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ABSTRACT

In dealing with water management methods fora watershed possibly
subject to intensive development in the future, such as the Sonoita
Creek Basin in Arizona, a model of the hydrologic system is the only
possible link between the hydrologist and the systems engineer. The
water balance picture that was taken by the hydrologist has to be advanced
up to a point in which the response of the aquifer considered, to different
water policies, will be known. At this point the integration between the
environment and its management can be properly addressed. From a stand-
point of the hydrologist, a model is therefore the overall goal of his
study. Such a model will enable him to simulate the relationships between
recharge, discharge and ground -water elevation. Consequently, a water
balance model was calibrated, and a working routine with the model was
developed that was used by the systems engineers.
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DEVELOP WATER MANAGEMENT METHODS FOR
WATERSHEDS SUBJECT TO INTENSIVE DEVELOPMENT

INTRODUCTION

This Partial Completion Report deals with the water balance and water
quality in the Sonoita Creek Basin to Patagonia Dam.

The hydrologic water balance equation expresses the law of continuity
as applied to a definite part of a drainage system. The equation is usually
written for an entire watershed although for certain purposes it is better
to divide the watershed into various parts and to write separate equations
for each of these parts. Another fact to note in connection with the hy-
drologic water balance equation is that it is written for a well defined
period of time. The units used to express the various quantities in the
hydrologic water balance may be those of volume for the given period of
time or mean flow, again for the same period of time.

The Sonoita Creek Basin may be defined for the purpose of the hydro-
logic water balance study in one of four ways, (Figure 1). These are:
(a) The area contributing water by surface runoff to all of Sonoita Creek
up to its confluence with the Santa Cruz River; (b) the area contributing
water by surface runoff to Lake Patagonia Dam; (c) the area contributing
water by surface runoff to the upstream end of the Patagonia Lake; and
(d) the area contributing water by surface runoff to the United States
Geological Survey (USGS) gaging station which is located at a distance
of 1.2 miles upstream. The area corresponding to each of these definitions
of the Sonoita Creek Basin is listed in the following table.

Table 1.

Watershed Location of Area of
Definition Downstream Point Watershed

(sq. mi.)

a Confluence with Santa Cruz River 270

b Patagonia Dam 240

c Inlet of Lake Patagonia 210

d USGS Gaging Station 200

For the purposes of this report only the last three definitions will
be used.
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Figure 1. Sonoita Creek Basin to Patagonia Dam, Arizona.



WATER BALANCE

The water balance for the Sonoita Creek Basin is being establish by
estimating or measuring the major input and output components of water
movement in the Basin.

The water balance equation can be written as:

P + UF. = ET + RO + UF. ' + AS (1)
i o -

where P = Total precipitation on the Basin

UF. = Ground water underflow into the Basin
i

ET = Evapotranspiration

RO = Runoff

OF
o

= Ground water underflow out of the Basin

AS = Change in soil and ground water storage.

Before proceeding with the evaluation of the various components of
the water balance equation, attention should be drawn to a unique situation
existing in the Sonoita Creek Basin with regard to the evapotranspiration
term. This is due to the presence of the Lake and proximity of the ground
water level to the surface of the ground along the lower reaches of the
Sonoita Creek, which is a perennial stream from about the location of the
City of Patagonia to the Lake. As a result, there is a strip of a relatively
dense riparian vegetation community on both sides of the Creek and around
the Lake. For this strip the actual evapotranspiration is approximately
equal to the potential evapotranspiration, whereas for the rest of the
Basin actual evapotranspiration depends on the availability of rainfall
and is less than the potential value. The area of the vegetation strip
above the Lake is about 910 acres (1.4 square miles) and that of the Lake
is 240 acres (0.4 square miles). The total area of potential evapo-
transpiration is thus 1150 acres or 1.8 square miles. Using the USGS Gag-
ing Station as the division pomnt,ithe area of the vegetation strip above
the gage is 800 acres and that below the gage, including the Lake, is
350 acres.

When writing the hydrologic balance equation the strip of dense vege-
tation and Lake area, shown shaded in Figure 1, will be excluded and a
separate, more detailed balance will be written for that portion of the
Basin. The equation applicable for this strip is a modification of
Equation 1, given above.

