

Model of Indoor + Maximum Outdoor (July) Water Demand

SFR J = 15.72 + 3.35(PPH) - 124.55 (UNDER5) + 5.06 (TGTS)

R2 = 0.634; Adj. R2 = 0.602

Significant
Variables Coefficient Standard Error T Statistic Confidence Level

Constant 15.72 2.27 6.92 99.9

PPH 3.35 0.88 3.79 99.9

UNDER5 -124.55 16.97 -7.34 99.9

TGTS 5.06 1.94 2.60 99

Model of Maximum Outdoor (July- March) Water Demand

SFR 0 = -5.39 - 126.39 (UNDER5) + 57.90 (B5AND17) + 56.50 (B20AND24)
+ 30.55 (OVER64) + 4.87 (TGTS) + 2.96 ( LOTSIZE)

82 = 0.787; Adj. R2 = 0.746

Significant
Variables Coefficient Standard Error T Statistic Confidence Level

Constant -5.39 4.03 -1.34 90

UNDER5 -126.39 16.00 -7.90 99.9

B5AND17 57.90 13.07 4.43 99.9

B20AND24 56.50 12.97 4.36 99.9

OVER64 30.55 10.39 2.94 99.5

TGTS 4.87 1.60 3.05 99.5

LOTSIZE 2.96 1.11 2.67 99.5
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Table 4

Tests for Homogeneity of Coefficients

The three models are regressed on the same set of variables with: none

of the coefficients constrained to be the same; each coefficient separately

constrained; and all coefficients constrained. F tests are then run to deter-

mine whether the indoor and outdoor water demand models are significantly

different, and whether individual coefficients are significantly different.

Unconstrained Models SSE

Indoor SFR M = 4.44 + 2.28(PPH) - 26.0(UNDER5) + 0.03(TGT5) 22.13

Outdoor SFR 0 = 11.28 + 1.07(PPH) - 98.6(UNDER5) + 5.03(TGT5) 108.29

Indoor + Outdoor SFR J = 15.72 + 3.35(PPH) - 124.6(UNDER5) + 5.06(TGTS) 125.26

Constrained Models: Indoor = Outdoor

Constrained Variable(s) SSE F -stat. Significance Level

All 262.79 17.251 1%

Constant 147.14 8.722 1%

PPH 133.90 1.812

UNDERS 164.17 17.602 1%

TGT5 142.58 6.342 5%

The indoor and outdoor models are different at a 1% level of significance.

The effect of the constant and UNDER5 also differ at a 1% level. TGT5 differs

at a 5% level, while PPH cannot be shown to differ.

(SSE - SSE )/4
1 F -stat. calculated by

c uc
SSE /68

uc

(SSEc - SSEuc) /1
F -stat. calculated by

SSEuc/68
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The model of outdoor water demand has many more variables that are significant, including several

additional age groups. Lot size is significant and of the expected sign. In earlier regressions,

income and house value were significant variables; however when lot size is added, they become insigni-

ficant. There is a fairly high correlation between lot size, home value and income.

The most interesting variable is TGT5. Its coefficient seems to indicate that newcomers to Tucson use

less water outdoors, which runs counter to the stereotypical perception of Midwesterners moving to the

Southwest and bringing their water -thirsty landscaping habits with them. It may suggest that water

conservation preachments are more effective for influencing newcomers than long -term residents.

Another interesting conclusion that can be drawn is that indoor and outdoor water demand do have very

different determinants. Indoor demand is mainly dependent on the number of persons in the household

and, the authors suspect, how much of the time they are at home. By contrast, outdoor demand is

characterized by a more complex model. Table 4 shows the results of F -tests which demonstrate that the

demands are determined by significantly different models.

Figure 4 summarizes the effects on indoor and outdoor consumption of all age groups, including those

not statistically significant. The effects have been corrected for the relative percentages of the

population in each age group. Small children have the largest (and negative) effect on both indoor and

outdoor water consumption. The proportion of the population over 64 years of age (OVER64), a surrogate

variable for retirees, shows increased outdoor usage, but constant indoor usage.

CONCLUSIONS

Indoor and outdoor water demand are shown to be characterized by significantly different models. Both

demand models contain significant explanatory variables other than PPH, indicating that total residen-

tial water demand is not simply proportional to population. While the population of the country as a

whole is getting older and family sizes are shrinking, Tucson's high rate of in- migration and its large

Hispanic population make local demographic trends more difficult to determine. Additional work needs

to be done to estimate these trends, as well as determining the trend in lot sizes and investigating

the effects of other variables including the price of water before any serious attempt can be made to

forecast residential water demand.
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Subsurface Production of Chlorine -36 and Its Impact on Ground Water Dating

Mark W. Kuhn, Stanley N. Davis, Richard Zito, and Harold W. Bentley

University of Arizona

Tucson, Arizona

ABSTRACT

Chlorine -36 is an important radioisotope with which to date old ground water. The initial chlorine -36
in ground water originates in the atmosphere by cosmic ray spallation of argon -40. Following
precipitation and infiltration processes, the natural decay of this radioisotope is then used to date
ground water. One must consider, however, the production of chlorine -36 in the subsurface. The
production reaction of most interest is 35C1 + neutron 36C1 + gamma. Buildup of chlorine -36 in the
subsurface can result from cosmic ray secondary neutrons near the surface and natural radioactivity
produced neutrons below the surface. These production mechanisms, if not taken into consideration, will
contribute to the error in chlorine -36 age determinations.

To predict subsurface production rates,
field measurements were made of thermal neutron fluxes for various geologic materials and depths below
the surface. Thermal neutron fluxes were found to vary by more than three orders of magnitude.
Theoretical calculations of neutron flux were compared to filed measurements. Estimates of chlorine -36
production rates were then calculated and compared to measured values of chlorine -36 in very old ground
water, where decay rates have been hypothesized to be equal to production rates.
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STABLE ISOTOPES AND GROUND -WATER CHEMISTRY AS INDICATORS
OF MOUNTAIN FRONT RECHARGE, TUCSON BASIN, PIMA COUNTY, ARIZONA

Carl Mohrbacher (University of Arizona, Tucson, Arizona)

Abstract

The relative importance of mountain front recharge as compared to total recharge was determined
for a portion of the Tucson basin aquifer margin by interpretation of chemical and isotopic data. Con-

centrations of 180/160 lower than 6 -10.7 0 /0o as compared with a background of about 6 -9.3 0 /oo in
ground water from the base of the mountains in the gneissic rock suggest the presence of recharge from
significantly higher elevations. The trilinear diagram of major ions dissolved in ground water from

123 wells in the Santa Catalina foothills indicates three water types. Water from wells in gneissic

rock is high in sodium and potassium content and low in calcium and magnesium. Wells in the gypsif-

erous Pantano Formation yield water high in sulfates. The majority of wells in the study area, which

are along major streams and in the regional aquifer, have calcium carbonate type water. Their chemis-

try indicates only minor contributions from the gneissic mountain block and the underlying Pantano

Formation. Funding for this project came from the Spanish Project Register T377017.

Introduction

The city of Tucson, Arizona, and its surrounding area totally depends on ground water for its

water supply. Economic and population growth has resulted in overdraft of the regional aquifer. To

calculate safe yield, it is necessary to determine and quantify sources of recharge. Mountain -front

recharge occurs along a boundary of the regional aquifer system that parallels a mountainous area

(Wilson and others, 1980). This study discusses mountain -front recharge along the eastern third of the

Santa Catalina Mountains (Figure 1). Tucson is in an alluvium -filled basin which is bounded by moun-

tains on the northeast (Santa Catalina Mountains), east, and west.

Geology

The Santa Catalina and Tanque Verde mountains are composed of gneiss. Average composition of the

gneiss is quartz (42 %), oligoclase (An. 20- 25 %)(32 %), orthoclase (13 %), muscovite (6 %), biotite (4 %),

and microcline (3%) (Medhi, 1964). The crystalline mountain block is bounded on the basin side by a

low -angle fault.

On the hanging wall of the low -angle fault is a tertiary alluvium formation called the Rillito

Formation (Pashley, 1966). Pashley divided the Rillito Formation into three units. The lowest unit,

Rillito I, is interbedded conglomerate, sandstone, and mudstone, and is firmly cemented. Pashley ob-

served massive gypsum beds in the Rillito I unit in an outcrop just east of the present study area.
Rillito II lacks the mudstone and is moderately to firmly cemented. Rillito III has more sand and less

cementation. The Rillito Formation is deformed by normal faults, some of which may join the main low -

angie fault at depth (Figure 2). Overlying the Rillito Formation are Basin -Fill sediments which form

the regional aquifer.

In the area studied, the alluvium consists of low- and high -permeability aquifers. The low- perme-

ability aquifer is Rillito I and II, which crops out in a 2- mile -wide band in front of the mountain

base. The high -permeability aquifer is Rillito III and Basin -Fill sediments. Three types of wells are

present in the study area (Figure 2): wells in gneiss (water samples 41 -22), wells exclusively in the
lower -permeability sediments (water samples #23 -33, 39, 40, 43, and 51 -53), and wells drawing mainly

from the Basin -Fill and Rillito III.

Data

The author used University of Arizona equipment to analyze samples from two streams, four springs,

and 72 wells (Table 1). The cations were analyzed on an atomic absorption spectrophotometer. Fluoride

was analyzed with a specific ion electrode, and the rest of the anions were analyzed with a Hach Kit

using standard methods. Silica was analyzed with both the atomic absorption spectrophotometer and the

Hach Kit; then, the results were averaged. pH was measured in the field and bicarbonate was measured
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in the laboratory within a few days of sampling. Data_from 48 analyses are included from previous stud-

ies. All analyses were checked for accuracy by dividing the difference of cation and anion milliequiv-

alents by the total milliequivalents. Any analyses with more than a 10% difference were rejected or re-

sampled. Wells with several analyses covering a period of years or months were averaged. These wells

did not show long -term trends in water chemistry; the data were too sparse to evaluate monthly varia-

tions.

Results

A trilinear plot (Figure 3) of all analyses shows three types of water chemistry. The large major-

ity of analyses plot as CS- 'Ni - -HCO3 water. A second group of analyses has high sulfate water, except

for #50 and #53, which have high chloride instead of high sulfate. These analyses are of wells in the

less -permeable Rillito units. The third group of analyses has low Ca;` Mgt; high Na, K; and variable

504. These wells are in the gneiss at the mountain base, except for #32A and #32B, which are in the

less -permeable Rillito units. Analysis #32B has high chloride in place of sulfate. These three types

of water chemistry will be referred to as group I, II, or III, respectively.

Mixing appears to take place between group I and the low sulfate end of group III. Except for #28,

all of these wells with mixed water chemistry are more than 212 miles from the mountain base. Only

analysis #30 shows any evidence of mixing between groups I and II. In the cation triangle, most of the

analyses of group I below ten percent Mg are from wells south of Rillito and Tanque Verde Creek.

Scattergrams of bicarbonate (HCO3), sulfate (SO4), and sodium and potassium (Na'and 0 versus
total dissolved ions (TDI) (Figures 4a, b, and c) suggest the processes which cause the different types

of water chemistry. Figure 4a shows that a very strong positive correlation exists between HCO3 and
TDI for wells in the Basin -Fill, but no correlation for wells in Rillito I and Rillito II. Sulfate is

present in only minor amounts in Basin -Fill wells (Figure 4b) and in moderate amounts in the gneissic

hard rock wells. Sulfate increases almost linearly with TDI for wells in Rillito I and Rillito II,

except for those wells which have a high chloride concentration. Figure 4c shows that Natand K +are

positively correlated for each type of aquifer. However, the gneissic hard rock wells are separate

and follow their own trend line which includes alluvium wells #32A, #32B, and #43.

The plot of s deuterium versus s oxygen -18 (Figure 5) shows that most analyses fall along the

local winter meteoric line (Turner, 1983). Five samples showed the effect of evaporation (1, 2, 6, 8,

32B), and three fell above the winter line (18, 36, 324). Table II lists all available isotope data

with the type of water chemistry for each well. The five wells with the lowest oxygen -18 values are

hard rock wells which have a type III water chemistry.

Discussion

Exactly half of the analyses from wells or springs in the gneiss have group III water chemistry.
They also have the five lowest 5180 contents of all samples ( -11.8 to -10.7). The lower 6180 values

suggest a higher point of recharge for these wells as compared to other wells at the mountain base

( -7.8 to -9.3). The difference in isotope values cannot be explained by seasonal effects alone, be-

cause all of the samples fall close to the local winter meteoric line. Smalley (1982) determined an

oxygen -18, altitude gradient of -0.3208(r/0o/305m for the Graham Mountains, 100 km northeast of

Tucson. If this gradient is applied to the difference in oxygen -18 values of the most negative group

I and group III wells at the mountain base, a recharge altitude of 10,600 feet is obtained for the

group III well. This altitude is greater than the highest peaks in the Santa Catalina Mountains. The

discrepancy may be explained by seasonal effects including the greater contribution of snow melt re-

charge at high altitudes.

A high altitude source of recharge for water depleted in oxygen -18 is also suggested by the water

chemistry. The ground water with high Na + content (group III) has probably been in contact with the

albite -rich gneiss for a greater length of time than water with average values of Na (group I). The

longer flow path from high elevations affords more time for the water to equilibrate with the gneiss

than a short flow path from lower elevations.

Other analyses in group III or mixtures of group I and III waters may indicate water flowing up

from faults in the gneissic basement rock. For example, wells #32A and #32B are near a major fault in

the Rillito Formation, which may continue into the gneissic basement rock. Analysis #32B is of water

from a well with twice the depth of #32A, and it has several more feet of head. Sample #326 occupies

an extreme point in group III (Figure 3), which suggests that most of its water comes from the gneiss.

The positive correlation of SO4 to TDI for most wells in Rillito I and Rillito II units (Figure

3, 4b) indicates that dissolution of CaSO4 is the main cause of mineralization of ground water in this

area. The lack of correlation of Ca ++ to TDI is probably due to ion exchange in the clays.

Thé low sulfate concentration in Basin -Fill wells indicates that the Rillito I and Rillito II

units do not contribute significant amounts of water to the Basin -Fill. Assuming that all of the Cl

and SO4 found in Basin -Fill ground water comes from Rillito I and Rillito II units, the percent
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contribution ground water from the latter source can be calculated: average Cl and S0: in group II is

19.5 meq /1 and 0.8 meq /1 for group I. Therefore, the required mixing ratio is 1:23.

The bicarbonate ion is positively correlated with TDI for Basin -Fill ground water. Water perco-

lating through the soil dissolves large amounts of CO2, creating bicarbonate and relatively low pH's.

The more acidic water reacts readily with aquifer materials, principally calcite. Eventually, the

water may become supersaturated with calcite, causing its precipitation. Magnesium does not precipi-

tate out with the Ca + +. Dissolution and precipitation vary with space and time in the aquifer.

As mentioned earlier, CA7Mg' ratios are distinctly lower for wells south of Rillito and Tanque

Verde Creek. The slightly acidic water recharged along these creeks is dissolving pure calcite which

was deposited earlier under different conditions.

Conclusions

Recharge to the gneissic aquifer occurs at various altitudes, and the system is not well mixed.

Faults in the gneissic basement rock are contributing some water to the alluvium. On the basis of

water chemistry, it appears that the amount of water flowing from the low-permeability Rillito I and

Rillito II units is negligible. Calcium /magnesium ratios indicate that the Rillito and Tanque Verde

Creek are recharging the regional aquifers.
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taken from Pashley (1966).
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a 1809% (VS SMOW )

5. a deuterium 0 /0o vs. 5 oxygen -18 0 /00

water samples. The standard is Standard

Water.

Table 1.

Sample
No.

Chemical Analyses in Milliequivalents per Liter

Ca"' Mg
++ Nat& e HCO SO4 Cl- NO F- TDI SI02 Depth

1 1.42 .5b 1.66 4.66 .04 .37 .10 .J3 6.60 .d5

2 1.45 .54 1.48 2.38 .48 .48 .01 .0:: 6.70 .73 190

3 .93 .57 1.38 4.26 .19 .4o .Ob .JG 5.d7 .il 354

4 .95 .64 1.47 1.72 .91 .41 .OV .02 o.4J .76 3uJ

5 .79 .47 1.51 1.5u .05 .42 .J4 9.37 .73

b 2.15 1.02 2.14 3.40 .85 .76 .Ld .JO 10.10 .70 413

7A 2.40 .lo 1.68 4.4c .77 .91 *II .J9 0.14 .7w u

78 .60 .Od 2.96 2.02 .01 13 .47 7.03 .35 409

d .30 .u2 3.41 2.59 .72 .24 .04 .14 7.20 .53 l94

4 1.84 .74 2.34 3.63 .37 .04 .05 .04 4.1Y .o6 4.0u

1u .55 .05 3.44 2.75 .03 .31 .i3 o.Jo 1d4

11 .45 .03 5.42 3.50 2.50 .85 .05 .19 13.01 .14 144

12 .50 .03 7.04 Z.i6 3.45 1.50 .04 .31 49.82 .97 1uL,
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Table 1

Sample
No.

Continued

Ca

. . .

Mg++ Na' & K HCO- SO4 Cl- NOj F- TDI SIQ2 Depth

13 .34 .27 4.91 2.0 4.19 .81 .45 .4 11.01 .05 33

14 .48 .02 4.b5 1.2u 3.44 .79 .03 .03 11.13 .63 co u

12 1.50 .44 1.35 1.50 .69 .73 .13 .Jb o.4u .43 33

lb .64 .14 5.06 1.20 3.33 .74 .13 14.47 .73 0

1/ .ló .08 2.10 2.44 4.20 .04 .00 i2.4o .83 u

18 .34 .26 3.65 2.21 4..26 .41 .04 .31 9.4o .74

19 3.19 .99 2.18 4.94 .73 .49 .Ob .J9 13.17 .63 /lb

20A 3.49 1.40 3.74 4.55 .83 2.40 .03 16.12 40

208 1.29 .j4 2.10 4.00 .59 .41 .05 .04 4.96 .57

21 .55 .ló 2.17 2.34 3.12 .16 .u5 .04 12.1v 1.04 80

22 1.85 .67 1.65 3.47 .35 .46 .12 .J3 8.02 .o9 400

23 2.87 .80 1.89 3.85 .33 1.19 .02 .J2 14.90 .53

24 7.53 .32 3.53 2.26 8.12 .42 .01 .16 24.3b .02 40U

25 11.46 1.14 14.03 1.34 23.20 1.47 .41 .Oó 54.oi .4U 50J

20 7.64 .10 10.00 i.00 14.64 0.85 .13 .47 40.0

27 1.35 .28 .61 1.28 0.00 1.16 4.90 112

20 .80 i.32 6.00 7.00 .21 1.13 4.6.46

29 2.92 1.14 1.92 3.88 1.25 .04 .11 .04 14.53 .o3 450

30 1.90 .54 2.94 2.19 3.14 .21 .Lo .03 10.45 .24 437

31 14.00 1.83 55.41 1.78 01.22 4.b2 .11 .04 134.25 .17 110

32A .ó3 .31 10.30 4.19 2.63 1.45 .12 ./b 23.40 .93 1o3

328 .14 .48 15.ì2 2.43 3.12 9.3o .04 .17 3u.37 .00 3u0

33 4.15 .91 3.72 1.48 4.33 .74 .03 .09 13.45

34 .74 .32 .o4 .68 .20 .29 .02 .02 3.4i .40 ab

35 1.50 .74 2.00 3.11 .62 .70 .05 .03 8.61 bU

30 1.90 .85 1.67 3.13 .68 .10 .10 .04 9.33 324

37 1.72 .59 1.30 2.40 .14 .09 .05 .06 6.00 .04 170

38 2.54 .ao 1.43 2.b4 .oJ 2.00 .15 .04 10.20 .87 19V
39 1.91 .50 1.33 2.44 .27 .74 .U0 .02 7.00 .73

40 2.14U .82 1.u9 3.88 .21 .26 .03 .01 8.00 335

41 1.80 .61 1.12 2.79 .19 .o2 .45 .02 7.40 .02 190

42 2.20 .51 1.13 2.40 1.05 .48 .04 .01 7.22 .43

43 1.04 .26 3.39 3.76 .41 .40 .00 .03 9.36 .51 470

44 1.68 .67 1.39 3.25 .18 .2o .00 .û3 7.82 .66 280

45 1.77 .ó5 1.44 3.22 .26 .50 .10 .03 b.JJ .54 4b0

46A 1.81 .04 1.18 2.88 .56 .21 .16 .01 1.12 .7J 143

468 2.21 .05 1.90 3.44 .34 1.42 .16 .J3 9.73 .00 190

47 1.31 .48 1.01 2.20 .1J .05 .02 .U2 2.66 .67 4öc

48 .05 .58 1.41 2.00 .42 .73 .43 o.10

49 2.99 1.11 2.27 2.72 2.00 1.30 .22 .J3 12.78 .75 144

50 3.14 1.31 1.66 1.26 1.58 3.41 .13 .03 12.67 .07 4.90

21 3.69 1.06 3.60 3.72 1.67 2.20 .26 .aJ 10.90 .04 1o5

52 3.34 .75 1.74 4.94 1.09 .93 .14 14.43 .43 442

53 3.21 .00 10.90 1.39 v.17 7.07 1.53 .03 49.25 .32

54 2.60 .80 1.80 2.70 .09 1.41 .49 .04 10.41 .02 14í

52 .d8 .35 .79 1.9U .16 .3/ .12 .01 4.16 .ó5 ioo

56 1.90 .99 2.22 2.69 .9d 1.41 10.19 140

57 .94 .35 2.49 2.4ó .33 .30 .uo .07 7.14 .38 17
58 1.21 .49 1.78 2.35 .31 .31 .10 .43 6.58 .22 14s

59 1.10 .49 1.57 2.56 .34 .23 .02 .J3 6.34

64 .05 .2o .79 1.94 .02 .25 .04 .45 3.52 .6o 160

61 .51 .2o .71 1.40 U.00 .10 .04 .41 3.43 .7b 102

62 .85 .32 .01 1.6U 4.44 .40 .04 .J1 4.11 .74 1u0

63 1.39 .44 2.23 2.51 .24 1.02 .47 .û9 8.25 .22 304

64 1.83 .50 1.24 2.10 .28 .65 .16 .42 7.u6 463

65 2.59 .74 1.44 3.20 .35 .85 .34 .03 9.02 471

66 2.20 .91 1.32 3.33 .44 .bb .19 .U2 9.14

67 2.24 .41 1.30 3.20 .29 .60 .10 .03 0.79 254,

68 1.65 .61 .48 1.07 .54 .17 .09 .02 2.40 óu

69 .54 .30 1.30 1.72 .16 .21 .13 .04 4.30 .92

70 1.08 .49 1.17 1.80 .22 .40 .09 .03 2.69

71 1.43 .55 1.09 2.16 .4d .44 .01 .02 6.44

72 1.12 .33 1.08 1.76 .01 .38 .06 .42 5.3o

73 1.15 .30 1.46 4.45 .38 .26 .07 .U3 6.1J 30u

74 2.29 .64 2.52 3.14 1.45 .04 .2u .U3 11.11 304

75 1.34 .45 1.40 1.92 .83 .20 .11 .03 o.00 405

76 1.07 .84 1.98 3.56 .49 .48 .03 .02 8.27 .10 1JO

77 1.25 .41 1.74 2.10 .44 .26 0.76 193

78A 1.12 .21 1.58 2.45 .47 .44 .06 .J4 0.32 200

768 4.42 .42 .96 3.25 .49 .30 .22 .U2 0.41 424
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Table 1

Sample
No.

Continued

Ca++

. . .

Mg++ Na+ & Kt HCO3 SO4 Cl- NO F- TDI SI02 Depth

79 0.74 .23 2.09 4.11 1.45 .13 .01 i2.20 76

80 2.99 .33 2.70 3.o7 1.15 1.10 .0i 14.05 91

bl 2.25 .56 1.17 2.44 .0d .00 .07 .04 0.79 425

82 3.30 .91 1.59 3.60 .67 1.14 .45 .u2 11.44 .04 303

83 3.99 1.32 6.46 5.75 2.24 1.69 .41 .v4 41.75 100

84 1.36 .24 .60 1.56 .29 ..0 .03 .0i 4.22 .24 140

65 2.40 .00 1.52 2.47 .19 2.20 0.00 .01 9.21

80 .55 .15 .39 .o8 .40 .08 .03 .01 2.09 .38 123

87 2.20 .50 1.09 2.26 .09 .53 .32 .02 1.79 415

68 .67 .21 l.id 1.71 .24 .23 .Ob .02 4.57 .51 lou

09 .58 .18 .66 i.33 .2o .12 .04 .02 3.41 .:2 00

90 .79 .21 1.11 1.71 .17 .21 .05 .04 4.29 .57 135

91 .80 .20 .51 .86 .37 .2d .G5 .v2 3.09 .32 1u0

92 1.55 .49 .7b 1.52 .63 .23 .12 .02 2.54 100

93 .08 .25 .44 1.01 .23 .41 .01 .01 3.44

94 1.10 .33 1.70 1.67 .31 i.02 .06 6.39 250

95 1.19 .19 1.12 1.79- .90 .30 .u3 .02 5.20 402

90 2.20 .43 1.57 2.05 .90 .55 .07 .02 6.23 247

97 3.08 .40 1.99 3.01 1.49 .89 .20 .01 11.01 245

98 1.47 .20 1.09 1.06 1.01 .47 .03 .42 5.83 170

99 1.J8 .12 1.06 1.07 .19 .22 .05 .01 4.40 .40 bO0

100 2.54 .33 1.78 2.13 1.39 .42 .02 8.61 197

101 2.02 .11 2.15 4.29 1.06 1.06 .10 .01 0.65 .40 609

102 1.90 .33 1.o5 i.84 1.44 .39 .03 7.10 19u

103 .94 .13 2.52 2.d9 .40 .52 .01 .05 7.52 .41 5o5

104 1.50 .33 .39 1.11 .21 .05 .02 4.42

105 1.39 .10 1.1b 2.01 .33 .47 .Ol .01 5.40 370

iOoA 2.04 .27 .06 2.1u .45 .16 .Oó .Ol 5.74 .39 450

1068 1.72 .26 .67 1.90 .46 .17 .Oo .01 5.27 .37 luJ

107 1.7G .lb 1.09 2.44 .5J .34 .11 .Oi 6.32

106 1.23 .14 1.04 1.6o .29 .14 .09 .01 4.29 .41 390

1u9 1.05 .15 1.71 2.37 .75 .32 .12 .J2 7.32 300

110 .60 .41 1.87 2.36 .11 .45 .05 .01 5.92 302

111 2.45 .16 1.63 2.79 .92 .44 .15 6.72 408

114 1.30 .19 1.70 2.41 .52 .34 .03 7.21

113 1.79 .43 1.61 2.80 .49 .39 .06 .01 7.66 432

114 2.23 .bó 1.01 3.00 .96 .5o .15 0.00 6.5+ 5Ju

115A 2.00 .15 1.70 2.434 .54 .2b .11 .01 7.04 500

1178 2.03 .2d 1.06 3.00 .52 .50 .13 .01 5.39 505

116 2.00 .16 .52 1.97 .40 .17 .02 5.44
SAd: .36 .il .22 .24 .11 .23 .02 J.JO 1.29 .19 0

èiPW .26 .ì6 .59 .40 .2b .20 .ud u.00 1.99 .32 J

ì01%: .b0 .2i .52 .u6 .23 .22 .05 3.33 2.2J .35 U

Table 2. Stable Isotope Data

Sample Number 6 oxygen -18 6 deuterium Aquifer Water Chemistry

1 -8.6 -7.9 gneiss group I

2 -8.3 -74 gneiss group I

3 -8.5 -70 gneiss group I

4 -9.3 -75 gneiss group I

6 -9.3 -82 gneiss group I

8 -11.5 -94 gneiss group III

13 -11.8 -- gneiss group III

14 -11.1 -87 gneiss group III

15 -7.8 -64 gneiss group I

17 -11.1 -- gneiss group III

18 -10.7 78 gneiss group III

Gibbon Spring -10.2 -- gneiss

19 -9.3 -76 gneiss group I

22 -8.7 -8.3 gneiss group I

25 -9.2 -7.6 Rillito I, II group II

32A -8.6 -62 Rillito I, II group III

32B -7.5 -73 Rillito I, II group III

36 -9.4/ -9.9 -67.8 / Basin -Fill group I

37 -9.R -- Basin -Fill croup I

Soldier Camp -8.8 -74 gneiss group I
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APPLICATION OF CHLORIDE STABLE
ISOTOPE ANALYSIS TO HYDROGEOLOGY

Ron Kaufmann, Harold Bentley, Stanley Davis, and Austin Long (University of Arizona, Tucson)

Introduction

Anomalous concentrations of chloride in groundwater have been found in many geologic settings.
In deep aquifer systems, chloride concentrations ten times sea water have been reported. In shallow

systems, chloride concentrations are generally observed to increase with depth (White, 1965). Chlo-

ride in groundwater is believed to come mostly from six sources: chlorides introduced directly from
volcanic emanations, chlorides leached from small amounts of brine present in micropores in igneous
rocks, chlorides released from minerals by weathering or diagenetic processes, direct dissolution of
halite, sea water entrapped in sediments, and chlorides from the surface transported downward by me-

teoric water. Occurrence of chloride in -unusual concentrations in aquifers may indicate nearby ig-
neous activity, dissolution of aquifer material, presence of trapped sea water, cross formational
solute movement, or concentration within the aquifer by ion filtration. Of these five processes,

three are rarely suggested to explain chloride occurrence within a specific aquifer. Igneous activity

is not a likely chloride source unless there is direct evidence of such. In old aquifers, most solu-

ble components are thought to have already been removed so dissolution of halite is not usually con-
sidered as a process that contributes chloride to groundwater. Sea water is only considered a direct

contributor of chloride if the overall chemistry of the groundwater appears to have evolved from

marine water. As a result, occurrence of unusual chloride concentrations in a specific aquifer are
most often attributed to either cross formational solute movement (both movement of water with sol-

utes or movement of solutes alone) or ion filtration. These two processes are difficult to distin-
guish because the chloride itself has not been thought to provide direct evidence of its origin. This

paper proposes that the distribution of stable chloride isotopes in groundwater may be applied to
understanding some groundwater systems, and in particular in helping to distinguish the effects of ion

filtration and cross formational solute movement.

Theory of Stable Chloride Isotope Fractionation

Previous research indicated that chloride isotope distribution does not vary significantly in

natural systems. Hoering and Parker (1960) studied stable chloride (masses 35 and 37) in samples from
more than 30 natural materials including halite, sea water, oil field brines, meteorites, and various

rock types. Of all the terrestrial samples they analyzed, only two samples, well field brines from
the Muddy J formation of Oklahoma, were "significantly" different from the laboratory standard. The

Muddy J samples were isotopically lighter by less than 1.0 per mil. The apparent lack of chloride

isotope fractionation is not surprising. J. Hoefs, in his book Stable Isotope Geochemistry (1980),
says that fractionation of isotopes of light elements is likely to occur as a result of equilibrium
reactions in which the elements are in different phases or oxidation states, or during bacterially
catalyzed reactions. Chloride would not be expected to fractionate because chloride is rarely in
equilibrium between phases, is mostly in one oxidation state, and is not selectively used during

bacterial reactions. Still there is the mystery of why the Muddy J samples contained fractionated

chloride.

Chloride isotope fractionation does occur when chloride diffuses, but the effect is apparently
quite small. Kendall (1928) tried to separate chloride mass 35 from 37 by having chloride diffuse

down a tube under an electrostatic potential. He found no fractionation of chloride isotopes.
Madorsky and Straus (1947) succeeded in separating chloride isotopes by using counter current migra-

tion. They also had a NaCl electrolyte solution migrate along a sand -packed tube under an electrical

potential. However, in their experiment, the electrolyte solution flowed in a direction opposite to

that of the diffusing chloride ions. The rate of flow was sufficient to reduce the net transport of

chloride to zero. During the experiment, more mobile chloride 35 migrated towards the cathode while
chloride 37 was carried towards the anode by the flow of the solution. Madorsky and Straus reduced
the chloride 37 to 35 ratio at the cathode from an initial value of 0.3205 at the beginning of the
experiment to 0.2392 at the end.
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Two geologic processes analogous to counter current migration are ion filtration of groundwater
and diffusion of solutes between aquifers due to concentration gradients. In an aquifer which is con-
fined by compacted clay or shale under a large hydraulic head gradient, water may be forced out of the

aquifer through the confining layers. If the boundary of the confining layer is electrostatically
charged by clay minerals, only uncharged water molecules will leave the aquifer unhampered. Charged
particles will not pass into the-confining layer as readily and are concentrated in the aquifer. This

process, referred to as salt filtration or ion filtration, may have produced some of the saturated
brines in deep aquifers and other anomalies at shallow depths. Clays in the confining layer may play
a similar retarding role when solutes diffuse out of an aquifer due to concentration gradients. Dif-

fusion of solutes from one aquifer to another may also have produced some anomalies.

Phillips (1982) suggested an equation to describe the influence that ion filtration and cross
formation solute movement may have on the distribution of chloride isotopes in groundwater. The

counter current model is applied to the boundary between the aquifer and confining layer. The nega-

tive charge of the clays at the boundary is a barrier to chloride anion diffusion out of the aquifer.
Impetus to cross the boundary is provided either by a hydraulic or concentration gradient. When these

two opposing forces are in equilibrium, only a portion of the chloride crosses the boundary. Because
of its larger ionic mobility, chloride 35 is more efficiently repelled by the boundary charge so the
chloride crossing the boundary is isotopically heavier. The resultant distribution of chloride iso-
topes in the aquifer can be described by an equation in the form of the Rayliegh distillation
equation.

Rri = (fa-1) x 103

Ro

Rri indicates ratio (C1- 37/C1 -35) of residual chloride left in the aquifer at
time i.

Ro indicates the initial isotopic ratio of the aquifer (time = 0).

f indicates the fraction of chloride remaining in the aquifer at time i.

a indicates a fractionation factor defined as follows in terms of membrane
filtering efficiency (E) and ionic mobility (Utotal,U35,U37)

(Ú35-U37)(1 -E)
a=

Utotal-U35

The equations above are independent of whether ion filtration or cross formational solute move-

ment is occurring. The equations predict that where diffusion of chloride is occurring out of an
aquifer, the chloride remaining behind in the aquifer will become isotopically lighter. Conversely,

chloride diffusing out of one aquifer into another will make the chloride of the receiving aquifer
isotopically heavier. Knowledge of potentiometric head and concentration gradients linked with chlo-
ride isotope information can indicate if the diffusion of chloride is caused by ion filtration or
cross formational solute movement. In light of Phillips' theory, the chloride isotope ratios in the
Muddy J samples would suggest that chloride ions are diffusing out of the Muddy J, possibly during
the formation of the brine.

Applications to Hydrologic Studies

For our study, we wanted to know if the counter current theory could be applied to understanding
real groundwater systems. The first step was to develop an analytic method for chloride isotope anal-
ysis, in this case we chose mass spectrometry of methyl chloride gas. The laboratory method is des-

cribed in detail by Taylor and Grimsrud (1969), and is summarized as follows:

1. Chloride is quantitatively precipitated as AgC1 from a water sample.

2. The AgC1 precipitated from the groundwater sample is reacted with excess methyl iodide in an
evacuated tube for two (2) days at 70 °C.

3. The resultant methyl chloride is separated from the unreacted methyl iodide gas by gas chro-
matography.

4. Methyl chloride is analyzed by positive ion mass spectrometry.
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Commercially produced methyl chloride gas was used as a reference gas during spectrometric mea-

surements. A value of the stable chloride ratio was determined for sea water from three Pacific ocean

samples. Chloride ratio results of our study are reported with respect to this value of sea water.

The groundwater samples used in our study came from a Louisiana salt dome area and the Milk River
aquifer in Alberta, Canada. These two areas represent two different problems in the geochemical in-
terpretation of chloride occurrence in groundwater; chloride origin and chloride concentration mech-
nism in aquifers.

Chloride origin

In the vicinity of Louisiana salt domes, samples of groundwater have high chloride concentra-
tions. The question is whether the chloride comes from dissolution of salt domes or from some other
source. Samples of salt and fluid from the Weeks Island and Avery Island salt domes were collected by
J. Fabryka- Martin of the University of Arizona along with well field brines near the domes.

Six well field samples were taken from Tertiary sandstone beds at depths between 3,000 and 12,000
feet. These sandstones are slightly tilted by regional structural activity. The salt domes are in-
truded into the tertiary rock layers. Chloride concentrations of the well field samples range from
70,000 mg /1 to 90,000 mg /1. Sampled wells were adjacent to or above the salt domes.

Four samples of salt solution from within the domes (two from each of the domes) were obtained
along with one salt sample from the Weeks Island dome. Chloride concentration in the dome solutions
varied among samples from about 185,000 mg /1 to 230,000 mg /1. Results of the stable chloride analysis
for both well field and dome samples are shown in Table 1.

Table 1. Results of Stable Chloride Analyses of the Louisiana Samples,
Including Chloride Ratio Results, Number of Analyses per Sample, and Chloride Concentrations

Sample

Avery Island
Dome Brines

C1 Concentration **

(mg /1)

Cl Isotope Ratio*
(per mil)

Number
of Analyses

AV -2A 189,744 +0.1 1

AV- 7706/18 228,330 +0.3 1

Weeks Island
Dome Brines

WI -IGE 201,426 +0.1 1

WIMP 194,700 +0.3 1

Weeks Island Salt ( +0.12)- ( +0.2) 4

Well Field Brines
Gulf PC -3 89,562 -0.2

WC -W122 82,836 (0.0)- ( -.05) 2

WC -W141 70,800 (0.0) -( -0.26) 3

WC -W155 78,588 (- 0.13) -( -0.58) 3

WC -W245 81,420 -0.14 1

* All measurements are with respect to sea water. Ranges indicate where multiple analyses were

performed.
** Analyses of chloride concentration provided by J. Martin, University of Arizona.

Table 1 indicates that samples from within the dome are .1 to .3 per mil heavier than sea water,
while those outside the dome are as much as .58 per mil lighter. Though the difference between the
two sample groups is not large (reaching a maximum of 0.88 per mil), the consistency of the results

suggests that the difference is significant.

That the chloride ratio value of sea water seems to divide dome chloride from well field chloride
may not be accidental. Chloride from both the dome and well field probably came from sea water orig-

inally. The difference between the two groups may be that the well field water has been concentrated
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by ion filtration, while dome solutions have not. Removal of a fraction of the well field chloride by
an ion filtration process would be expected to produce isotopically lighter chloride within the

aquifer.

A couple of additional observations may be made about the Louisiana area chloride isotope re-
sults. First, chloride of the well field brines probably did not come from the domes. This observa-
tion is consistent with a recent study concerning strontium in the Louisiana well fields and salt
domes. Pushkar (1983) looked at strontium 87/86 ratio as we looked at the chloride isotope ratio and
concluded that strontium in the well field did not originate from the salt domes. Second, while ion
filtration may explain fractionation of well field chloride, apparently some other mechanism has
caused the dome chloride to be isotopically heavier than sea water. This other mechanism, though un-
known, may be associated with equilibrium processes during salt deposition, or time variations in the
isotopic ratio of the marine chloride.

Concentration Mechanisms in Aquifers

The second area for which chloride ratio analysis was performed presents a more complex problem
than the Louisiana study area. The Milk River aquifer of Alberta, Canada is a sandstone aquifer that

outcrops near the U.S.- Canadian border. The aquifer dips to a depth of 1000 feet about 60 miles into

Canada. A thick layer of glacial sediments overlies the Milk River. Approximately 1350 feet of shale

separate the Milk River from an underlying aquifer, the Bow Island sandstone. Chloride concentration
in the Milk River aquifer varies from near zero at the outcrop to 1295 mg /1 or more in the deeper por-
tions of the aquifer 60 miles north of the recharge zone. Similar increases are noted for other major

ions (Swanick, 1982). Chloride concentration in the Bow Island is as high as 14,000 mg /1 (Schwartz et

al., 1981). Potentiometric maps of the Milk River and Bow Island indicate that the head gradient is

toward the Bow Island (Swanick, 1982).

The unresolved question associated with the Milk River aquifer is whether increased concentration
of dissolved constituents in groundwater is due to ion filtration or cross formational solute move-

ment. Hitchon, et al., 1971, examined the ion chemistry of the Milk River aquifer and several other
west Canada aquifers and concluded that ion filtration controlled groundwater chemistry in the area.
Schwartz and Muelenbachs (1979) reviewed ion chemistry and hydrogen and oxygen isotope distribution in
the Milk River, and concluded that mixing of incoming and connate water from adjacent shale beds was
responsible for the aquifer chemistry. Phillips (1980) reviewed the same isotope data from the Milk
River and suggested that ion filtration could have caused the observed isotope distribution. Bentley,

et.al. (1983) concluded from radioactive C1 -36 data that ion filtration is the dominant mechanism for

chloride concentration.

To help resolve the question of concentration mechanisms in the Milk River aquifer, we measured
chloride stable isotope ratios of six samples from the aquifer. Table 2 contains the results of those

measurements.

Table 2. Results of Stable Chloride Analyses of the Milk River,
Including Chloride Ratio Results, Number of Analyses per Sample, and Chloride Concentrations

Sample Cl Concentration ** Cl Isotope Ratio*
(mg /l) (per mil)

Number
of Analyses

1 627 (- 0.31) -( -0.38) 2

17 1093 +0.8 1

43 420 +0.6 1

11 356 +0.7 1

* All measurements are with respect to sea water. Ranges indicate where multiple analyses were

performed.
** Chloride concentrations are from Swanick, 1982.