P + RO . + UF. = ET + RO = UF + AS
o o -

(2)

where the terms are as defined above with the word "strip" substituted for
the word "basin" and RO is inflowing surface runoff. The reason for
the different treatmentifor the strip is not only the special evapotrans-
piration condition existing there but also the fact that this strip is
likely to be affected most by any plans for water utilization in the
Sonoita Creek Basin.
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Another consequence of this decision to treat the vegetation strip
separately is that ground water recharge will have to be evaluated as a
separate item of the hydrologic balance equation. This means that a
separate balance equation is required for the upper soil layer of the
Basin, excluding the area of the Lake and vegetation strip. Using the
above notation this equation is written as

P = ET -h RO + GW + AS (3)

r

where GW is the ground water recharge from the upper zone. It should be
noted that the term GW in Equation 3 is equivalent to the term UF, in
Equation 2,.' The presentation of the hydrologic balance equationslwill
be done by first discussing each of the components that enter the
equations.

WATER BALANCE EQUATIONS

Basin precipitation

The main input to the watershed is the precipitation, P, which is
fairly variable. Records of the yearly, monthly and seasonal rainfall
are available for a number of stations and these were utilized to arrive
at mean values for the watershed as required by the hydrologic water
balance equation.

Records for Elgin, Santa Rita Experimental Station, Patagonia, Canelo,
Nogales, and the Crown C Ranch, have been collected and tabulated as total
rainfall by water year -and winter and summer seasons (October 1-
March 31, and April 1- September 30). The records cover a period of
40 years from 1932 to 1972.

A computer program has been written to calculate the average seasonal
and yearly basin precipiation. The program fits isohyetal lines to the
precipitation values at the above stations and estimates rainfalls at
several other critical locations. The program then integrates the area
between contours and calculates the mean by a standard isohyetal analysis.
Because of the orographic effects of the mountains surrounding the Basin,
precipitation estimates have been made for Mt. Wrightson, Mt. Washington,
and a point in the Canelo Hills. The estimates are based on elevation-
precipitation graphs compiled for southern Arizona and cross- checked
with the isohyetal map of the State.

The accuracy of the computer program was evaluated. The program,
using long -term average yearly and seasonal values of precipitation,
determined average Basin rainfalls. These values were compared to

a planimetered isohyetal analysis of the Basin using the isohyetal map
of Arizona. The accuracy of the method was determined to be about two
to five percent. However, because of errors inherent in the actual
rainfall measuring records and those due to the extrapolation of the
elevation -precipitation graph, it is estimated that the total error
in values given herein are on the order of 10 to 20 percent.
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Monthly precipitation data for the Patagonia station, which is
typical for the Sonoita Creek Basin are summarized in Table 2. Mean
rainfall data for the entire watershed are listed in Table 3. The table
gives means and standard deviations for seasonal and yearly rainfall,
as obtained by the above mentioned computer program, using data collected
at the stations listed above. Also given are the lowest and highest
reading for each period. Simplified isohyetal maps for the Sonoita
Basin are presented in Figure 2. A statistical analysis of the mean
yearly rainfall for the Sonoita Creek Basin is given in Table 4.

The mean yearly precipitation over the Sonoita Creek Basin is 18.5
inches per year. Multiplying this value by the area of the watershed
which is 200 square miles and converting to acre -feet units, yields a value
of P= 195,000 acre -feet per year for the precipitation water input term
in the hydrologic balance equation - for a mean year. Taking into account
a possible error of + 10 percent this value may in the range of
P= 175,000 acre -feet per year to P= 215,000 acre -feet per year. The mean
rainfall input for the watershed defined by Patagonia Dam, which has an area
of 240 square miles, is 234,000 acre-feet (210,000 to 260,000 acre -feet).

The mean rainfall input to Patagonia Lake and the vegetation strip
between the Lake and the City of Patagonia was taken to be equal to the
mean value recorded in the City (Table 2). The yearly mean rainfall is
about 17 inches. Multiplying this value by the area of the lake and
the strip below the USGS Gaging Station gives an input of about 500 acre -
feet per year. The corresponding values for the area of the strip above
the gage is 1100 acre -feet. For the total area of Lake and strip,_the
total rainfall input is 1600 acre -feet per year. Assuming a possible
error of + 10 to 20 percent the ranges for the above parts are 400 to
600, 1000 to 1200 and 1400 to 1800 acre -feet per year for the three zones
respectively.

Groundwater Underflow Into the Basin

The second source of water input to the hydrologic balance equation
is the ground -water underflow into the Basin along the boundaries of the
Basin. This term enters the balance equation because the boundaries of
the Basin do not exactly overlap the boundaries of the ground water intake
areas. The difference is due to the geologic structures along the Basin
boundaries. The biggest deviations between the two boundaries are
along the North and Northeast boundaries. The approximate location of
the ground water intake area boundaries in that area is shown by a broken
line in Figure 1. The area of the ground water basin is approximately
270 square miles. The difference between this area and the area of the
Basin defined by Patagonia Dam is 30 square miles.