Sample 1 is from the northwestern corner of the study area. Sample 17 is located about 50 miles

directly east of sample 1. Sample 11 is midway between samples 1 and 17. These three samples are 60
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miles north of the intake area for the aquifer. Sample 43 is located about 20 miles south of sample

11

Table 2 indicates that all the samples except sample 1 have a chloride isotope ratio of about

+0.7 per mil. Sample 1 has a value that is about 1.0 per mil lighter ( -0.38 per mil).

A relevant interpretation of the stable chloride ratio results can be made by assuming the
chloride at the point of recharge is the same as sea water (0.0 per mil). Using the counter current
fractionation model, sample 1 would indicate fractionation during outflow of chloride from the aqui-

fer. The other samples indicate inflow of chloride, possibly from confining layers, perhaps ulti-
mately from the Bow Island. It is not difficult to envision chloride coming from the Bow Island since
the concentration in the Bow Island is much greater than in the Milk River. Although the present po-
tentiometric head is higher in the Milk River than the Bow Island, it is possible for chloride to dif-
fuse upward against the hydraulic head. Approximations of these two processes using the darcy
velocity equation and Fick's First Law with suitable variables for the Milk River situation indicate
that the velocity of the water movement vertically is on the same order of magnitude as the rate of
diffusion (about 10-11 m /s) upward from the Bow Island. Then the only question is why would the west
side of the study area have chloride that was isotopically lighter than the east side. This situation

might occur if the west side possessed a potentiometric head which was larger than the east side and
sufficient to stop diffusion of chloride into the Milk River. Indeed the west side of the area has a
potentiometric head gradient between the two aquifers that is twice the head gradient in the east. In

other words, it is possible that water is leaving the Milk River by ion filtration throughout the area
but on the east side, flow is sufficiently slow that chloride can diffuse into the Milk River from the

Bow Island. Interestingly, this interpretation reconciles Phillips' and Bentley's conclusions with
Schwartz' and Muelenbachs' interpretation, in that both ion filtration and cross formational solute

movement is suggested to be occurring. Before the chloride isotope interpretation can be accepted
for the Milk River aquifer, more work must be done to clearly establish a link between laboratory ex-
periments and actual field situations.

Summary and Final Discussion

Anomalous occurrences of the chloride in groundwater are often attributed to ion filtration or
cross formation solute movement. Evaluation of isotopic and ion chemistry has not always been able to

distinguish the influence of these two mechanisms. Analysis of stable isotopes of chloride has the
potential to differentiate the influence of the two mechanisms. Counter current theory, based on lab-
oratory experiments, suggests that groundwater chloride will be fractionated during diffusion through

clay or shale confining layers. The direction of movement (either into or out of an aquifer) of chlo-

ride will be indicated by the chloride isotopes ratios.

Utility of this counter current fractionation theory was tested by determining the isotopic dis-
tribution of chloride in aquifers in Louisiana and Alberta, Canada. In Louisiana, the chloride iso-

tope results were used to determine whether chloride in brines from wells was contributed by dissolu-

tion of nearby salt domes. The results suggest that the chloride in brine from wells had been made
lighter by ion filtration than the salt dome chloride, and probably did not originate from the dome.
In Alberta, Canada, chloride analysis was used to determine whether ion filtration or cross formation-
al solute movement influenced chloride concentration in the Milk River aquifer. Analysis results sug-

gested that both processes may be involved in the concentration of chloride in the aquifer, though the
processes were not operating uniformly throughout the aquifer.

The results of this study indicate that chloride isotopes are fractionated in natural systems and
that the fractionation may aid in understanding the origin of chloride and diffusion processes in

groundwater. More specifically, chloride isotopes, in conjunction with other information, may allow
researchers to distinguish the influences of ion filtration from those of cross formational solute
movement. In addition, several general comments should be noted concerning the use of stable chloride

isotope analysis for interpreting the groundwater systems. Some of the advantages of chloride isotope

analysis are as follows:

1. Accurate isotope measurements are not difficult to obtain.
2. Chloride isotope distribution is probably not influenced by mechanisms other than counter

current fractionation.
3. Other information used when interpreting chloride isotope analysis results, such as potential

head and concentration gradients, is not difficult to obtain.

Though chloride isotope analysis can become a powerful tool for hydrogeologic research, consider-
able work needs to be done before there is complete confidence in interpreting the results.
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Laboratory experiments which more closely describe diffusion processes in natural systems should be
done and chloride ratios evaluated from such experiments. This would help close the gap between the

original counter current experiments and natural systems. Also, other chlorine fractionation mecha-
nisms such as those associated with hydrothermal and precipitation processes should be investigated to
provide a better understanding of natural processes which could affect isotopic ratios of chlorine.
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Volatile Organic Ground Water Contamination in the Tucson Airport Super Fund Area, Tucson, Arizona

Sandra Eberhardt, Pamela Beilke, and James Angell

Arizona Department of Health Services

ABSTRACT

The Tucson Airport Super Fund Area is currently being investigated by the Environmental Protection

Agency, the Arizona Dept. of Health Services, the City of Tucson and the Arizona Dept. of Water

Resources for volatile organics and heavy metal ground water contamination. The volatile organics

include trichloroethylene (TCE), trichloroethane (TCA), dichloroethylene (DCE) and heavy metals,

primarily chromium. The area is defined as north of Los Reales Rd. to distinguish this contamination

from the US Air Force Plant No. 44 contamination south of Los Reales Rd. The investigation includes

defining the hydrogeology, the extent of ground water contamination and potential contamination

sources. The aquifer being contaminated is located in the Upper Santa Cruz Basin and is the principal

source of domestic water for the City of Tucson. The area of concern currently contains 177 water

wells; 24 of these wells are contaminated with TCE concentrations ranging from 5 ug /1 to greater than

400 ug /l. This includes 6 City of Tucson public supply wells. There are currently 6 potential

contamination sources being investigated. The first phase of Super Fund will enable the State and City

governments to collect and analyze data which will be used for remedial action.
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COMPUTER SIMULATION OF SALTWATER INTRUSION
Dinshaw N. Contractor

University of Arizona, Tucson, AZ 85721

INTRODUCTION

Careful management and planning of groundwater aquifers is essential to assure users of an adequate
and sustained yield of water. This process helps to avoid the "mining" of water and excessive drawdown
of the water table and the dangers inherent therein. When the aquifer has a coastal boundary, an addi-
tional danger is the intrusion of the seawater into the aquifer. Excessive pumping could cause an
increase in the salinity concentration of water, rendering it unfit for drinking and other purposes.
Management of the aquifer includes knowing the location of the salt water interface under present and
future pumping conditions. A numerical model is one method by which the location of the salt water
interface can be estimated for a given set of hydrologic conditions.

Two types of models can be used to study saltwater intrusion into aquifers. The first type of
model is one in which a sharp interface separates the fresh water and salt water (Bear and Dagan, 1964;
Fetter, 1972; Glover, 1959; Kashef, 1975; Pinder and Page, 1976; Rumer and Harleman, 1963; Shamir and
Dagan, 1971; Van der Veer, 1976). The second type assumes that the salt water has gradually mixed
(diffused) with the fresh water resulting in salt concentration from zero to the concentration that
exists in the sea (Bear and Dagan, 1963; Desai and Contractor, 1977; Gelhar et al., 1972; Henry, 1964;
Segol et al., 1975). In general, there is always some degree of salt water diffusion in coastal aqui-
fers. However, when the diffusion is confined to a narrow band in the aquifer, it may still be appro-
priate to use a sharp interface model. This report describes the development and use of a sharp inter-
face model.

Several numerical methods have been used in sharp interface models, including the method of char-
acteristics, finite difference and finite element methods. The concepts and techniques described by
Sa da Costa and Wilson (1979) have some unique features and are used extensively in this study
(Contractor, 1981a). The model utilizes linear triangular elements and the Galerkin weighted residual
method for deriving the element equations. The model has been applied to a variety of flow situations
for which analytic solutions are available and the numerical accuracy of the model confirmed. The
model was also used to study the behavior of the aquifer in Guam; an aquifer which had a complex bound-
ary geometry, basement topography and boundary conditions (Contractor et al., 1982). The model also
has the capability of studying aquifers that are partially confined and partially unconfined. Even
though aquifers of this type are rare, they are known to exist in Hawaii. An application of this kind
is presented in this paper.

CAPABILITIES OF COMPUTER PROGRAM

The computer program can handle steady or unsteady flows, and can analyze both confined and uncon-
fined aquifers. If the aquifer is confined, the program can consider leaky and nonleaky conditions.
Additionally, any number of pumps can be accommodated at the nodes of the network. Recharge is constant
in an element but can be varied from element to element. Specified head or flow conditions can be
applied at the boundaries. At a coastal boundary, a mixed or third -type boundary condition can be
specified. For steady flow conditions, the saltwater head can be specified to be zero along the bound-
ary or at every node in the network. This procedure assures that the Ghyben- Herzberg condition is
satisfied. The program can also be run in the unsteady mode with the Ghyben -Herzberg condition. If the
saltwater head at every node in the network is specified to he much less than the anticipated freshwater
head, the results of the computer program will show that the thickness of the saltwater layer is equal
to an arbitrarily small value (BTOE). Under these conditions, the program can simulate flow in a fresh-
water aquifer. Since the heads are assumed to vary linearly across the triangular element, the velocity
in each element will be constant and the program can print out the components in the x and y directions
in each element in both the fresh water and salt water layers. These velocities can then be used to
calculate the flow rates across any line or boundary. The program can also determine where in the net-
work a freshwater or saltwater toe occurs. A saltwater toe occurs where the interface intersects the
lower impervious boundary. The output provides the element number, the node numbers, and the fractional
distance between the two nodes where the saltwater toe occurs. The same kind of information is also
provided about the freshwater toe. A freshwater toe occurs where the phreatic surface intersects the
lower impervious boundary or where the interface intersects the upper impervious boundary in confined
aquifers.

VERIFICATION WITH ANALYTIC SOLUTIONS

To promote confidence in the program, it was advisable to check the output of the program against
results that are analytically known. The program was checked out against three different groundwater
problems. The first problem dealt with the steady state, one -dimensional saltwater intrusion into
confined and unconfined aquifers. The second case was the unsteady drawdown of head due to pumping of
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a well (Theis solution) in a confined aquifer. Finally, the program was checked against the analytic
solution of the one -dimensional gravitational segregation problem (Gelhar et al., 1972). The results
of all three simulations (Contractor, 1981(a)) indicated good agreement with the analytic solutions.
Many more analytic solutions are available in the literature to check the numerical output of the pro-
gram. However, the satisfactory agreement obtained in these three flow cases indicated that the basic
numerical technique and procedures are sound.

APPLICATION OF MODEL TO THE NORTHERN GUAM AQUIFER

Guam is located within Micronesia at 13028' North latitude and 144o45' East longitude. It is the
largest and southernmost of the Mariana Islands. It is approximately 30 miles long, ranges from 4 to
11 -1/2 miles wide and has a land area of 212 square miles excluding reefs. The island is divided into
two nearly equal areas of different geology (WERI Staff, 1980). The northern half is a broad limestone
plateau bounded by cliffs and the southern half is a dissected volcanic upland fringed with limestone
along the east coast. The limestone plateau of Northern Guam slopes gently to the southwest from an
altitude of about 600 feet in the north to less than 100 feet at the narrow midsection of the island.
The various limestone units rest on a basement complex of older volcanic rocks. Because of their low
permeability, the volcanic rocks act generally as a barrier to groundwater movement and in Southern
Guam do not readily yield water to wells. The Mariana and the older Barrigada limestone constitute the
main aquifer of Northern Guam. Taken together, the two limestone formations may be described as a per-
meable, massive, clean limestone that is relatively free of clay and volcanic detritus. The most impor-
tant characteristics of the limestones in relation to groundwater movement are their high hydraulic
conductivity and porosity.

Almost all residences on Guam are served by the public water supply system. The approximate amount
of water produced from all sources is 28.5 million gallons per day (mgd). Most of this water (56 %) is
withdrawn from the aquifer underlying the northern half of the island by means of approximately 75 wells
The remainder of the water is obtained from surface water sources in Southern Guam (28 %) and springs
(16 %). The economic growth and development of Guam is inextricably intertwined with the water resources
available on the island. Increased quantity of water made available to the public is essential to
future growth in population, industry and agriculture (Marsh and Winter, 1975; PUAG, 1971). Pumping
water from the Northern Guam lens is a very cost -effective method of increasing the water supply. In-

creased pumping, however, should guarantee that the quality of the water is not compromised at the high-
er level of pumping. Sea water intrusion depends on the recharge to the aquifer and the distribution
and rate of pumping from the aquifer. If the rate of pumping exceeds the natural rate, then mining of
water from the aquifer will take place, and it will be only a matter of time before the lens is depleted
and the aquifer is contaminated with salt water. Recovery of the aquifer from such a condition would
be a very slow process.

The aquifer in Northern Guam is bounded by the sea coast on the east, north and west and by a vol-
canic outcrop on the south. The aquifer also has a complex basement of impervious volcanic rock. The

elevations of the basement were the subject of a separate study (Biehler and Walen, 1981). Fifty -six

reversed seismic refraction profiles were established throughout Northern Guam in order to define the
basement.
Seismic refraction was successful because the volcanic rocks have a consistently higher seismic veloc-
ity (7,000 -9,000 ft /sec) than the limestones (2,500 -3,000 ft /sec) throughout most of the aquifer. On

the basis of these data, a contour map of the basement surface was assembled. The basement elevations
at the nodes of the element network were interpolated from this contour map.

There are about a dozen rain gages scattered over the island. The rainfall in Northern Guam under-
goes a loss due to evapotranspiration and the rest of the rainfall recharges the aquifer. There is no

surface runoff (streamflow) in Northern Guam. On the other hand, the rainfall in Southern Guam under-
goes a loss due to evapotranspiration and the rest of the rainfall becomes direct runoff and stream -

flow. Very little infiltration occurs because of the impermeable volcanic rocks that outcrop in the
south. This contrasting hydrologic feature is made use of by Mink (1976) to calculate the recharge to
the aquifer in the north. The same technique is used in this paper. The USGS publishes streamflow
records for many streams in the south of Guam (U.S. Geological Survey, 1978). The annual flow in these
streams can be converted to inches of runoff. The evapotranspiration in the south is calculated as the
difference between the average rainfall in the south and this runoff. The evapotranspiration in the
north can be taken to be equal to that in the south. The recharge to the aquifer is then equal to the
average rainfall in the north minus the evapotranspiration.

The Northern Guam aquifer was discretized into 222 triangular elements and 149 nodes (fig. 1).
Pumps are located at 70 of these nodes. Thirty -three elements have one side along the coastline and
35 nodes on the coastline have saltwater heads specified as a function of time. Region I of the aquifer

consists of the Mariana limestone and Region II the Barrigada limestone. The porosity of both regions

was estimated to be 0.25. However, the conductivity of each region had to be determined by calibration

of the model. This was done by using the historical hydrologic data of 1978, 79 and 80. The input
data consisted of the recharge, pumping rates and elevations of the sea on a monthly basis. The output

of the model was compared with the measured elevations of the water in six observation wells. The per-

meability in each region was varied till satisfactory agreement was obtained between the computed and
and measured elevations. The result of the calibration run at one of the observation wells is present-
ed in fig. 2. It was determined that the best estimate of conductivity for region I was 1000 ft per
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day (fpd) and for region II was 5000 fpd.

MANAGEMENT RUNS

The model was used to determine the effect of increasing the current pumping rate of 18.5 million
gallons per day (mgd) to 60 mgd. An analysis of the monthly rainfall and evapotranspiration over the
aquifer showed that substantial recharge occurs only during the months of July to November, the remain-
ing months of the year having zero recharge. This management scenario was modeled on the computer.
The initial conditions were taken to be the same as those used for the calibration runs. The simulation
was run for a year and the results at the end of the year were used as the initial conditions for simu-
lation of a second year of the hydrologic conditions. This process was repeated for five years, at
which time it was felt that steady cyclic conditions would prevail. Fig. 3 shows the water surface
elevation at one of the nodes for the five year simulation. It can be seen that steady cyclic cohdi-
tions were not achieved and that the simulation would need to be continued for several more years.
Fig. 4 shows the variation of the saltwater head at the same node. It can be seen that the saltwater
has to encroach into the aquifer much more before steady cyclic conditions prevail in the aquifer.
Fig. 4 also shows that the interface has risen 35 feet in five years and would rise even more for steady
cyclic conditions. The interface moves slowly to its new steady cyclic position because it has to force
a large amount of seawater through the porous media.

APPLICATION TO AN AQUIFER THAT IS PARTLY CONFINED
AND PARTLY UNCONFINED

Some aquifers have the unusual characteristic that a portion of it is confined and the rest of it
unconfined. Aquifers of this kind are known to occur in Hawaii and their analysis has been difficult.
The aquifer in Southern Oahu is composed of basalt. However, the basalt has a cap of limestone of lower
conductivity than the basalt near the coastline. Fig. 5 shows the details of such an aquifer. The
limestone acts as a leaky aquitard above the basalt aquifer. The location of the saltwater interface
depends on the flow of fresh water and the hydraulic conductivity of the aquitard. A finite element
grid was used to simulate the aquifer in fig. 5 using parameter values close to those of Southern Oahu.
Figure 5 shows the location of the interface for different values of the flow rate and the hydraulic
conductivity of the limestone cap (aquitard). It can be seen that the interface moves out toward the
ocean for increasing values of flow rate and for decreasing values of the aquitard conductivity. The
program can handle additional complexities such as pumps, local non -homogeneities, recharge, etc. Thus,
this program is very well suited to manage aquifers of this type.

CONCLUSIONS

1. A two -dimensional finite element model has been developed to solve problems of saltwater intru-
sion into aquifers.

2. The finite element program has been checked for accuracy against analytic solutions of three
different groundwater flow cases.

3. The model has been applied to the Northern Guam aquifer. The conductivity of the aquifer was
calibrated using hydrologic data of 1978 -80.

4. A Management run was made to determine the response of the aquifer to increased pumping.
Simulation for a five -year period did not result in steady cyclic conditions. The reason for this
appears to be the sluggish movement of the interface.

5. Some aquifers in Southern Oahu, Hawaii have the characteristic of being partly confined and
partly unconfined. Such aquifers have been difficult to analyze. This program, however, can be used to
locate the interface. An application of the program to such an aquifer is provided.
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FIG. 1. DISCRETIZATION OF GUAM AQUIFER.
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EVALUATION OF GROUNDWATER MONITORING METHODOLOGIES IN THE
TUCSON COPPER MINING DISTRICT

by

Frank G. Postillion
Pima Association of Governments

Tucson, Arizona

David M. Esposito
Tucson Active Management Area

Arizona Department of Water Resources

ABSTRACT

The Upper Santa Cruz Basin Mines Task Force implemented a two year groundwater monitoring program
in response to recommendations of an earlier investigation. The work program included monitoring
several copper mines' tailing ponds and wells 15 -20 miles south of Tucson. ASARCO mine was monitored
to determine the source of high sulfates and TOS in the groundwater in the vicinity of the ASARCO ponds.
A network of twelve sampling sites was sampled quarterly to look at water quality trends over time.
One additional monitor well was drilled at the base of ASARCO's newest pond. The Anamax groundwater
monitoring program consisted of investigating changes in water levels and water quality in the vicinity
of its two tailing ponds to determine the hydrologic impacts of the ponds. The Duval program
consisted of a network of thirteen monitor and seven interceptor wells. It was designed to determine
the effectiveness of the interceptor wells as a management practice for preventing migration of
mineralized tailing pond seepage to downgradient areas. The programs are compared in relation to their
relative merits and their effectiveness in determining the groundwater quality impacts of the tailings

ponds.

INTRODUCTION

Studies concerning tailing pond seepage and recharge of tailing pond water south of Tucson began
over twelve years ago. Data collected in the early 1970's by the United States Geological Survey
indicated recharge of tailing pond water at one mine. Monitoring of groundwater showed increased
concentrations of sulfate and total dissolved solids in downgradient wells monitored over a ten year

period. Information from a water rights case suggested significant groundwater recharge was occuring
through tailing ponds south of Tucson (Thuss, 1978).

Earlier soils and water quality studies of the tailing ponds reached various conclusions. A

materials investigation of the tailing ponds south of Tucson characterized the water quality, soil
density, particle sizes and permeabilities of the tailings and tailing pond water (Engineers Testing
Laboratory, Inc., 1973). The rather high sulfate and total dissolved solids concentrations in the
tailing pond water and downgradient wells suggested the ponds were a possible source of degraded water

in the wells. Two additional studies (W.A. Wahler and Associates, 1973)(Hail, 1974) completed a
drilling exploration program at the mines' tailings ponds. The program included soil sampling and

laboratory analyses of the soils. Additionally, these studies included drilling four monitor wells

at the base of four different tailings ponds. Water with high total dissolved solids and sulfates,
exceeding recommended Arizona State limits, was found at three of the four sites.

The Upper Santa Cruz Basin Mines Task Force completed its first study in 1979. Investigation of

water levels and groundwater quality in the Sahuarita -Continental -Green Valley area was generally
inconclusive regarding the impact of tailings ponds on groundwater since there were few monitor

wells to sample near the tailings ponds and only one round of samples was obtained. The Mines Task

Force recommended further studies in the tailing ponds areas to determine the effects of tailings

ponds on the local groundwater. The three groundwater monitoring programs to be discussed in this

paper were conducted as a result of the Task Force's 1979 recommendations (Upper Santa Cruz Basin Mines

Task Force, 1979).

An independent study of the ASARCO tailings ponds effects on groundwater recharge and contamina-
tion was conducted during the same period as the Mines Task Force study of the ASARCO ponds (Thurnblad,

1982). The independent study evaluated the effectiveness of stable isotopes of hydrogen and oxygen

as tracers of tailings pond recharge and subsurface movement. Isotope information coupled with
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sulfate, calcium and total dissolved solids data suggested localized tailings pond recharge as the
source of degraded downgradient monitor and industrial well water.

PEDCo Environmental, Inc. has just finished a groundwater and source monitoring study of the
Cyprus -Pima tailing ponds area south of Tucson. The study followed the Resource Conservation and
Recovery Act guidelines. Five wells were constructed for the program: three wells immediately
downgradient, one well upgradient, and one well further downgradient of the suspected source. Results
from this study are not yet available, but they will be used for recommendations to the Environmental
Protection Agency as to what kinds of regulations are necessary for tailings pond disposal (PEDCo, 1983).

An evaluation of the monitoring programs performed as part of the Upper Santa Cruz Basin Mines
Task Force Program is presented in this paper. These programs include the ASARCO, Anamax, and Duval
study areas. The Task Force consists of various public entities and includes, or included, the four
mining companies operating south of Tucson. Recommendations will be formulated by the Task Force for
future activities in each site -specific area.

MONITORING PROGRAMS

ASARCO Program

The purpose of the ASARCO program was to determine the source of increased sulfates and total
dissolved solids in the groundwater in the vicinity of the ASARCO ponds, and to develop, as necessary,
recommendations for the future (Upper Santa Cruz Basin Mines Task Force, 1980).

The program included wells in Figure 1. All of these wells were measured for water levels in
1981 and 1982 and the underlined wells were sampled for water quality quarterly over a two year period.
Two monitor wells at the base of ASARCO Tailings Ponds #1 and #2 were sampled. The City of Tucson
monitor well was redeveloped after two years of non -use (since the 1979 Baseline Report). The Bureau
of Indian Affairs' well was drilled during the monitoring program and was sampled during two subsequent
sampling runs. M -6, M -7, M -8, M -10, M -11, SX -1, SX -2, and SX -3 are ASARCO industrial wells which are
downgradient of the ASARCO tailings ponds. Beginning with M -6, the wells range from about one to two
miles downgradient of the ponds. Two other water quality sampling sites were established at the ASARCO
pits about one to two miles upgradient of the ponds.

The quarterly sampling was sufficient to obtain temporal trends for any plume movement into the
wells. From both a monetary and a data interpretive viewpoint, the frequency was more than sufficient.

Constituents that were analyzed included all the major cations and anions, copper, molybdenum,
total dissolved solids, electrical conductance (lab and field), pH (lab and field), and field tempera-
ture. Analyses were done by BC Laboratories of Bakersfield, California, an Arizona State Certified lab.
Ten percent of the samples were split between BC and Arizona Department of Health Services Labs for
verification.

Deficiencies of the monitoring program included: the lack of monitoring wells to the east and
northeast of the tailings ponds, the need for sampling the tailings ponds, and the need for sampling
additional constituents used in the copper milling process. It is difficult to describe the flow
regime and water quality to the northeast of ASARCO Pond #1 since there are no monitor wells in that
area. There is a known cone of depression described in earlier studies (Upper Santa Cruz Basin Mines
Task Force, 1979) which is centered about the ASARCO and Cyprus -Pima well fields and defining the
northern influence of the cone is difficult. Table 1 presents pond water quality data for ASARCO.
Pond water quality is significantly different temporally and points to the necessity for more
frequent pond sampling to obtain better understanding of variations in water quality. Finally,
because of the addition of flotation agents, and the type of ore being processed, there is a
need to analyze the ponds and wells for selenium, cyanide, and chemicals used in the copper and
molybdenum flotation processes.

Anamax Program

The purpose of the Anamax tailings pond monitoring program was to determine the hydrologic impacts
of the ponds, and to develop recommendations, as necessary, for future activities (Upper Santa Cruz
Basin Mines Task Force, 1980).

The program included wells in Figure 2. Underlined are the wells sampled for water quality while
the others were checked only for water levels.

Water quality samples were taken on a quarterly basis. This frequency was again sufficient for
observation of seasonal trends and plume movement. Three wells sampled for water quality parameters
were at the base of tailings ponds: P -1225, P -1758, and P -1759. The other two wells sampled were
public supply wells ST -5, one -half mile east of Tailings Pond #3; and ST -6, about one mile east of the

104



EXPLANATION

M.nM.r well

Mi.. $uOilt well

e MM. Drill Wl.

De.. 1,611

h

R. 13 E.

. 1 ' 1

16

TAILINGS
POND No.3

TAILINGS
POND No.2

TAILINGS
POND No. I

. . \

za

ó...._ca_ Ó.:r_.:.-- -P_3. -
M-i' M-B M-1I _!./ ^

.

-- -- t ! - '. 1 'P-11 t P_Zi.

P-4 i QT:
;9% t _ a
: ,3i 7g P-S

1.1 \:\
1 1 .i I \

-6. P-IT,
PI

2. 5 P-10O T. 16 S.9-_
_' P-19 ` . T. 17 S.

{i ¡ lil E - f

I

li 5 1 1 I 1 } :ti¡

P-8 I 1 \. PI,-4 '-
Q}- '`_{ \}'
i9i I

l'P-!

t" P-8
I

_.`.'\ .Ai

1e 178

-3S---, -__e

, eDOH-63

DDH -187
e

1147
e

e1173'

CDR -34 .

£0.00 ..c u90n.tew FROM u S G.OLOaol 10R. OM 0 1e 751 .O PO. 011GMIO.S reom cull. nu
1.000 .000 6.000

FIGURE 1 - LOCATION OF WELLS AND DRILL HOLES IN THE VICINITY OF THE ASARCO PONDS

105



TABLE 1 - CHEMICAL COMPOSITION OF WATER
FROM ASARCO TAILINGS PONDS

Constituent (mg /1) Pond No. 1 Pond No. 2

Calcium
Magnesium
Sodium
Potassium
Carbonate
Bicarbonate
Chloride
Sulfate
Nitrate

530
41
190
49
35
0

43
1,600

2

552
5

163
70
0

39
26

1,558
2

615
2

166
-
0

41
38

1,745
<1

760
1

240
72
0

18
32

2,400
2

Flouride 2.0 3.7 0.6 2.3

Iron <0.08 0.05

Manganese <0.04 0.08

Arsenic <0.005 - - <0.01
Chromium <0.04 - - <0.01
Selenium 0.013 - <0.01
Molybdenum 1.9 5.5 16 2.0

Lead - - - <0.01
Copper - 0.01

Zinc - - 0.14

Cadmium - - - X0.01
Boron - 0.4 0.13

Vanadium - - - <0.1
Electrical Conductivity

(micromhos at 25 °C) 2,993 - - 3,351
Total Dissolved Solids 3,500 - 2,629 3,333
Total Organic Carbon 7.8 - - 6.7

Field pH - - - 5.5

Lab pH 10.1 6.7 5.0 6.5

Date 5/4/81 2/17/71 10/18/71 8/20/81

Lab U of A ETL ETIf BC Labs

1971 analyses from Engineers Testing Laboratory, Inc. (1973) and
1981 analyses from Thurnblad (1982).

106



EXPLANATION

O oannue

e Public Seedy

o Irrigation

p Yee S4100111

Monitor

Dnesea

e Ammar Drill Hole

Yells

Local well<levelotiens en sagen.

R. 13 E.

,, U Ie----- Grijalvo ` --
TanórO; OOGonzales

t11.-3iI - :1 ,.,'
1. - ,1 / t . -
{ \ " i {°5-25 yF_ ", t.lSß.\ ? I rvL_

_-i--' I l ~IS-53;: ._
. ` , ---

i¡

(
,s,

i
ti 1 s-ás 1 ,

Int
. 1 -S-35 (.aU

:'

j P-1i56"'.
1 ¡_°TS

I.j TAILINGS POND No. 3 `°P-1260 1- -

.3 P-1759

N;,:.y'V :--r.t_., lï:

TAILINGS POND No.2

f =

e

e P-
A-4

P-725A- 97

DDH-1349

F-S

IjO-
O

-

B_9/ . T. 17 S.
AN-4®\ ! -4 ; T. IB S..i /L',

REIN AL. CY - ---

eal-IaYOta-Di

In
TGF06nYNlc INFOttNTIOss FROM U S 6EOlO0GLL SURVEY beUl 010 POND a

6 z,000

I n1TIOee RIMY rWr1ss6Ee se no ssoIs (10112, ++
ss,OOO e.000

F C E T

FIGURE2- LOCATION OF WELLS AND DRILL HOLES IN THE VICINITY OF

THE ANAMAX PONDS



southeast toe of Tailings Pond 43. Constituents analyzed included all the ones sampled in the ASARCO
program and also trace constituents such as selenium, arsenic, silver, mercury, zinc and lead. Well

P -1225 showed a marked increase in sulfate and total dissolved solids over time indicating tailings

pond recharge.
The program's additional needs, which will be recommended for future investigation,include:

tailings pond water quality sampling, including products used in the flotation process and radiologic
analyses, and placement of additional monitor wells between the wells next to the ponds and the public

supply wells. The latest available data for pond analyses is from the early 1970's (Engineers Testing
Lab, Inc., 1973) and if trends follow the ASARCO pond water quality trends, Anamax pond water quality

could be substantially different. The number of wells in the Anamax program is not sufficient to

define the areal extent of subsurface sulfate movement. In comparison to the ASARCO or Duval programs,

the areal coverage of the Anamax area is minimal and could benefit by expansion. Water level data
suggest an area of depressed groundwater elevation due to pit dewatering (Upper Santa Cruz Basin Mines

Task Force, 1979). The necessity of wide areal coverage for water quality monitoring under altered

flow directions is evident.

Duval Program

The purpose of the Duval monitoring program was to determine the effectiveness of the Duval
interceptor well system as a management practice for mitigating downgradient groundwater degradation,
and to develop recommendations concerning the Duval interceptor and water quality monitoring systems.

Figure 3 delineates the Duval monitoring system. Underlined wells were sampled for water quality

parameters. Ten three -inch diameter monitor wells ring the Duval tailings ponds. Additionally, three

three -inch diameter monitor wells are in a line from north to south about one mile east of the north-

east part of the tailings pond. These wells were bailed with a mechanical stainless steel bailer.
Seven interceptor or barrier wells also ring the pond. Interceptor wells were constructed to alter

the direction of groundwater movement to mitigate potential water quality degradation of downgradient

public supply wells. Two Green Valley supply wells were sampled for water quality parameters, CW -3

and GV -l. These wells are about one and one -half miles east of the ponds. Additionally, two Duval

industrial wells, E -1 and E -4, were sampled for water quality. These wells are about one and one -half

miles northeast of the pond. Finally, tailings pond water samples were also obtained and analyzed.

Sampling frequency varied from once per week for the interceptor wells, to once per month for the

monitor wells and CW -3, to once per year for the other wells. Constituents analyzed included all the

ones mentioned in the ASARCO program. The laboratory analyzing the water samples was the Duval lab.

Ten percent of the samples were split between the Duval and Arizona State Health Labs for verification.

The Duval program was probably the most comprehensive of the three programs described. Over

twenty -five wells were sampled for water quality, covering twelve square miles. Sampling frequencies

were more than adequate and close monitoring enabled correlations between well water quality and

interceptor well pumpage to be described. Monthly water level measurements in the monitor wells

allowed examination of the effects of interceptor well pumpage on the direction of groundwater

movement. Suggestions for improvements to the monitoring program include: addition of monitor wells

between existing monitor wells and the public supply wells to better define the sulfate plume;

additional analysis of constituents in the pond water which are used in the flotation processes,

including cyanide, selenium, molybdenum, and selected organics; and installation of a pumping system

for the monitor wells in order to flush adequate amounts of well water prior to sampling. Finally,

it appears that the interceptor well pumping regime could be improved by additional pumping capacity

northeast of the ponds.

CONCLUSIONS

1. Evidence from previous investigations suggest tailings pond recharge as the source of degraded

water in wells downgradient of the ASARCO and Duval ponds. Evidence from this current study

corroborates this observation and also suggests a similar situation for Anamax tailings pond #2.

There is no reason to believe the situation at Cyprus -Pima is any different.

2. Future monitoring programs at all study areas should emphasize placement of monitor wells

upgradient of public supply wells in order to detect problems and prevent supply well degradation.

3. Monitoring of tailings ponds on an annual to semi -annual basis is necessary to determine constitu-

ents for analysis in downgradient wells.

4. Sampling frequency for wells and ponds could be reduced to an annual basis for the complete suite

of constituents. However, indicator constituents such as sulfate and total dissolved solids

should be sampled quarterly. Annual monitoring should include constituents added in the milling

process for flotation purposes.
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INTRODUCTION

Groundwater traditionally has been considered to be safe for consumption without treatment.
Currently, however, groundwater accounts for about 50% of the documented waterborne illness in the
United States (Craun, 1979). Of these, over 65% have a probable viral etiology. A total of 50
waterborne outbreaks occurred during 1980, increasing the annual average of outbreaks to 39 for the
five -year period from 1976 -1980. This represents more than 50% increase over the 1971 -1975 average
of 24. The five -year averages have steadily increased from an annual average of ten during 1951-
1955. Before that period, the trend was declining (Lippy, 1981).

It should be emphasized that reporting of waterborne disease outbreaks, particularly in individual
systems, is notoriously poor. Given the difficulty of performing epidemiologic studies and inadequacy
of waterborne disease reporting, evidence for potential health problems related with land application
of wastewater will often rest on our ability to assess the fate of human pathogens in the environment.

More than 110 different virus types may be present in raw sewage including polioviruses, echo -
viruses, coxsackieviruses, rotaviruses, hepatitis virus, adenoviruses, calciviruses, etc. The list
of pathogenic human enteric viruses has continued to grow during the last decade. Rotaviruses are
now recognized as a major cause of childhood gastroenteritis, sometimes resulting in dehydration and
death in infants. Rotaviruses also cause diarrhea in adults and several waterborne outbreaks have
been documented recently (Sutmoller et al., 1982). The Norwalk viral agent has been demonstrated to
be the cause of numerous water and foodborne outbreaks of epidemic viral gastroenteritis (Kaplan et al.,
1982; Gunn et al., 1982).

In most of the groundwater waterborne disease outbreaks, underground migration of septic tank
effluent was believed to be the probable cause. But, viruses may also find their way into groundwater
from the intentional land application of domestic sewage for purposes of crop irrigation or groundwater
recharge. Viruses also occur in solid household domestic wastes because of the widespread use of
disposable diapers and, thus, find their way into landfills. Viruses have been detected in ground-
water beneath land application sites where sewage was being applied and near domestic landfill sites
(keswick and Gerba, 1980). Viruses were detected at depths as great as 46m and at distances as great
as 900m at some sites. An understanding of factors that control virus migration through the sub-
surface is necessary for the management of septic tanks, landfills and wastewater land treatment
systems.

SURVIVAL OF VIRUSES IN THE SUBSURFACE

The fate of pathogenic bacteria and viruses in the subsurface will be determined by their survival
and their retention by soil particles. Both survival and retention are now believed to be largely
determined by climate, nature of the soil and nature of the microorganism. Climate will control two
important factors in determining viral and bacterial survival: temperature and rainfall. The survival
of microorganisms is greatly prolonged at low temperature; below 40C they can survive for months or
even years (Gerba et al., 1975). At higher temperatures, inactivation or die -off is fairly rapid.
In the case of bacteria, and probably viruses, the die -off rate is approximately doubled with each
100C rise in temperature between 50C and 300C (Reddy et al., 1981). Above 300C, temperature is
probably the dominant factor determining virus survival time. While the survival of human pathogenic
enteric viruses in soil has previously been studied, almost no information on the survival of viruses
in groundwater exists. Hurst et al. (1980) concluded that temperature and adsorption appear to be
the most important factors affecting virus survival in soils. Factors controling virus survival in

groundwater have yet to be determined.
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MIGRATION OF VIRUSES IN THE SUBSURFACE

Rainfall mobilizes previously retained bacteria and viruses and greatly promotes their transport
in groundwater. Several studies have shown that the greatest degree of drinking water well contamina-
tion occurs after periods of heavy rainfall (Dewalle et al., 1980; Lewis et al., 1980).

The nature of the soil will also play a major role in determining survival and retention. Soil

properties influence moisture -holding capacity, pH and organic matter - all of which will control the
survival of bacteria and virus in the soil. Other soil properties such as particle size, cation
exchange capacity and clay content will influence retention. Factors that may influence virus move-

ment through the subsurface are shown in Table 1.

TABLE 1. Factors that may influence virus movement through the subsurface

Factor Comments

Soil Type

pH

Cations

Soluble Organics

Virus Type

Flow Rate

Saturated vs.
unsaturated flow

Fine- textured soils retain viruses more effec-
tively than light- textured soils.

Generally, adsorption increases when pH
decreases.

Adsorption increases in the presence of cations.
Rainwater may desorb viruses from soil due to
its low conductivity.

Can compete with viruses for adsorption sites.
No significant competition at concentrations
found in wastewater effluents. Humic and
fulvic acid reduce virus adsorption to soils.

Adsorption to soils varies with virus type and
strain.

The higher the flow rate, the lower adsorption
of virus to soils.

Virus movement is less under unsaturated flow
conditions.

Retention of viruses by soil is, of course, a paramount consideration in protecting groundwater
from contamination. Filtration plays a major role in bacterial removal, although adsorption is also
involved. Virus removal is believed to be almost totally dependent on adsorption (Keswick and Gerba,
1980). The nature of the soil probably plays a major role in determining the degree of virus adsorp-
tion. Generally, soils containing clays are more effective in retaining viruses. Understanding the
physical -chemical properties of the soil as related to virus adsorption has been seen as an aid in
understanding the potential for groundwater contamination. Virus adsorption to soils is believed to
be largely governed by electrostatic double -layer interactions and Van der Waal's forces (Murray and
Parks, 1980). More recent work indicates that hydrophobic interactions may also play a role (Farrah

et al., 1981).

A number of studies evaluating virus adsorption to soils using batch reactors have been conducted
(Goyal and Gerba, 1979). In these studies, a given amount of soil was mixed with virus suspended in
a solution and adsorption determined after a given period of time. The results of such studies indi-
cate that virus adsorption is related to cation exchange capacity, pH, surface area and organic matter,
but firm predictive correlations between virus adsorption and these factors have not been well estab-
lished.

Establishment of predictive relationships between soil factors and virus adsorption is further
complicated by genetic variability among different types and strains of viruses. The isoelectric
point of viruses varies among strains and types of viruses, and this has been shown to effect virus
adsorption to the surfaces of charge modified glass beads (Zerda et al., 1981). Recently, we have

been conducting studies on the removal of different viruses by soil columns. These studies indicate

that the retention of viruses by a given soil can vary markedly as shown in Table 2.
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Table 2. Removal of Poliovirus type 1 and coliphage f2 by Pomello fine sand*

Column Percentage of Virus Remaining
Depth
(cm) Poliovirus 1 f2

0 100 100

2 41 109

27 13 102

67 2 98

87 1 101

*Suspended in secondarily treated sewage and passed through a 2 cm
diameter column at a flow rate of 120 -194 cm /day. Initial virus
concentration was approximately 105 plaque forming units /ml.

The results of these column studies indicate that some viruses will have a greater potential for
contamination than others. Differences in adsorption among viruses may be due to variations in con-
figuration of proteins in the outer capsid of the virus, which affects the net charge on the virus.
This affects the electrostatic potential between virus and soil, which, in turn, affects the degree
of interaction between the two particles. Thus, it appears that no one virus can be used as the sole
model for determining the adsorptive behavior of viruses to soils and that no single virus can be used
as the model for determining viral adsorptive capacity of all soil types.

From the foregoing discussion, it is apparent that many factors control the removal and persis-
tence of pathogenic enteric viruses during the movement of wastewater through the soil. Additional

research in this area is needed to further define processes involved in the survival and transport
of viruses in the subsurface.
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INTRODUCTION

Virus survival in the subterranean environment is believed to be influenced by three interacting
factors: the nature of the virus, the nature of the soil and the climate. Different types and strains
of virus exhibit varying abilities to survive, based on differences in their genetic makeup. The effect
of soil type on virus survival has been extensively studied using various soils (Hurst et al, 1980).
The results of that study are presented in Table 1.

TABLE 1. Factors which affect virus survival in soil

1. As viral adsorption to soil increases, virus survival is prolonged.

2. Virus survival increases with increasing levels of exchangeable aluminum.

3. Virus survival decreases with increasing pH and resin extractable phosphorus.

4. As temperature increases, virus survival decreases.

5. Aerobic soil microorganisms adversely affect virus survival, while anaerobic microorganisms
have no effect.

Climatic conditions also play a role in virus survival. Rainfall is important in that it can cause
desorption of virus from soil particles, thus allowing migration to the groundwater (Gerba and Lance,
1978; Wellings et al, 1975). Temperature has also been shown to influence virus survival in the marine
environment. In surface waters, sunlight is thought to be an important factor in virus inactivation.

Virus survival in marine waters has been extensively studied, due to the large number of outbreaks
of viral illness associated with consumption of contaminated shellfish. Little information is available
concerning the persistence of viruses in groundwater. Keswick et al (1982) found that human enteric
viruses are capable of surviving longer than 24 days in groundwater. Their experiments, however, were
carried out in Mcfeter's survival chambers, which may have excluded contact with components of the
groundwater that could influence virus survival, such as antagonistic bacteria.

The purpose of this investigation is to study the survival of viruses in groundwater, with the ulti-
mate goal of developing a model to predict safe distances between drinking water wells and septic tanks.

MATERIALS AND METHODS

Groundwater samples were collected from seven different sites (Table 2). The samples were collected
aseptically in sterile polypropylene containers, and packed on ice for shipment to the laboratory.
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TABLE 2. Sample collection sites

Site Description Groundwater Temperature Depth

New York 1 - monitoring well northeast of
12 °C < 100 ft

landfill

New York 2 - monitoring well north of
12 °C < 100 ft

landfill

North Carolina 1 - well near septic system 14 °C
deep water

table

North Carolina 2 - well near septic system 14 °C
shallow water

table

Tucson - drinking water well 23 °C > 200 ft

Arizona - monitoring well 23 °C > 200 ft

Wisconsin - drinking water well 12 °C 50 ft

Fifty -ml aliquots of water were placed in sterile, polypropylene tubes and seeded with one of the
following viruses: MS -2 (a bacteriophage) and one of two animal viruses, Poliovirus -1 or Echovirus -1.
To determine the influence of microorganisms on virus survival, duplicate tubes containing water passed
through 0.45 um and 0.2 um filters were used.

The tubes were incubated at 4 °C, 12 °C or 23 °C. One -ml aliquots were withdrawn on days 1, 2, 3, 5,

7, 10, 15, 20, 25, 30, 40, 50 and 60. Samples containing animal viruses were frozen for future assay.

Determination of the number of MS -2 phage in samples was performed using the agar overlay plaque
technique (Adams, 1959). The bottom layer consisted of trypticase soy agar. The overlay contained

trypticase soy broth and 1% agar. One ml E. coli ATCC 15597 and a 1 -ml sample were added to the over-

lay which was poured onto the bottom layer. Plaques were counted after 24 h of incubation at 37 °C.

RESULTS AND DISCUSSION

Initial experiments were performed to determine the reproducibility of results. MS -2 phage were

seeded into 9 tubes containing 50 ml of groundwater and 3 tubes were incubated at each temperature. As

no major differences among the replications were noted (Table 3), subsequent experiments were done us-
ing only one tube per set of experimental conditions.

TABLE 3. Reproducibility of virus survival determination

*

Incubation Survival -Log N

Temperature Replication After 10 Days

4°C a 0.43

b 0.31

c 0.37

12°C a 1.1

b 1.15

c 0.95

23°C a 1.85

b 1.84

c 1.89

*N= number of plaque forming units (pfu) per ml after
specified length of time; No= initial number of
plaque forming units per ml.
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To determine whether the age of the water sample had any effect on results, water was inoculated
with MS -2 one day after collection and after it had been stored for 30 days at 4 °C. No large differ-
ences in survival of MS -2 were seen (Table 4).

TABLE 4. Effect of age of water on survival of MS -2

Day

Survival - Log N /No

1 Day Old 30 Days Old

0

1 0.041 0.079

2 0.56 0.47

3 0.74 0.69

5 1.6 1.2

7 2.2 2.2

10 2.2 2.5

15 2.6 2.7

20 3.2 2.9

25 4.0 4.1

The influence of microorganisms on virus survival is shown in Table 5. The results varied greatly
from sample to sample. More investigation needs to be done to more clearly define the role of micro-
organisms in virus survival.

TABLE 5. Effect of microorganisms on the survival of MS -2

Sample

Survival - Log N /No*

Filtered Non -filtered

North Carolina 1 1.8 0.84

North Carolina 2 0.86 3.5

Arizona 3.2 1.6

New York 1 0.95 1.0

New York 2 1.5 0.97

*After 30 days, incubation temperature 12 °C.

The temperature of incubation played a major role in the survival of the virus. Figures 1, 2 and
3 show the inactivation rate of MS -2 in the Tucson and Wisconsin groundwater samples. It was found
that as incubation temperature increased, the survival rate decreased. However, the rate of the de-
crease was strikingly different for the two groundwater samples at all three temperatures.
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FIGURES 1, 2 and 3. Survival of MS -2 in Tucson and Wisconsin groundwaters at 4 °C,
12 °C and 23 °C
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The survival rate of MS -2 at 12 °C in all seven groundwater samples is shown in Figure 4. A wide
variation in survival rates occurred among the different waters.

FIGURE 4. Survival of MS -2 at 12 °C
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From these results it was concluded that: (1) persistence of viruses in groundwater varies with
location of sample collection, (2) viruses survive longer in groundwater samples incubated at lower
temperatures [4 °C] than at 12 °C or 23 °C, (3) the influence of microorganisms on virus survival varies
in different groundwater samples, and (4) virus survival in groundwater is longer than in surface water.

However, because of the wide variation in survival rates from site to site under the same experi-
mental conditions (temperature and the presence or absence of microorganisms), other factors which in-
fluence survival of viruses must be present in the water. These factors need to be studied to explain
this variation.
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Ground Water Contamination of the Estes Landfill, Phoenix, Arizona

Joan Budzinski

City of Phoenix

James Angell

Arizona Dept. of Health Services

ABSTRACT

The ground water contamination potential of the Estes Landfill, Phoenix, Arizona has been evaluated by
the City of Phoenix and the Arizona Dept. of Health Services. The landfill is located in a recharge
zone of the Salt River Valley aquifer. The aquifer is under water table conditions. The depth to
ground water ranges from 80 feet to 15 feet. Ground water monitoring wells were installed up- gradient
and down -gradient from the landfill. Ground water samples collected from the wells during flow events

of the Salt River indicated leachate production from the landfill; a mound of ground water develops and
intrudes the solid waste. The leachate characteristics include volatile organics and heavy metals:

vinyl chloride, trichloroethylene and barium. Analysis of solid waste borings indicated only small

quantities of organics and heavy metals. Currently the ground water is used for industrial and

agricultural purposes. However, the ground water could be used as a domestic water supply because it
has an acceptable ambient water quality. Ground water monitoring is continuing with the intent of using

the data to design a leachate migration control system for the landfill and to distinguish contaminants

from an adjacent landfill.
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Author Index of Arizona Section (AURA) Proceedings

The following index is a compilation of all articles published through the auspices of the Arizona
Section of the American Water Resources Association (AURA). The index lists the authors who contributed
articles for the proceedings of meetings held jointly with the Hydrology Section of the Arizona Academy
of Science. In addition, proceedings of four symposia sponsored by the Arizona Section (AURA) are also
included.

The listing is arranged in alphabetical order with each author who, either singly or jointly, contri-
buted one or more manuscripts appearing before the title of the works.

Following the title, a location is indicated which identifies the where the work may be found. A volume
number (identified by the label Y #) refers to publications of the series Hydrology and Water Resources
in Arizona and the Southwest (Volumes 1; 1971 through Volume 13; 1983). Symposia (identified by the
label P #) can be identified using the following list:

P1 - Symposium on Water Conservation Alternatives
(April 12, 1979; Phoenix, Arizona)

P2 - Symposium on Flood Monitoring and Management
(October 26, 1979; Tucson, Arizona)

P3 - Symposium on Water Quality Monitoring and Management
(October 24, 1980; Tucson, Arizona)

P4 - Symposium on Ground Water Quality Management
(October 29, 1982; Tucson, Arizona)

EXAMPLE:

Agthe Donald E.
An Application of the Almon Polynomial Lag to Residential Water Price Analysis - V12
The Impact of Socioeconomic Status on Residential Water Use: A Cross -Section Time- Series Analysis

of Tucson, Arizona - V9

The author, Donald E. Agthe, has written two articles for the AWRA proceedings. The first article, "An
Application of the Almon Polynomial Lag to Residential Water Price Analysis ", appears in volume 12
(1982). The second article, "The Impact of Socioeconomic Status on Residential Water Use: A Cross -
Section Time -Series Analysis of Tucson, Arizona ", appears in volume 9 (1979).

123



Author Index of Arizona Section (AWRA) Proceedings

Agthe Donald E.
An Application of the Almon Polynomial Lag to Residential Water Price Analysis - V12
The Impact of Socioeconomic Status on Residential Water Use: A Cross -Section Time -Series Analysis

of Tucson, Arizona - V9

Alpheus A.
The Application of Step -Drawdown Pumping Tests for Determining Well Losses in Consolidated Rock

Aquifers - V5

Altshul Dale A.
An Examination of the Buckhorn -Mesa Watershed Environmental Impact Statement (USDA - SCS, 1978): A

Look at State -of- the -Art Reports - V9

Anderson E. L.
Nitrogen Removal from Secondary Effluent Applied to a Soil -Turf Filter - V8

Anderson Jay E.
Diurnal Trends in Water Status, Transpiration, and Photosynthesis of Saltcedar - V7
Transpiration and Photosynthesis in Saltcedar - V7

Angell James
Ground Water Contamination Potential of the Estes Landfill, Phoenix, Arizona (Abstract) - V13
Volatile Organic Ground Water Contamination in the Tucson Airport Super Fund Area, Tucson, Arizona

(Abstract) - V13

Applegate Lee H.
Hydraulic Effects of Vegetation Changes Along the Santa Cruz River Channel Near Tumacacori, Arizona - V11

Armijo Roberto
Land Use Planning for the San Tiburcio Watershed - V9

Athery Patrick V.
Impact of Recreation on the Water Quality of the East Verde River - P3
Use of Bacterial Indicators in Assessment of Water Quality of the East Verde River - V11

Auernhamer Mark E.
Stochastic Prediction of Sediment Yields from Strip Mine Spoils of the Arid Southwest - V7

Aul Jerry S.
Measuring Snow Cover from ERTS Imagery on the Black River Basin - V5

Avery Charles
Snow Interception as Influenced by Forest Canopy Variables - V10

Ayer Harry W.
Irrigation Management and Water Policy: Opportunities to Conserve Water in Arizona - V10
Rising Energy Prices, Water Demand by Peri -Urban Agriculture, and Implications for Urban Water
Supply: The Tucson Case - V8

The Price of Water in Western Agriculture - V11

Ayres J. E.

Use and Abuse of Southwestern Rivers: The Desert Farmer - V1

Baker, Jr. Malchus B.
Changes in Streamflow in an Herbicide- Treated Juniper Watershed in Arizona - V12
Hydrologic Regimes of Three Vegetation Types Across the Mogollon Rim - V11
Influence of Slash Windrows on Streamflow - V13
Tests on Arizona's New Flood Estimates - V9

Baran N. E.

A Stochastic Analysis of Flows of Rillito Creek - V1

Barr James L.
An Economic Analysis of the Central Arizona Project - V7

Beaver Dave G.
Resolutions of Analog Rainfall Records Relative to Chart Scales - V6

124



Beilke Pamela Jane
An Overview of the TCE situation in Arizona - P4
Volatile Organic Ground Water Contamination in the Tucson Airport Super Fund Area, Tucson, Arizona
(Abstract) - V13

Bel an R. A.

Groundwater Recharge From a Portion of the Santa Catalina Mountains - V3

Ben -Asher J.

An Energy Budget Analysis of Evapotranspiration from Saltcedar - V6
Determining Areal Precipitation in the Basin and Range Province of Southern Arizona - Sonoita Creek
Basin - V6

Evaluation of Recharge Through Soils in a Mountain Region: A Case Study on the Empire and the Sonoita
Basins - V6

Benbarka Ahmed M.
Aspects of Aquifer Test Error Analysis - V11

Bennett Marc M.
A Survey and Evaluation of Urban Water Conservation Programs in Arizona (Abstract) - V12
Factors to Consider in Drafting Standards to Protect Groundwaters in Arizona - V10
Highlights of the State's Water Pollution Control Program - P3
Toward Development of a Groundwater Quality Protection Strategy for Arizona - V11

Bentley Harold W.
Application of Chloride Stable Isotope Analysis to Hydrogeology - V13
Subsurface Production of Chlorine -36 and Its Impact on Groundwater Dating - V13

Berry Mary P.
Action Programs for Water Yield Improvement on Arizona's Watersheds: Political Constraints to

Implementation - V8
Arizona Water Policy: Changing Decision Agendas and Political Styles - V7

Beschta Robert L.
Probability Distributions of Snow Course Data for Central Arizona - V3

Billings Jeff
Rainwater Quality in Southeastern Arizona Rangeland - V11

Billings R. Bruce
The Impact of Socioeconomic Status on Residential Water Use: A Cross -Section Time -Series Analysis of

Tucson, Arizona - V9

bin Sulaiman Wan Norazmin
An Analysis of Recession Flows From Different Vegetation Types - V11

Biroudian Nadar
Snow Interception as Influenced by Forest Canopy Variables - V10

Blank Herbert G.
Planning Models of an Irrigated Farm with Limited Water - V6

Blee J. W. H.

Improvement of Water Quality in Air Bubbling to Eliminate Thermal Stratification in Upper Lake Mary,
Arizona (Abstract) - V3

Bohn Hinrich L.
Penetrability and Hydraulic Conductivity of Dilute Sulfuric Acid Solutions in Selected Arizona Soils

V3

Saline and Organic Water Pollution - 42
Sulfuric Acid: Its Potential for Improving Irrigation Water Quality - Vi

Boling, Jr. J. K.
Character of Earth Fissure Movement in South -Central Arizona - V10

Bond M. E.
Current and Forecasted Water Consumption Patterns of Arizona Second -Home Owners - V8
The Effects of Second -Home and Resort -Town Development on Stream Discharge in Navajo and Apache

Counties, Arizona - V9

125



Boster Mark A.
An Investigation of Colorado River Trips: A User Study - V2
Economic Adjustment to a New Irrigation Water Source: Pinal County, Arizona and the Central Arizona

Project - V5

Bostock Charles A.
Application of Bayesian Decision Theory in Well Field Design - V5

Bouwer Herman
Renovating Sewage Effluent by Ground-Water Recharge - Vi
Using Aquifers for Wastewater Management - P4
Wastewater Reuse Alternatives - P1

Boyer D. G.

An Evaluation of Current Practices in Seepage Control - V2
The Effect of an Intensive Summer Thunderstorm on a Semiarid Urbanized Watershed - V6
The Use of a Realistic Rainfall Simulator to Determine Relative Infiltration Rates of Contributing

Watersheds to the Lower Gila Below Painted Rock Dam - V1

Bradley Michael D.
Trends in Arizona Service Organizations: A Comparative Study - V9

Brazell Loren N.
Stock -Water Harvesting with Wax on the Arizona Strip - V6

Breed Carol S.

Physiographic Limitations Upon the Use of Southwestern Rivers - V1

Brickler Stanley K.
Bottom Sediment Analysis of the Recreational WAters of Upper Sabino Creek - V7
Evaluating Water Quality Sampling Schedules Using Fecal Coliform Concentrations in Sabino Creek - V6
Water Quality Analyses of the Colorado River Corridor of Grand Canyon - V10

Briggs Philip C.
Groundwater Quality Management and the 1980 Groundwater Management Act - P4
Study of the Adequacy of the Water Supply for the Carefree -Cave Creek Area - V6
The Arizona Water Commission's Central Arizona Project Water Allocation Model System - V7

Brinck Fritz H.

A Multiatribute Approach to the Reclamation of Stripmined Lands - V9
Optimal Livestock Production of Rehabilitated Mine Lands - V6

Brooks Kenneth N.

Antitranspirants as a Possible Alternative to the Eradication of Saltcedar Thickets - V5

Buckley Kebba
Nonstructural Flood Control Evaluation for Tucson, Arizona (Abstract) - V12
Water- Awareness in Tucson, Arizona: A Case Study - V10

Budzinski Joan
Ground Water Contamination Potential of the Estes Landfill, Phoenix, Arizona (Abstract) - V13

Bulfin Robert
Land Use Planning for the San Tiburcio Watershed - V9

Buras Nathan
A Hierarchical Model for Arizona's Water Resources - V13
Energy and Water Resources Interactions in Arizona - V12

Busar D. J.
Comparison of Methods to Estimate Runoff From Small Rangeland Watersheds - V12

Carpenter M. C.
Character of Earth Fissure Movement in South -Central Arizona - V10

Carrera Jesus
Quasi Three- Dimensional Finite Element Model of the Madrid Basin in Spain - V12

Cary Lawrence E.
Probability Distributions of Snow Course Data for Central Arizona - V3

Casti John
A Revised Phytoplankton Growth Equation for Water Quality Modelling in Lakes and Ponds - V12

126



Chagnon Richard P.
Three -Dimensional Velocity Log in Groundwater - V10

Chanbers Carlon C.
.'ater Impoundment Applications for SBR /Asphalt Membrane Systems - V10

Chase W. L.
Wastewater Reuse- How Viable Is It? Another Look - V8

Chery, Jr. Donald L.
Resolutions of Analog Rainfall Records Relative to Chart Scales - V6
Significance of Antecedent Soil Moisture to a Semiarid Watershed Rainfall- Runoff Relation - V2

Chudnoff Dan A.
Early Flood Warning System for Tucson Basin - P2
Legal Aspects of Urban Runoff Development - V8

Cinq -Mars Robert J.

Addressing Water Quality Problems in the Globe -Miami Mining District of Arizona - An Institutional
Approach - P3

Clainos D. M.
Conditional Streamflow Probabilities - V1
Input Specifications to a Stochastic Decision Model - V2

Clark Robert Emmet
The National Water Commission Draft Report - V3

Clark Robin B.
Application of Remote Sensing in Floodway Delineation - V4
The Effects on Water Quality by Mining Activity in the Miami, Arizona Region - V8

Clifton Peter M.
Geostatistical Analysis and Inverse Modeling of the Avra Valley Aquifer - V11

Cluff C. Brent
An Evaluation of Current Practices in Seepage Control - V2

Metropolitan Operated District for Sewage Effluent - Irrigation Water Exchange - V4
Nitrogen Species Transformations of Sewage Effluent Releases in A Desert Stream Channel - V2
Rainfall- Runoff Relationships for a Mountain Watershed in Southern Arizona - V8
The Compartmented Reservoir: Efficient Water Storage in Flat Terrain Areas of Arizona - V8
The Use of a Realistic Rainfall Simulator to Determine Relative Infiltration Rates of Contributing

Watersheds to the Lower Gila Below Painted Rock Dam - V1

Cobb Gary D.
Water Conservation in the President's Water Policy - P1

Constant Charles L.
Construction, Calibration, and Operation of a Monolith Weighing Lysimeter - V6
The Mound and Valley Water Harvesting System: A Potential Mine Reclamation Alternative - V10
Water Quality Study of Lake Havasu, Arizona near the CAP Intake Area - V6

Contractor Dinshaw N.
Computer Simulation of Saltwater Intrusion - V13

Cooley Keith R.
Stock -Water Harvesting with Wax on the Arizona Strip - V6

Cooper Loel R.

Microtrac: A Rapid Particle -Size Analyzer of Sediments and Soils - V11
Rainwater Quality in Southeastern Arizona Rangeland - V11

Cortner Hanna J.
Action Programs for Water Yield Improvement on Arizona's Watersheds: Political Constraints to

Implementation - V8
Arizona Water Policy: Changing Decision Agendas and Political Styles - V7

Cunningham Robert S.
Antitranspirants as a Possible Alternative to the Eradication of Saltcedar Thickets - V5

Dalton, Jr. Russell O.
Barometric Response of Water Levels in Flagstaff Municipal Wells - V7

127



Danos V. C.
Evolution of a State Groundwater Quality Program - P4

Davenport David C.
Reducing Phreatophyte Transpiration - V7

Davidson Senator Lucy
Arizona Water: Uses and Sources Past, Present and Future - V6

Davis Donald Ross
A Deterministic Model for Semi -Arid Catchments - Y4
Application of Bayesian Decision Theory in Well Field Design - V5
Aspects of Aquifer Test Error Analysis - V11
Simulation of Summer Rainfall Occurrence in Arizona and New Mexico - V7
Systematic Assessment of Uncertainties in an Environmental Impact Statement - V6
The Construction of a Probability Distribution for Rainfall on a Watershed by Simulation - V2
Using Linear Regression in Hydrological Design - V4

Davis Edwin A.
Root System of Shrub Live Oak in Relation to Water Yield by Chaparral - V7

Davis P. R.

The Groundwater Supply of Little Chino Valley - V2

Davis Ray Jay
The Role of the States in Control of Weather Modification - V6

Davis Stanley N.
Application of Chloride Stable Isotope Analysis to Hydrogeology - V13
Subsurface Production of Chlorine -36 and Its Impact on Groundwater Dating - V13

Davis Stephen E.
Effluent Reuse and Water Quality in the Tucson Active Management Area - P4
Hydraulic Modeling for Capital Improvements Planning - V10
Impacts of the Arizona Groundwater Act on Tucson Water - V12
The Alternatives and Impacts Associated with a Future Water Source Transition for Tucson Water - V11
Tucson's Need for Central Arizona Project Water Storage - V13

Davis S. T.
Tucson's Tools for Demand Management - V8

Day A. D.

Rehabilitation of Copper Mine Tailing Slopes Using Municipal Sewage Effluent - V7

Day John
Feasibility of Using Solar Energy for Irrigation Pumping - V6

DeCook K. James
Exploration for Saltwater Supply for Shrimp Aquaculture, Puerto Penasco, Sonora, Mexico - V10
Groundwater Exploration in Northeastery Arizona Using LANDSAT Imagery - V10
Metropolitan Operated District for Sewage Effluent - Irrigation Water Exchange - V4
Nitrogen Species Transformations of Sewage Effluent Releases in A Desert Stream Channel - V2
The Effect of an Intensive Summer Thunderstorm on a Semiarid Urbanized Watershed - V6
Trends in Arizona Service Organizations: A Comparative Study - V9
United States -Mexico Water Agreements and Related Water Use in Mexicali Valley: A Summary - V4
Water Resource Alternatives for Power Generation in Arizona - V4

DeWitt Ronald H.
Barometric Response of Water Levels in Flagstaff Municipal Wells - V7
Groundwater Geology of Fort Valley, Coconino County, Arizona - V3
Water Resources of the Inner Basin of San Francisco Volcano, Coconino County, Arizona - V4
Water Resources of the Woody Mountain Well Field Area, Coconino County, Arizona - V5

Dean Sheila A.
Acid Drainage From Abandoned Mines in the Patagonia Mountains, Arizona - P3

Denny Jack
On the Statistics of Hydrologic Time Series - V3

Dettmann Edward H.
Preliminary Results from a Study of Coal Mining Effects on Water Quality of the Tongue River, Wyoming

- V6

128



DiPeso Charles C.
Use and Abuse of Southwestern Rivers: The Pueblo Dweller - V1

Diskin M. H.

Application of a Double Triangle Unit Hydrograph to a Small Semiarid Watershed - 46
Bed Material Characteristics and Transmission Losses in and Ephemeral Stream - V2

Dixon Robert M.

A Land Imprinter for Revegetation of Barren Land Areas Through Infiltration Control - V7
A Microroughness Meter for Evaluating Rainwater Infiltration - V8
Simple Time -Power Functions for Rainwater Infiltration and Runoff - V8
Some Biohydrologic Impacts of Land Imprinting - V11

Dordosz Emily

Barometric Response of Water Levels in Flagstaff Municipal Wells - V7

Dove F. H.

Competitive Groundwater Usage from the Navajo Sandstone - V3

Duckstein Lucien

A Multiatribute Approach to the Reclamation of Stripmined Lands - V9
A Multiobjective Approach to Managing a Southern Arizona Watershed - V6
A Multi- Objective Approach to River Basin Planning - V10
A Revised Phytoplankton Growth Equation for Water Quality Modelling in Lakes and Ponds - V12
A Stochastic Analysis of Flows of Rillito Creek - Vi
A Utility Criterion for Real -time Reservoir Operation - V7
Collective Utility: A Systems Approach for the Utilization of Water Resources - V1
Collective Utility of Exchanging Treated Sewage Effluent for Irrigation and Mining Water - V2
Comparison of Water Pricing Structures from a Collective Utility Viewpoint - V1
Decision Making in a Multiple -use Approach to the Reclamation of Strip -mined Lands - V7
Input Specifications to a Stochastic Decision Model - V2
Objective and Subjective Analysis of Transition Probabilities of Monthly Flow on an Ephemeral Stream

V2

Optimal Livestock Production of Rehabilitated Mine Lands - V6
Ranking Alternative Plans for the Santa Cruz River Basin by Q- Analysis - V11
Reservoir Design under Random Sediment Yield - V6
Role of Modern Methods of Data Analysis for Interpretation of Hydrologic Data in Arizona - V2
Systematic Assessment of Uncertainties in an Environmental Impact Statement - V6
Uncertainty in Sediment Yield from a Semi -Arid Watershed - V4
Water Quality of Runoff From Surface Mined Lands in Northern Arizona - V8

Dunikoski R. H.

Current and Forecasted Water Consumption Patterns of Arizona Second -Home Owners - V8

Dunn Alison L.

A Study of Salinity in Effluent Lakes, Puerto Penasco, Sonora, Mexico - V11

Dupnick Edwin

Collective Utility: A Systems Approach for the Utilization of Water Resources - V1

Dvoracek M. J.
Color It Evaporation - V2
Hydrology as a Science? - V2
Optimal Utilization of Playa Lake Water in Irrigation - V1
Recharging the Ogallala Formation Using Shallow Holes - Vi

Dvoranchik William

Objective and Subjective Analysis of Transition Probabilities of Monthly Flow on an Ephemeral Stream
- V2

Eberhardt Sandra

Volatile Organic Ground Water Contamination in the Tucson Airport Super Fund Area, Tucson, Arizona
(Abstract) - V13

Edmonds R. J.

Preliminary Investigation of the Hydrologic Properties of Diatremes in the Hopi Buttes, Arizona - V4

Eggers E. A.

Industrial Application of Water Use and Recycling - P3

Ehrhardy H. R.
Industrial Application of Water Use and Recycling - P3

129



Ehrler W. L.
Conserving Water with Drought -Tolerant Crops - P1
Salvaging Wasted Waters for Desert -Household Gardening - V8

Emel Jacque L.
Trends in Arizona Service Organizations: A Comparative Study - V9

Enz Richard W.
An Analysis of Yearly Differences in Snowpack Inventory- Prediction Relationships - V2

Erb Stephen
Computerized Depth Interval Determination of Groundwater Characteristics from Well Driller Logs - V10

Esposito David M.
Effluent Reuse and Water Quality in the Tucson Active Management Area - P4
Evaluation of Groundwater Monitoring Methodologies in the Tucson Copper Mining District - V13

Evans Daniel D.

Hydrology as a Science? - V2
Variability of Infiltration Characteristics and Water Yield of a Semi Arid Catchment - V5

Everett L. G.
Chemical and Biological Problems in the Grand Canyon - V3
The Effect of Development on Groundwater in the Parker Strip - V4

Ewing R. L.
Analysis of Wastewater Land Treatment Systems in the Phoenix Urban Area - V8

Fangmeier D. D.
Conserving Water and Energy in Irrigation - P1
Feasibility of Using Solar Energy for Irrigation Pumping - V6

Farr Senator Morris
Politics of Water in Arizona - V6

Faust William F.
Hydrologic Effects of Soil Surface Micro -Flora - V1

Fazzolare Rocco A.
Water Resource Alternatives for Power Generation in Arizona - V4

Felix Ernesto N.
Past Mining Activities and Water Quality in the Lynx Creek Watershed - 46
Reclamation of Orphaned Mine Sites and Their Effect on the Water Quality of the Lynx Creek Watershed

V7

Fennessy Patricia J.
Geostatistical Analysis of Aquifer Test And Water Level Data from the Madrid Basin, Spain - V12

Ferguson C. W.
Tree -Ring Dating of Colorado River Driftwood in the Grand Canyon - V1

Ferhi A. M.
Stable Isotopes of Oxygen in Plants: A Possible Paleohygrometer - V7

Ferreira Virginia A.
Estimating Transmission Losses in Ephemeral Stream Channels - V10

Ffolliott Peter F.
A Preliminary Assessment of Snowfall Interception in Arizona Ponderosa Pine Forest - V3
A Technique to evaluate Snowpack Profiles in and Adjacent to Forest Openings - V4
A Water Budget for a Semiarid Watershed - V9
An Analysis of Recession Flows From Different Vegetation Types - V11
An Analysis of Yearly Differences in Snowpack Inventory- Prediction Relationships - V2
An Evaluation of Snowmelt Lysimeters in and Arizona Mixed Conifer Stand - V10
An Interactive Model of Suspended Sediment Yield on Forested Watersheds in Central Arizona - V9
Evaluation of the Use of Soil Conservation Service Snow Course Data in Describing Local Snow
Conditions in Arizona Forests - V11

Lysimeter Snowmelt in Arizona Ponderosa Pine Forests - V6
Measuring Snow Cover from ERTS Imagery on the Black River Basin - V5
Prediction of the Chemical Quality of Streamflow by an Interactive Computer Model - VIO
Progress in Developing Forest Management Guidelines for Increasing Snowpack Water Yields - V1

130



Ffolliott Peter F. (Continued)
SEDCON: A Model of Nutrient and Heavy Metal Losses in Suspended Sediment - V12
Some Effects of Controlled Burning on Surface Water Quality - V11
Snowpack Density on an Arizona Mixed Conifer Forest Watershed - 47
Snowpack Dynamics in Arizona's Aspen Forests - V10
Solar Radiation as Indexed by Clouds for Snowmelt Modeling - V8
Time -Space Effects of Openings in Arizona Forests on Snowpacks - V13
Water Quality of Streamflow from Forested Watersheds on Sedimentary Soils - V6
Use of Satellite Data to Develop Snowmelt- Runoff Forecasts in Arizona - V6

Fink Dwayne H.
Candelilla /Petroleum Was Mixtures for Treating Soils for Water Harvesting - V11
Freeze -Thaw Effects on Soils Treated for Water Repellency - V5
Laboratory Evaluation of Water -Repellent Soils for Water Harvesting - 44
Laboratory Weathering of Water -Repellent Wax- Treated Soil - V6
Residual Waxes for Water Harvesting - V7
Salvaging Wasted Waters for Desert -Household Gardening - V8
Stock -Water Harvesting with Wax on the Arizona Strip - V6
Was Water- Harvesting Treatment Improved with Antistripping Agent and Soil Stabilizer - V10

Fireman Bert
Use and Abuse of Southwestern Rivers: Historic Man - The Anglo - V1

Flug Marshall
Ground Water in the Santa Cruz Valley - V9

Fogel Martin M.
A Deterministic Model for Semi -Arid Catchments - V4
A Multiobjective Approach to Managing a Southern Arizona Watershed - V6
Decision Making in a Multiple -use Approach to the Reclamation of Strip -mined Lands - V7
Effect of Urbanization on Runoff from Small Watersheds - V3
Optimal Livestock Production of Rehabilitated Mine Lands - V6
Role of Modern Methods of Data Analysis for Interpretation of Hydrologic Data in Arizona - V2
Stochastic Prediction of Sediment Yields from Strip Mine Spoils of the Arid Southwest - V7
Uncertainty in Sediment Yield from a Semi -Arid Watershed - V4
Water Quality of Runoff From Surface Mined Lands in Northern Arizona - V8

Foster Kenneth E.

An Overview of Storage and Retrieval Systems - V4
Avra Valley Water Harvesting Agrisystem (Abstract) - V13
Design and Pilot Study of an Arizona Water Information System - V2
Groundwater Exploration in Northeastery Arizona Using LANDSAT Imagery - V10
Jojoba: An Alternative to the Conflict Between Agricultural and Municipal Groundwater Requirements in

the Tucson Area, Arizona - P1
Management Alternatives for Santa Cruz Basin Groundwater - V8

Francaviglia Richard V.
Nitrate Distributions in Groundwater: A Southeastern Arizona Case Study - P4

Frasier Gary W.
Stock -Water Harvesting with Wax on the Arizona Strip - V6

Fredrich Augustine J.
The Role of Conservation in Water Supply Planning - P1

Fritschen L. J.
An Exchange System for Precise Measurements of Temperature and Humidity Gradients in the Air Near the

Ground - V9

Fritts Harold C.
Augmenting Annual Runoff Records Using Tree -Ring Data - V1

Fulton J.
Wastewater Reuse- How Viable Is It? Another Look - V8

Gabbert William A.
SEDCON: A Model of Nutrient and Heavy Metal Losses in Suspended Sediment - V12

Gale R. D.

Canyon Creek Management Analysis - V4
Display and Manipulation of Inventory Data - V4

131



Gapp D. W.

Rising Energy Prices, Water Demand by Peri -Urban Agriculture, and Implications for Urban Water
Supply: The Tucson Case - V8

Garrett R. H.

Chemical Oxygen Demand of the Antitranspirant, Folicote - V7

Gates Joseph S.
Uncertainties in Digital- Computer Modeling of Ground -Water Basins - V1

Gay L.W.
A RPN Program for the Generalized Penman Equation - V12
An Energy Budget Analysis of Evapotranspiration from Saltcedar - V6
An Exchange System for Precise Measurements of Temperature and Humidity Gradients in the Air Near the

Ground - V9
Energy Budget Measurements Over Irrigated Alfalfa - V11
Estimating Phreatophyte Transpiration - 47
Estimating Potential Evapotranspiration in Arid Environments - V11
ET Measurements over Riparian Saltcedar on the Colorado River - V12

Gerba Charles P.
Virus Fate in Groundwater - V13
Virus Survival in Groundwater - V13

Gershon Mark

A Multi- Objective Approach to River Basin Planning - V10

Germ John C.

Chemistry of Effervescing Groundwater from Municipal Wells, Flagstaff, Arizona - V5

Gilbert R. G.

Addition of a Carbon Pulse to Stimulate Denitrification in Soil Columns Flooded with Sewage Water - V6
Effect of Algal Growth and Dissolved Oxygen on Redox Potentials in Soil Flooded with Secondary Sewage

Effluent - V8
Land Treatment of Primary Sewage Effluent: Water and Energy Conservation - V8

Glasgow T. Niles
The Small Watershed Program, PL -566 - P2

Glenn Edward P.

A Potential for Water -Efficient, C4 Halophytes in Arizona's Agricultural Water Budget - V11

Goddard James E.
Keynote Address - P2

Goff James D.
Health Effects of Application of Wastewater to Land - V9
Wastewater Effluent - An Element of Total Water Resource Planning - V8

Goicoechea Ambrose
A Multiobjective Approach to Managing a Southern Arizona Watershed - V6
Decision Making in a Multiple -use Approach to the Reclamation of Strip -mined Lands - V7

Goss Marvin

Quantification Methods Developed in Conjunction with the Water Use Inventory on BLM Administered
Lands in Arizona - V10

Gottfried Gerald J.
An Evaluation of Snowmelt Lysimeters in and Arizona Mixed Conifer Stand - V10
Evaluation of the Use of Soil Conservation Service Snow Course Data in Describing Local Snow
Conditions in Arizona Forests - V11

Graf Charles G.

Origin, Development and Chemical Character of a Perched Water Zone, Harquahala Valley, Arizona - V10

Grasz O. M.
How to Select Evapotranspiration Models (Abstract) - V9

Graves Albert L.
Central Arizona Project Concept of Operation - V9

Greenberg Robert J.
A RPN Program for the Generalized Penman Equation - V12

132



Gregory Paul W.

Water Quality of Streamflow from Forested Watersheds on Sedimentary Soils - V6

Griffin Adrian H.

Changes in Water Rates and Water Consumption in Tucson, 1974 to 1978 - V10

Gum Russell L.

A Public Weighting of Four Societal Goals in Arizona and Oregon - V3
An Investigation of Colorado River Trips: A User Study - V2
Public Perception of Water Quality as a Planning Tool - V3
Subsidence Damage in Southern Arizona - V2
The Cognitive Strawman Planning Methodology: Public Input - V3

Hagen Robert M.

Reducing Phreatophyte Transpiration - V7

Haimson Jill S.

Estimations of Aquifer Characteristics Using Drillers' Logs - V11

Hansen G.
Water Quality Problems of the Urban Area in an Arid Environment. Tucson, Arizona - V8

Hansen Scott A.

Arizona Ground -Water Reform: Forces and Consequences of Change in State Water Policy - V11

Hartman Robert K.
Energy Budget Measurements Over Irrigated Alfalfa - V11
Error Analysis of Evapotranspiration Measurements - V10
ET Measurements over Riparian Saltcedar on the Colorado River - V12

Haverl and R. L.

Microtrac: A Rapid Particle -Size Analyzer of Sediments and Soils - V11

Hawkins Richard H.
Distribution of Loss Rates Implicit in the SCS Runoff Equation - V12
Effects of Rainfall Intensity on Runoff Curve Numbers - V8
Stormflow as a Function of Watershed Impervious Area - V11

Hebel Susan J.
Sediment Sources of Midwestern Surface Waters - V11
Techniques for Studying Nonpoint Water Quality - V12

Heede Burchard H.

Equilibrium Condition and Sediment Transport in an Ephemeral Mountain Stream - V6
Influence of Forest Density on Bedload Movement in a Small Mountain Stream - V7
Watershed Indicators of Landform Development - V5

Hekman, Jr. Louis H.

Stochastic Prediction of Sediment Yields from Strip Mine Spoils of the Arid Southwest - V7

Hem John D.
Water- Quality Studies Today and Tomorrow - V3

Aenkle William R.
A Jeep- Mounted Rainfall Simulating Infiltrometer - V3

Herbert Richard Alan

Effect of Illuviated Deposits on Infiltration Rates and Denitrification During Sewage Effluent
Recharge - V7

Federal Reserved Water Rights of the Bureau of Land Management in Colorado - V11
Transformations in Quality of Recharging Effluent in the Santa Cruz River - V5

Hi bbert Alden R.

Distribution of Precipitation on Rugged Terrain in Central Arizona - V7
Sediment Production from a Chaparral Watershed in Central Arizona - V9
Water Resources Research on Forest and Rangelands in Arizona - V4

Higgins T. E.
Heavy Metals & Wastewater Reuse - V8

Hill Dana B.
The Yuma Desalting Plant - P3

133



Hobson James
Organic Pollutants in Ground -Recharged Water - V11

Hogan T. D.

The Effects of Second -Home and Resort -Town Development on Stream Discharge in Navajo and Apache
Counties, Arizona - V9

Holub Hugh
Arizona Groundwater Law Reform - An Urban Perspective - V8
Some Legal Problems of Urban Runoff? - V2

Hook Thomas E.
Sediment Production from a Chaparral Watershed in Central Arizona - V9

Horak W. F.
A Bacterial Water Quality Investigation of Canyon Lake - V4

Hoyt Paul G.
Irrigation Management and Water Policy: Opportunities to Conserve Water in Arizona - V10

Hughbanks J.
Stock Tank Characteristics and Performance in the Beaver Creek Watershed, North- Central Arizona

(Abstract) - V13

Idso Sherwood B.
Assessing Bare Soil Evaporation Via Surface Temperature Measurements - V5
Assessing Soil Moisture Remotely - V5
Assessing Soil -Water Status Via Albedo Measurement - V4

Ince Simon
Exploration for Saltwater Supply for Shrimp Aquaculture, Puerto Penasco, Sonora, Mexico - V10
Parameter Influence on Runoff Modeling - V5
Water Quality Study of Lake Havasu, Arizona near the CAP Intake Area - V6

Ingebo Paul A.

Converting Chaparral to Grass to Increase Streamflow - V2

Irwin Leslie
Mutagenic Activity of Selected Organic Compounds Treated with Ozone - V12

Jackson Ray D.
Assessing Bare Soil Evaporation Via Surface Temperature Measurements - 45 .
Assessing Soil Moisture Remotely - V5
Field Measurements of Soil -Water Content and Soil -Water Pressure - V1
Seasonal Effects on Soil Drying After Irrigation - V1

Jacoby Gordon C.
Lake Powell Research Project: Hydrologic Research - V3

Jensen Stephen L.
New Organic Tracers for Waste Monitoring - P3

Johnson D. L.
Conserving Water with Drought -Tolerant Crops - P1

Johnson Freda
Early Public Involvement in Federal Water Resource Projects - V9

Johnson Gordon V.
Evaluation of a Turfgrass - Soil System to Utilize and Purify Municipal Waste Water - V2
Nitrogen Removal from Secondary Effluent Applied to a Soil -Turf Filter - V8
Saline and Organic Water Pollution - V2

Johnson Jack D.
Design and Pilot Study of an Arizona Water Information System - 42
Nitrogen Balance for a 23- Square Mile Minnesota Watershed - V1

Johnson Phil M.

Windbreaks May Increase Water Yield from the Grassland Islands in Arizona's Mixed Conifer Forests - V6

Johnson R. Bruce
Hydrologic Factors Affecting Groundwater Management for the City of Tucson, Arizona - V8
Impacts of a New Water Resources Management Plan for Tucson, Arizona - V10

134



Jones Mikeal E.

Lysimeter Snowmelt in Arizona Ponderosa Pine Forests - V6

Joshi V. G.
The Application of Step -Drawdown Pumping Tests for Determining Well Losses in Consolidated Rock

Aquifers - 45

Judge R. M.
Public Perception of Water Quality as a Planning Tool - 43

Juetten Dick
Salt River Project Emergency Storm Operations System for Salt River and Verde River Watersheds - P2

Kafri U.
Evaluation of Recharge Through Soils in a Mountain Region: A Case Study on the Empire and the Sonoita

Basins - V6

Kanerva Roger A.
Man -Nature Attitudes of Arizona Water Resource Leaders - V2

Kao Samual E.

Effect of Urbanization on Runoff from Small Watersheds - V3
Parameter Influence on Runoff Modeling - V5

Kaplan Marc G.
Effects of a Wetting Agent on the Infiltration Characteristics of a Ponderosa Pine Soil - V3

Karpiscak M.M.
Avra Valley Water Harvesting Agrisystem (Abstract) - V13

Kaufman Ron
Application of Chloride Stable Isotope Analysis to Hydrogeology - 413

Keith Susan J.
Ephemeral Flow and Water Quality Problems: A Case Study of the San Pedro River in Southeastern
Arizona - V8

Seasonal and Spatial Trends of Ephemeral Flow in the Tucson Basin: Implications for Ground Water
Recharge - 410

Stacking the Deck in Ground -Water Quality Data - P4

Kempf James
A Revised Phytoplankton Growth Equation for Water Quality Modelling in Lakes and Ponds - V12
Water Quality of Runoff From Surface Mined Lands in Northern Arizona - V8

Kessler J. O.
Application of Direct Osmosis: Design Characteristics for Hydration and Dehydration - V5
Application of Direct Osmosis: Possibilities for Reclaiming Wellton- Mohawk Drainage Water - V5
Mathematical Modeling of a Forward Osmosis Extractor - V6

Keynes, Jr. Conrad G.
NAIWMC - Potential in the Southwest - V6

Kimball B. A.
Seasonal Effects on Soil Drying After Irrigation - 41

Kimball D. B.
A Public Weighting of Four Societal Goals in Arizona and Oregon - V3

King David A.
Man -Nature Attitudes of Arizona Water Resource Leaders - 42

Kingston R. L..

Erosion and Sedimentation in the Upper Gila Drainage, A Case Study - V6

Kisiel Chester C.
A Stochastic Analysis of Flows of Rillito Creek - V1
Objective and Subjective Analysis of Transition Probabilities of Monthly Flow on an Ephemeral Stream

V2

Role of Modern Methods of Data Analysis for Interpretation of Hydrologic Data in Arizona - V2
Uncertainties in Digital -Computer Modeling of Ground -Water Basins - V1

Kisser Kandy G.
Estimations of Aquifer Characteristics Using Drillers' Logs - V11

135



Knipe O. D.

Windbreaks May Increase Water Yield from the Grassland Islands in Arizona's Mixed Conifer Forests - V6

Ko Stephen C.
Collective Utility of Exchanging Treated Sewage Effluent for Irrigation and Mining Water - V2

Koehler R. B.
Effectiveness of Sealing Southeastern Arizona Stock Ponds with Soda Ash - V8
Winter Precipitation on a Southeastern Arizona Rangeland Watershed - V9

Kreamer David Kenneth
Future Effects of the CAP on Lake Havasu's Thermal Regime - V6
Water Quality Study of Lake Havasu, Arizona near the CAP Intake Area - V6

Krysztofowicz Roman
A Utility Criterion for Real -time Reservoir Operation - V7

Kuhn Mark W.
Subsurface Production of Chlorine -36 and Its Impact on Groundwater Dating - V13

Kynard B. E.
Chemical Oxygen Demand of the Antitranspirant, Folicote - V7

Lance J. C.

Addition of a Carbon Pulse to Stimulate Denitrification in Soil Columns Flooded with Sewage Water - V6
Renovating Sewage Effluent by Ground -Water Recharge - V1
The Effect of Increasing the Organic Carbon Content of Sewage on Nitrogen, Carbon, and Bacteria

Removal and Infiltration in Soil Columns - V5

Lane Leonard J.
A Proposed Model for Flood Routing in Abstracting Ephemeral Channels - V2
A Sediment Yield Equation From an Erosion Simulation Model - V8
Application of a Double Triangle Unit Hydrograph to a Small Semiarid Watershed - V6
Bed Material Characteristics and Transmission Losses in and Ephemeral Stream - V2
Estimating Transmission Losses in Ephemeral Stream Channels - V10
Geomorphic Features Affecting Transmission Loss Potential - V8
Geomorphic Thresholds and Their Influence on Surface Runoff from Small Semiarid Watersheds - V6
Nonpoint- Source Pollutants Determine Runoff Source Areas - V7
Point- Area -Frequency Conversions for Summer Rainfall in Southeastern Arizona - V11
Simple Time -Power Functions for Rainwater Infiltration and Runoff - V8
Simulation of Partial Area Response from a Small Semiarid Watershed - V6
Water Balance Calculations, Water Use Efficiency, and Aboveground Net Production - V13

Larson Dennis L.
Arizona Solar Powered Pumping Project: Operating Experiences - V11
Feasibility of Using Solar Energy for Irrigation Pumping - V6
Solar Powered Irrigation Pumping Equipment - V9

Lehman Gordon S.
A Bacterial Water Quality Investigation of Canyon Lake - V4
Some Effects of Controlled Burning on Surface Water Quality - V11

Lemmon James J.
Drums Along the Salt (Poster Session) - P3
Hydrologic Investigations of the Dry Lake Region in East Central Arizona - V9

Leonhart L.
Water Quality of Runoff From Surface Mined Lands in Northern Arizona - V8

Lerman J. C.
Stable Isotopes of Oxygen in Plants: A Possible Paleohygrometer - V7

Linser Laurence
Role of Conservation in Arizona's Future - P1

Lo Suzanne
Organic Pollutants in Ground -Recharged Water - V11

Long Austin
Application of Chloride Stable Isotope Analysis to Hydrogeology - V13
Stable Isotopes of Oxygen in Plants: A Possible Paleohygrometer - V7

136



Long Michael R.

Computerized Depth Interval Determination of Groundwater Characteristics from Well Driller Logs - V10
Determination of Transmissivity Values in the Salt River Valley Using Recovery Tests, Specific

Capacity Data and DWR Driller Log Program - V11

Lorah William L.
Constraints on Water Development by the Appropriation Doctrine - V4
Land Treatment for Urban Waste Water Management - V3

Love Timothy D.
Nutrient Levels on the Verde River Watershed with Recommended Standards for P and N - V11

Ludeke Kenneth L.
Rehabilitation of Copper Mine Tailing Slopes Using Municipal Sewage Effluent - V7

Lundeen Lloyd J.
Establishing a Process Framework for Land Use Planning - V4

Maletic John T.
Salinity Control Planning in the Colorado River System - V4

Marrero Jose
Two Flash -Flood Management Problems: Kassandra and the Sirens - P2

Marsh Floyd L.
Arizona Ground -Water Reform: Forces and Consequences of Change in State Water Policy - V11

Martin R. D.
Nonpoint- Source Pollutants Determine Runoff Source Areas - V7

Martin William E.
Changes in Water Rates and Water Consumption in Tucson, 1974 to 1978 - V10
Economic Adjustment to a New Irrigation Water Source: Pinal County, Arizona and the Central Arizona

Project - V5
Economic Alternatives in Solving the U.S.- Mexico Colorado River Water Salinity Problem - V4

Martinez Anthony L.
Federal Reserved Water Rights of the Bureau of Land Management in Colorado - V11

Mathews William D.
Flood Control Problem Area, State of Arizona - P2

Matlock W. G.
A Rational Water Policy for Desert Cities - V4
Feasibility of Using Solar Energy for Irrigation Pumping - V6
Groundwater Recharge From a Portion of the Santa Catalina Mountains - V3
The Groundwater Supply of Little Chino Valley - V2

Maxwell James R.
Determining Watershed Conditions and Treatment Priorities - V12
Importance of Short Duration Rainfall Intensities for Hydrograph Modelling - V13

Mayercek Daniel R.

Addressing Water Quality Problems in the Globe -Miami Mining District of Arizona - An Institutional
Approach - P3

McAda D. P.
Solar Radiation as Indexed by Clouds for Snowmelt Modeling - V8

McAniff Richard
A Multi- Objective Approach to River Basin Planning - V10

McCarthy J. R.
The Significance of Logistics to Hydrology (Abstract) - V3

McCauley Charles A.
Subsidence Damage in Southern Arizona - V2

McCool Daniel C.

Indian Water Rights: The Bureaucratic Response - V11

McCrary E. E.
Past Mining Activities and Water Quality in the Lynx Creek Watershed - V6

137



McGavock E. H.
Improvement of Water Quality in Air Bubbling to Eliminate Thermal Stratification in Upper Lake Mary,

Arizona (Abstract) - V3

McGowan Isobel R.

A Microroughness Meter for Evaluating Rainwater Infiltration - V8
Infiltration Response to Surface Plant Cover and Soil Invertebrate Population - V10

McKee Patrick L.
Bottom Sediment Analysis of the Recreational WAters of Upper Sabino Creek - V7

McLean Thomas M.
The Alternatives and Impacts Associated with a Future Water Source Transition for Tucson Water - V11

The Northwest Area Water Plan - Tucson, Arizona - V10
Water Resources as a Limiting Factor to Tucson's Growth (Abstract) - V12
Water Resources - the Primary Factor in Tucson's Future Growth - P4

Metter William
A Solution to Small Sample Bias in Flood Estimation - V2
Comparison of Water Pricing Structures from a Collective Utility Viewpoint - V1

likita Michael A.
Organic Pollutants in Ground -Recharged Water - V11

Mills John E.
Soil Erosion and Sediment Control on the Reclaimed Coal Mine Lands of Semiarid Southwest - V7

Mills William C.
Stationarity in Thunderstorm Rainfall in the Southwest - V3

Mitchell Stanley T.
Freeze -Thaw Effects on Soils Treated for Water Repellency - V5

Miyamoto S.
Penetrability and Hydraulic Conductivity of Dilute Sulfuric Acid Solutions in Selected Arizona Soils

V3

Mohrbacker Carl
Stable Isotopes and Ground -Water Chemistry as Indicators of Mountain Front Recharge, Tucson Basin,

Pima County, Arizona V13

Montgomery Errol L.
Barometric Response of Water Levels in Flagstaff Municipal Wells - V7
Chemistry of Effervescing Groundwater from Municipal Wells, Flagstaff, Arizona - 45

Preliminary Investigation of the Hydrologic Properties of Diatremes in the Hopi Buttes, Arizona - V4

Structural Relations Determined from Interpretation of Geophysical Surveys: Woody Mountain Well

Field, Coconino County, Arizona - V4
Water Resources of the Inner Basin of San Francisco Volcano, Coconino County, Arizona - V4

Water Resources of the Woody Mountain Well Field Area, Coconino County, Arizona - V5

Moody C. D.
Application of Direct Osmosis: Design Characteristics for Hydration and Dehydration - V5
Application of Direct Osmosis: Possibilities for Reclaiming Wellton- Mohawk Drainage Water - V5

Mathematical Modeling of a Forward Osmosis Extractor - V6

Morton H. L.
Nonpoint- Source Pollutants Determine Runoff Source Areas - V7

Motschall Robert M.
Evaluating Water Quality Sampling Schedules Using Fecal Coliform Concentrations in Sabi no Creek - V6

Mueller Bradley C.
Impact of Recreation on the Water Quality of the East Verde River - P3

Muller Anthony B.
Fresh Water for Arizona by Salt Replacement Desalination - V4
Salinity Problems of the Safford Valley: An Interdisciplinary Analysis - V3

Murphey J. B.
Bed Material Characteristics and Transmission Losses in and Ephemeral Stream - V2

Myhrman M.
Rainfall- Runoff Relationships for a Mountain Watershed in Southern Arizona - V8

138



Wemecek Edward A.
Groundwater Quality Management and the 1980 Groundwater Management Act - P4
Study of the Adequacy of the Water Supply for the Carefree -Cave Creek Area - V6

Neuman Shl omo P.
Geostatistical Analysis and Inverse Modeling of the Avra Valley Aquifer - Vil
Geostatistical Analysis of Aquifer Test And Water Level Data from the Madrid Basin, Spain - V12
Quasi Three -Dimensional Finite Element Model of the Madrid Basin in Spain - V12

Newlin Charles
Central Arizona Water Control Study - P2

Niccoli Mary Ann
Determination of Transmissivity Values in the Salt River Valley Using Recovery Tests, Specific

Capacity Data and DWR Driller Log Program - V11

Nnaji Soronadi
A Deterministic Model for Semi -Arid Catchments - V4
Systematic Assessment of Uncertainties in an Environmental Impact Statement - V6
Variability of Infiltration Characteristics and Water Yield of a Semi Arid Catchment - V5

Norvelle M. E.
An Application of Multidisciplinary Water Resources Planning and Management for the San Carlos Apache

Indian Reservation: Gila River Case - V7

Nunamaker J. F.
A Water Supply Data Base - V7

O'Donnell D. F.

Application of Finite Element and Computer Graphics Techniques in Aquifer Analysis - V5

O'Leary James W.
A Potential for Water- Efficient, C4 Halophytes in Arizona's Agricultural Water Budget - V11

Oebker Norman F.
Mulching Techniques for Arid Lands Vegetable Production - V1

Olsen Richard D.
Preliminary Results from a Study of Coal Mining Effects on Water Quality of the Tongue River, Wyoming

V6

Osborn Herbert B.
Applicability of the Universal Soil Loss Equation to Semiarid Rangeland Conditions in the Southwest - V4
Application of the USLE to Soutwestern Rangelands - V10
Comparison of Methods to Estimate Runoff From Small Rangeland Watersheds - V12
Effectiveness of Sealing Southeastern Arizona Stock Ponds with Soda Ash - V8
Effects of Brush to Grass Conversion on the Hydrology and Erosion of a Semiarid Southwestern

Rangeland Watershed - V7
Point- Area -Frequency Conversions for Summer Rainfall in Southeastern Arizona - V11
Rainwater Quality in Southeastern Arizona Rangeland - V11
Regional Differences in Runoff -Producing Thunderstorms Rainfall in the Southwest - V1
Runoff Estimates for Thunderstorm Rainfall on Small Rangeland Watersheds - V13
Simulation of Summer Rainfall Occurrence in Arizona and New Mexico - V7
Stationarity in Thunderstorm Rainfall in the Southwest - V3
Tests on Arizona's New Flood Estimates - V9
Use of Radar as a Supplement to Raingage Networks - V10
Use of Stock Ponds for Hydrologic Research on Southwest Rangelands - V3
Weather Modification in Arizona, 1971 - V2
Winter Precipitation on a Southeastern Arizona Rangeland Watershed - V9

Osmolski Z.

Estimating Potential Evapotranspiration in Arid Environments - V11

Ozment Arnold D.
Development and Testing of a Laser Rain Gage - V5

Pankey Jan M.
Stormflow as a Function of Watershed Impervious Area - V11

Patten E. P.
Simulation of Ground Water Systems with Analog Models (Abstract) - V3

139



Peebles R. W.
Mulching Techniques for Arid Lands Vegetable Production - Vi

Pepper Ian L.
Nitrogen Removal from Secondary Effluent Applied to a Soil -Turf Filter - V8

Percious D. J.
An Application of Multidisciplinary Water Resources Planning and Management for the San Carlos Apache

Indian Reservation: Gila River Case - V7

Peterson G. D.
Using Linear Regression in Hydrological Design - V4

Peterson S. H.
Recharging the Ogallala Formation Using Shallow Holes - V1

Pfaff Ronald T.
Ranking Alternative Plans for the Santa Cruz River Basin by Q- Analysis - V11

Phillips Robert A.
Evaluating Water Quality Sampling Schedules Using Fecal Coliform Concentrations in Sabino Creek - V6

Pingry David E.
A Water Supply Data Base - V7
An Economic Analysis of the Central Arizona Project - V7

Polzer Charles W.
Use and Abuse of Southwestern Rivers: Historic Man - The Spaniard - VI

Popkin Barney Paul
A Potential for Water -Efficient, C4 Halophytes in Arizona's Agricultural Water Budget - V11
Augmenting Water Supply for Home Irrigation (Poster Session) - V9
Correcting Tidal Responses in Observed Water Well Levels During Coastal Aquifer Tests - V11
Effect of a Grass and Soil Filter on Tucson Urban Runoff: A Preliminary Evaluation - V2
Exploration for Saltwater Supply for Shrimp Aquaculture, Puerto Penasco, Sonora, Mexico - V10
Hydrologic Aspects of Land -Use Planning at Tumamoc Hill, Tucson, Arizona - V4
Potential Energy Resources of the Gulf of California, Northwestern Mexico - V12
Well -Field Design Criteria for Coastal Seawater Development - V10

Post Donald F.
Relationships of Soil Texture with Soil Water Content and Soil Porosity Characteristics of Arizona

Soils - V11

Postillion Frank G.
Evaluation of Groundwater Monitoring Methodologies in the Tucson Copper Mining District - V13
Hydrologic Evaluation of Topsoiling for Rehabilitating Black Mesa Coal Mine Lands - V10

Putman F.
Rainfall- Runoff Relationships for a Mountain Watershed in Southern Arizona - V8

Ramsey C. R.
Transformations in Quality of Recharging Effluent in the Santa Cruz River - V5

Randall J. H.
Chlorofluorocarbons as Hydrologic Tracers, A New Technology - V6
Determining Areal Precipitation in the Basin and Range Province of Southern Arizona - Sonoita Creek

Basin - V6

Rasmussen Todd C.
Models of Indoor and Outdoor Water Demand for Single Family Residences in Tucson, Arizona - V13
Use of the Universal Soil Loss Equation in the Tropics - V11

Rasmussen William O.
A Water Budget for a Semiarid Watershed - V9
An Interactive Model of Suspended Sediment Yield on Forested Watersheds in Central Arizona - V9
Application of Finite Element and Computer Graphics Techniques in Aquifer Analysis - V5
Prediction of the Chemical Quality of Streamflow by an Interactive Computer Model - V10
SEDCON: A Model of Nutrient and Heavy Metal Losses in Suspended Sediment - V12
Snowpack Dynamics in Arizona's Aspen Forests - V10
Use of Satellite Data to Develop Snowmelt- Runoff Forecasts in Arizona - V6

Rawl es R.L.
Avra Valley Water Harvesting Agrisystem (Abstract) - V13

140



Reginato Robert J.
Assessing Bare Soil Evaporation Via Surface Temperature Measurements - V5
Assessing Soil Moisture Remotely - V5
Assessing Soil -Water Status Via Albedo Measurement - V4
Field Measurements of Soil -Water Content and Soil -Water Pressure - V1

Reich Brian M.
Present Practices and Future Goals for Floodplain Management Within Pima County, Arizona - P2
Tests on Arizona's New Flood Estimates - V9

Renard Kenneth G.
Applicability of the Universal Soil Loss Equation to Semiarid Rangeland Conditions in the Southwest - V4
Application of the USLE to Soutwestern Rangelands - V10
Effects of Brush to Grass Conversion on the Hydrology and Erosion of a Semiarid Southwestern

Rangeland Watershed - V7
Seasonal Change in Infiltration and Erosion from USLE Plots in Southeastern Arizona - V12
Thunderstorm Precipitation Effects on the Rainfall- Erosion Index of the Universal Soil Loss Equation

V5

Replogle J. A.
Conserving Water and Energy in Irrigation - P1

Resnick Sol D.

Determining Areal Precipitation in the Basin and Range Province of Southern Arizona - Sonoita Creek

Basin - V6
Effect of Urbanization on Runoff from Small Watersheds - V3
Future Outlooks for Water Conservation in Arizona - P1
Impact on the Environment by Water Resources Development (Abstract) - V3

Reynolds Robert
Early Flood Warning System for Tucson Basin - P2

Reynolds, Jr. Robert C.
Calcite Precipitation in Lake Powell (Abstract) - 43

Rice R. C.
Effect of Algal Growth and Dissolved Oxygen on Redox Potentials in Soil Flooded with Secondary Sewage

Effluent - V8
Land Treatment of Primary Sewage Effluent: Water and Energy Conservation - V8
Renovating Sewage Effluent by Ground -Water Recharge - V1

Riley Rex
A Water Supply Data Base - V7

Robotham Hugh B.
Evaluation of Water Management Systems for the Sonoita Creek Watershed - V9

Rodgers James J.
Impact of Development on Stream Flows - V9

Rodiek Jon
The Importance of Arizona's Wetlands - V10
Visual Impacts: Perception and Modification of Surface Mining Operations on the Black Mesa - V9

Roefs Theodore G.
A Public Weighting of Four Societal Goals in Arizona and Oregon - V3
Competitive Groundwater Usage from the Navajo Sandstone - V3
Conditional Streamflow Probabilities - V1
Input Specifications to a Stochastic Decision Model - V2

Optimal Utilization of Playa Lake Water in Irrigation - V1
Parameter Influence on Runoff Modeling - V5
The Cognitive Strawman Planning Methodology: Public Input - V3

Russell J. W.
Canyon Creek Management Analysis - V4
Display and Manipulation of Inventory Data - V4

Ryan J.
Penetrability and Hydraulic Conductivity of Dilute Sulfuric Acid Solutions in Selected Arizona Soils

- V3

141



Sammis Theodore W.
An Energy Budget Analysis of Evapotranspiration from Saltcedar - V6
Construction, Calibration, and Operation of a Monolith Weighing Lysimeter - V6
Estimating Phreatophyte Transpiration - V7
Variability of Infiltration Characteristics and Water Yield of a Semi Arid Catchment - V5

Variations in Soil Moisture Under Natural Vegetation - V7
Water Disposition in Ephemeral Stream Channels - V2

Sands, Jr. C. D.
Feasibility of Using Solar Energy for Irrigation Pumping - V6
Solar Powered Irrigation Pumping Equipment - V9

Saplaco Severo R.
A Water Budget for a Semiarid Watershed - V9

Schmidt Kenneth D.
Academic Training for Groundwater Quality Specialists - V6
Groundwater Contamination in the Cortaro Area, Pima County, Arizona - V2

Keynote Address - P3
Salt Balance in Groundwater of the Tulare Lake Basin, California - V5
The Use of Chemical Hydrographs in Groundwater Quality Studies - V1

Schmidt Larry J.
Determining Watershed Conditions and Treatment Priorities - V12
Evaluating and Displaying Watershed Tradeoffs for Management - V10
Importance of Short Duration Rainfall Intensities for Hydrgraph Modelling - V13
Water Yield Opportunities on National Forest lands in Arizona - V11

Schreiber H. A.
Time- Related Changes in Water Quality of Stock Tanks of Southeastern Arizona - V4

Schultz Thomas R.
Chlorofluorocarbons as Hydrologic Tracers, A New Technology - V6
Hydrologic Investigations of the Dry Lake Region in East Central Arizona - V9

The Effect of Development on Groundwater in the Parker Strip - V4

Scott Benson G.
The Golder Dam Experience - P2

Scott Kenneth C.
Preliminary Investigation of the Hydrologic Properties of Diatremes in the Hopi Buttes, Arizona - V4

Scott Phyllis K.
Structural Relations Determined from Interpretation of Geophysical Surveys: Woody Mountain Well

Field, Coconino County, Arizona - V4

Sebenik P. G.
Nitrogen Species Transformations of Sewage Effluent Releases in A Desert Stream Channel - V2

Sharma G.
The Application of Step -Drawdown Pumping Tests for Determining Well Losses in Consolidated Rock

Aquifers - V5

Sheridan Thomas E.
Traditional Technology for Floodplain Management in Sonora, Mexico - P2

Shirley Edward D.
A Sediment Yield Equation From an Erosion Simulation Model - V8
Estimating Transmission Losses in Ephemeral Stream Channels - V10

Shreiber, Jr. J. F.
Exploration for Saltwater Supply for Shrimp Aquaculture, Puerto Penasco, Sonora, Mexico - V10

Sidle R. C.

Evaduation of a Turfgrass - Soil System to Utilize and Purify Municipal Waste Water - V2

Simanton J. Roger
A Land Imprinter for Revegetation of Barren Land Areas Through Infiltration Control - V7

A Microroughness Meter for Evaluating Rainwater Infiltration - V8

Applicability of the Universal Soil Loss Equation to Semiarid Rangeland Conditions in the Southwest - V4

Application of the USLE to Soutwestern Rangelands - V10
Effectiveness of Sealing Southeastern Arizona Stock Ponds with Soda Ash - V8

142



Simanton J. Roger (Continued)
Effects of Brus two Grass Conversion on the Hydrology and Erosion of a Semiarid Southwestern
Rangeland Watershed - V7

Runoff Estimates for Thunderstorm Rainfall on Small Rangeland Watersheds - V13
Seasonal Change in Infiltration and Erosion from USLE Plots in Southeastern Arizona - V12
Simple Time -Power Functions for Rainwater Infiltration and Runoff - V8
Some Biohydrologic Impacts of Land Imprinting - Vil
Thunderstorm Precipitation Effects on the Rainfall- Erosion Index of the Universal Soil Loss Equation

V5

Use of Radar as a Supplement to Raingage Networks - V10
Use of Stock Ponds for Hydrologic Research on Southwest Rangelands - V3
Winter Precipitation on a Southeastern Arizona Rangeland Watershed - V9

Simons D. B.

The Geomorphic and Hydraulic Response of Rivers - V5

Sims Bruce D.
Some Effects of Controlled Burning on Surface Water Quality - Vil

Si verts L. E.

Canyon Creek Management Analysis - V4
Display and Manipulation of Inventory Data - V4

Slawson, Jr. G. C.
Chemical and Biological Problems in the Grand Canyon - V3

Small Gary G.

The Use of a Computer Model to Predict Water Quality Transformations During Subsurface Movement of
Oxidation Pond Effluent - V3

Water Quality Monitoring within the Salt River Project Area - P4

Smith J. H.
Uncertainty in Sediment Yield from a Semi -Arid Watershed - V4

Smith Robert E.

Storm Flows Management in Relation to Industrial Development - P2

Smith Stephen E.
Water Resource Alternatives for Power Generation in Arizona - V4

Sniedovich Moshe

On the Modeling and Computational Aspects of Dynamic Programming with Applications in Reservoir
Control - V6

Solomon Rhey M.
Determining Watershed Conditions and Treatment Priorities - V12
Erosion and Sedimentation in the Upper Gila Drainage, A Case Study - V6
Evaluating and Displaying Watershed Tradeoffs for Management - V10
Importance of Short Duration Rainfall Intensities for Hydrograph Modelling - V13
Water Yield Opportunities on National Forest Lands in Arizona - V11

Sommerfeld Milton R.
Impact of Recreation on the Water Quality of the East Verde River - P3
Use of Bacterial Indicators in Assessment of Water Quality of the East Verde River - V11

Springer, Jr. Frank C.

Central Arizona Project Concept of Operation - V9

Steel ink Cornelius

Mutagenic Activity of Selected Organic Compounds Treated with Ozone - VI2
Organic Pollutants in Ground -Recharged Water - V11

Steiner Wesley E.
Politics and the Colorado River - V1
State Water Planning - V5

Stephenson Larry K.
Highlights of the State's Water Pollution Control Program - P3
Toward Development of a Groundwater Quality Protection Strategy for Arizona - V11

Stockton Charles W.
Augmenting Annual Runoff Records Using Tree -Ring Data - V1

143



Stone J.J.
Water Balance Calculations, Water Use Efficiency, and Aboveground Net Production - V13

Stribling Barbara A.
The Prejudices, Polemics, and Politics of Water Management Versus the Reasonable Man Test - V6

Sumner J. S.
Exploration for Saltwater Supply for Shrimp Aquaculture, Puerto Penasco, Sonora, Mexico - V10

Supkow D. J.
Transmissivity Distribution in the Tucson Basin Aquifer - V2

Swanson Edwin K.
Addressing Water Quality Problems in the Globe -Miami Mining District of Arizona - An Institutional

Approach - P3
Water Quality Problems in the Puerco River, Arizona - P3

Szidarovszky F.
Reservoir Design under Random Sediment Yield - V6

Tellman Barbara
More Regulation is Needed to Protect Arizona's Groundwater - P4
Water for Food, Energy and Municipal Use in the Colorado Basin: A Consumer -Environmental Perspective

V6

Tennyson Larry C.
A Preliminary Assessment of Snowfall Interception in Arizona Ponderosa Pine Forest - V3

Thames John L.
A Multiatribute Approach to the Reclamation of Strípmíned Lands - V9
Past Mining Activities and Water Quality in the Lynx Creek Watershed - V6
Soil Erosion and Sediment Control on the Reclaimed Coal Mine Lands of Semiarid Southwest - V7

Stochastic Prediction of Sediment Yields from Strip Mine Spoils of the Arid Southwest - V7

The Mound and Valley Water Harvesting System: A Potential Mine Reclamation Alternative - V10

Thompson Glenn
New Organic Tracers for Waste Monitoring - P3

Thompson J. R.
Snowpack Density on an Arizona Mixed Conifer Forest Watershed - V7
Windbreaks May Increase Water Yield from the Grassland Islands in Arizona's Mixed Conifer Forests - V6

Thorn Kevin
Organic Pollutants in Ground -Recharged Water - V11

Thorud David B.
A Preliminary Assessment of Snowfall Interception in Arizona Ponderosa Pine Forest - V3

A Technique to evaluate Snowpack Profiles in and Adjacent to Forest Openings - V4

An Analysis of Yearly Differences in Snowpack Inventory- Prediction Relationships - V2

Antitranspirants as a Possible Alternative to the Eradication of Saltcedar Thickets - V5

Lysimeter Snowmelt in Arizona Ponderosa Pine Forests - V6
Progress in Developing Forest Management Guidelines for Increasing Snowpack Water Yields - V1

Thuss Michael F.
Early Public Involvement in Federal Water Resource Projects - V9
Negotiating the Water Future of Pima County, Arizona - V9

Timmer, Michael J.
Snowpack Dynamics in Arizona's Aspen Forests - V10

Todd Albert
Water Harvesting: Soil /Water Impacts of Salt Treatment - V10

Towle, Jr. Charles L.
A Method for Maximizing the Present Value of a Groundwater Resource - V6

Tracy Fred C.
Use of the Universal Soil Loss Equation in the Tropics - V11

Tromble J. M.
Increasing Forage Production on a Semiarid Rangeland Watershed - V4

144



Trompeter K. M.

The Yuma Desalting Plant - P3

Trotta Paul D.

Impact of Development on Stream Flows - V9

Tunnicliff Brock
Water Quality Analyses of the Colorado River Corridor of Grand Canyon - V10

Turner R. M.
How to Select Evapotranspiration Models (Abstract) - 49

Uhl, Jr. V. W.

The Application of Step -Drawdown Pumping Tests for Determining Well Losses in Consolidated Rock

Aquifers - V5

Unkrich C.L.
Comparison of Methods to Estimate Runoff From Small Rangeland Watersheds - V12

Urbina Marilyn J.
Use of Bacterial Indicators in Assessment of Water Quality of the East Verde River - V11

Vandivere William B.
Impact of Development on Stream Flows - 49

van Hylckama T. E. A.
How to Select Evapotranspiration Models (Abstract) - V9

Verma Tika R.
Past Mining Activities and Water Quality in the Lynx Creek Watershed - V6
Reclamation of Orphaned Mine Sites and Their Effect on the Water Quality of the Lynx Creek Watershed

V7

Rehabilitation of Copper Mine Tailing Slopes Using Municipal Sewage Effluent - V7
Soil Erosion and Sediment Control on the Reclaimed Coal Mine Lands of Semiarid Southwest - V7

Viessman, Jr. Warren
Urban Hydrology: State -of- the -Art - V3

Wade James C.
Changes in Water Rates and Water Consumption in Tucson, 1974 to 1978 - V10

Wallace Delmer E.
Geomorphic Thresholds and Their Influence on Surface Runoff from Small Semiarid Watersheds - V6
Geomorphic Features Affecting Transmission Loss Potential - V8
Simulation of Partial Area Response from a Small Semiarid Watershed - V6

Wallace D. E.
Nonpoint- Source Pollutants Determine Runoff Source Areas - V7
Time -Related Changes in Water Quality of Stock Tanks of Southeastern Arizona - V4

Warskow William L.
Aerial Snowpack Mapping - V5

Weber E. J.
Economic and Energy Opportunities for Municipal Waste -Water Utilization in Arizona - P3

Weber J.
Using Linear Regression in Hydrological Design - V4

Weeks D. L.
Variations in Soil Moisture Under Natural Vegetation - V7

Weisz Reuben N.
A Method for Maximizing the Present Value of a Groundwater Resource - V6

Wessner Don
Salt River Project Emergency Storm Operations System for Salt River and Verde River Watersheds - P2

Westerman R. L.

Sulfuric Acid: Its Potential for Improving Irrigation Water Quality - V1

145



Whi sl er F. D.

The Effect of Increasing the Organic Carbon Content of Sewage on Nitrogen, Carbon, and Bacteria
Removal and Infiltration in Soil Columns - V5

White Linda M.

A Bibliographic Information System for Water Yield Improvement Practices - V4
Water- Related Information Sources: Highlights - V6

Wilkin Donovan C.
Sediment Sources of Midwestern Surface Waters - V11
Techniques for Studying Nonpoint Water Quality - V12

Williams Mary Ellen
Diurnal Trends in Water Status, Transpiration, and Photosyntheses of Saltcedar - V7

Williamson Gary

The Construction of a Probability Distribution for Rainfall on a Watershed by Simulation - V2

Williamson Richard S.
Socio- Economic Impacts of the Safe Drinking Water Act on Arizona's Water Systems - V10

Wilson David L.
The Price of Water in Western Agriculture - V11

Wilson L. G.

Application of Finite Element and Computer Graphics Techniques in Aquifer Analysis - V5
Management of Artificial Recharge Wells for Groundwater Quality Control - V1
Stacking the Deck in Ground -Water Quality Data - P4
The Use of a Computer Model to Predict Water Quality Transformations During Subsurface Movement of
Oxidation Pond Effluent - V3

Transformations in Quality of Recharging Effluent in the Santa Cruz River - V5
Water Quality Considerations for Landfill Siting in Arizona - P3

Wilson R. E.

Nonpoint- Source Pollutants Determine Runoff Source Areas - V7

Wilson Weston W.
The Cognitive Strawman Planning Methodology: Public Input - V3

Winikka Carl C.

The Arizona Resources Information System - 1975 - V5

Woessner William

Intermittent Flow Events - Salinity Loading Relationships in the Lower Colorado River Basin, Southern
Nevada - V10

Woodard Gary C.

Models of Indoor and Outdoor Water Demand for Single Family Residences in Tucson, Arizona - V13

Wright Jerome J.

The Occurrence of Thermal Groundwater in the Basin and Range Province of Arizona - V1

Wright Kenneth R.
Land Treatment for Urban Waste Water Management - V3

Wright N. Gene

An Application of Multidisciplinary Water Resources Planning and Management for the San Carlos Apache
Indian Reservation: Gila River Case - V7

Jojoba: An Alternative to the Conflict Between Agricultural and Municipal Groundwater Requirements in
the Tucson Area, Arizona - Pl

Yakowitz Sidney J.

On the Modeling and Computational Aspects of Dynamic Programming with Applications in Reservoir
Control - V6

On the Statistics of Hydrologic Time Series - V3
Reservoir Design under Random Sediment Yield - V6
Statistical Models and Methods for Rivers in the Southwest - V7

Yates Marylynn V.

Virus Survival in Groundwater - V13

146



Young Don W.

Construction, Calibration, and Operation of a Monolith Weighing Lysimeter - V6
Hydrologic Investigations of the Dry Lake Region in East Central Arizona - V9
The Effects on Water Quality by Mining Activity in the Miami, Arizona Region - V8
Water Quality Study of Lake Havasu, Arizona near the CAP Intake Area - V6

Zeller Michael E.
Present Practices and Future Goals for Floodplain Management Within Pima County, Arizona - P2

Zevin Susan
Two Flash -Flood Management Problems: Kassandra and the Sirens - P2

Zito Richard

Subsurface Production of Chlorine -36 and Its Impact on Groundwater Dating - V13

Zwolinski Malcolm J.

Effects of a Wetting Agent on the Infiltration Characteristics of a Ponderosa Pine Soil - V3
Effects of Fire on Water Infiltration Rates in a Ponderosa Pine Stand - V1

147


	hwr_13_pg000a001_m
	hwr_13_pg000a002_m
	hwr_13_pg000a002a001_m
	hwr_13_pg000a002a002_m
	hwr_13_pg000a002a003_m
	hwr_13_pg000a002a004_m
	hwr_13_pg000a002a005_m
	hwr_13_pg001_m
	hwr_13_pg002_m
	hwr_13_pg003_m
	hwr_13_pg004_m
	hwr_13_pg005_m
	hwr_13_pg006_m
	hwr_13_pg007_m
	hwr_13_pg009_m
	hwr_13_pg010_m
	hwr_13_pg011_m
	hwr_13_pg012_m
	hwr_13_pg013_m
	hwr_13_pg014_m
	hwr_13_pg015_m
	hwr_13_pg017_m
	hwr_13_pg018_m
	hwr_13_pg019_m
	hwr_13_pg020_m
	hwr_13_pg021_m
	hwr_13_pg022_m
	hwr_13_pg023_m
	hwr_13_pg024_m
	hwr_13_pg025_m
	hwr_13_pg027_m
	hwr_13_pg028_m
	hwr_13_pg029_m
	hwr_13_pg030_m
	hwr_13_pg031_m
	hwr_13_pg032_m
	hwr_13_pg033_m
	hwr_13_pg034_m
	hwr_13_pg035_m
	hwr_13_pg036_m
	hwr_13_pg037_m
	hwr_13_pg038_m
	hwr_13_pg039_m
	hwr_13_pg040_m
	hwr_13_pg041_m
	hwr_13_pg042_m
	hwr_13_pg043_m
	hwr_13_pg044_m
	hwr_13_pg045_m
	hwr_13_pg046_m
	hwr_13_pg047_m
	hwr_13_pg048_m
	hwr_13_pg049_m
	hwr_13_pg050_m
	hwr_13_pg051_m
	hwr_13_pg053_m
	hwr_13_pg054_m
	hwr_13_pg055_m
	hwr_13_pg056_m
	hwr_13_pg057_m
	hwr_13_pg058_m
	hwr_13_pg059_m
	hwr_13_pg060_m
	hwr_13_pg061_m
	hwr_13_pg062_m
	hwr_13_pg063_m
	hwr_13_pg064_m
	hwr_13_pg065_m
	hwr_13_pg067_m
	hwr_13_pg068_m
	hwr_13_pg069_m
	hwr_13_pg070_m
	hwr_13_pg071_m
	hwr_13_pg072_m
	hwr_13_pg073_m
	hwr_13_pg074_m
	hwr_13_pg075_m
	hwr_13_pg077_m
	hwr_13_pg078_m
	hwr_13_pg079_m
	hwr_13_pg080_m
	hwr_13_pg081_m
	hwr_13_pg082_m
	hwr_13_pg083_m
	hwr_13_pg084_m
	hwr_13_pg085_m
	hwr_13_pg086_m
	hwr_13_pg087_m
	hwr_13_pg088_m
	hwr_13_pg089_m
	hwr_13_pg090_m
	hwr_13_pg091_m
	hwr_13_pg093_m
	hwr_13_pg094_m
	hwr_13_pg095_m
	hwr_13_pg096_m
	hwr_13_pg097_m
	hwr_13_pg098_m
	hwr_13_pg099_m
	hwr_13_pg100_m
	hwr_13_pg101_m
	hwr_13_pg102_m
	hwr_13_pg103_m
	hwr_13_pg104_m
	hwr_13_pg105_m
	hwr_13_pg106_m
	hwr_13_pg107_m
	hwr_13_pg108_m
	hwr_13_pg109_m
	hwr_13_pg110_m
	hwr_13_pg111_m
	hwr_13_pg112_m
	hwr_13_pg113_m
	hwr_13_pg114_m
	hwr_13_pg115_m
	hwr_13_pg116_m
	hwr_13_pg117_m
	hwr_13_pg118_m
	hwr_13_pg119_m
	hwr_13_pg120_m
	hwr_13_pg121_m
	hwr_13_pg123_m
	hwr_13_pg124_m
	hwr_13_pg125_m
	hwr_13_pg126_m
	hwr_13_pg127_m
	hwr_13_pg128_m
	hwr_13_pg129_m
	hwr_13_pg130_m
	hwr_13_pg131_m
	hwr_13_pg132_m
	hwr_13_pg133_m
	hwr_13_pg134_m
	hwr_13_pg135_m
	hwr_13_pg136_m
	hwr_13_pg137_m
	hwr_13_pg138_m
	hwr_13_pg139_m
	hwr_13_pg140_m
	hwr_13_pg141_m
	hwr_13_pg142_m
	hwr_13_pg143_m
	hwr_13_pg144_m
	hwr_13_pg145_m
	hwr_13_pg146_m
	hwr_13_pg147_m