A rough estimate of the ground water underflow into the Basin was
based on an estimate that 40 percent of the contributing area outside
the Basin is made up of pervious rock formations. Considering the sequences
of rainy days in that area, it was further estimated that on the average
about 30 percent of the yearly rainfall percolated to a sufficient depth
to escape evaporation and thus contributes to ground water inflow into the
Basin.
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Table 2. Summary of Rainfall Data for
Patagonia, Arizona (1932 to 1972).

Month
Mean

Rainfall
(in)

Maximum
Observed

(in)

Year of
Maximum
Observed

October 0.89 3.92 1972

November 0.65 2.38 1931

December 1.39 3.77 1940

January 1.17 3.28 1960

February 0.83 5.18 1931

March 0.89 2.75 1954

April 0.39 1.82 1952

May 0.16 1.20 1954

June 0.33 2.59 1972

July 4.59 9.26 1954

August 4.03 2.57 1935

September 1.96 8.13 1964

Note: The minimum monthly rainfall recorded was 0.0 in. for
all months except for July and August. The minimum
values recorded for these months are 1.46 (1944) and 1.48
(1956).



Table 3.

Period

Seasonal and Yearly Rainfall Data
for the Sonoita Creek Basin, Arizona
C1932-19721.

Mean Standard Lowest
Rainfall Deviation Recorded
(in) (in) (in)

Highest
Recorded

(in)

Summer Season 11.7 3.0 5.8 18.6
April -September (1963) (1964)

Winter Season 6.8 2.7 2.1 13.9
October -March (1956) (1966)

Year 18.5 3.8 9.7 23.0
(1956) (1964)
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Table 4. Distribution of Mean Annual Rainfall Values
for 35 Years in the Sonoita Creek Basin, Arizona

Precipitation
Interval
(in)

Probability
of Occurrence

( %)

Cumulative
Probability

( %)

12 -13 0.0 0.0

13 -14 2.9 2.9

14 -15 5.7 8.6

15 -16 5.7 14.3

16 -17 20.0 34.3

17 -18 11.4 45.7

18 -19 11.4 57.1

19 -20 14.3 71.4

20 -21 8.6 80.0

21 -22 8.6 88.6

22 -23 11.4 100.0



The size of the contributing area to the Basin defined by the USGS
Gaging Station is 30 square miles and the average yearly rainfall for the
area is about 20 inches. Applying the above coefficients the mean yearly
ground water inflow to the Basin is estimated at UF. = 4000 acre -feet per
year. Considering the uncertainties in the coefficients used in the above
estimate the range of possible values for this term of the hydrologic
balance is from 3000 acre -feet per year to UF.= 5000 acre -feet per year.
The same values may also be used for the Basil defined by the Patagonia
Dam.

Another estimate of the ground -water contribution to the Basin was
based on a rainfall- ground -water recharge relationship developed for the
Basin (Kafri and Ben -Asher, 1976). Results obtained by this method are
2500 acre -feet per year for the Basin defined by the USGS Gaging Station
and 4300 acre -feet per year for the Basin defined by the Patagonia Dam.

Basin Evapotranspiration

The rate at which water is lost from the surface either by transpiration
or evaporation is of great importance in determining the water balance of
any watershed. There are many methods for measuring or estimating evapo-
transpiration rates. This indicates that none is completely adequate or
reliable. The distinction should be emphasized between the potential
evapotranspiration, which is the rate at which water will be evaporated
or transpired if available water was unlimited, and the actual evapo-
transpiration; E ,which is the average rate of these processes for the area
and time period considered.

The model used provides monthly estimates of areal and potential evapo-
transpiration from routine observations of air temperature, dew point
temperature, and the ratio of observed to maximum possible sunshine duration.
The required station characteristics are the latitude and the approximate
average atmospheric pressure (or altitude).

The model adopted for computing the actual evapotranspiration is that
suggested by Morton (1975), who based his results on an expression suggested
by Priestly and Taylor (1972) for evaporation from saturated surfaces. The
model may be expressed by the following equation:

EA =
210,1 Y+A fA (v-vD)

which could also be written as

EA = A4Y (1.52RA+2.52M) - fA (v-vD)

10

(4)
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In these equations the following notation is used:

-(1) = 1.26 Ay
(6)

M = Empirical advection energy

y = Psychrometric constant

A = Gradient of saturation vapor pressure with respect to temp.

fA = Area vapor transfer coefficient

v = Vapor pressure at screen height air

vD = Saturation vapor pressure at dew point temp.

RA = Areal net radiation input.

Data needed for application of the above model were obtained from
available measurements in the Sonoita Creek Basin or by correlation with other
meteorological stations. Complete details are given in Ben -Asher (1976).
Computations were carried out for each month separately for various parts or
zones of the Basin and the results were averaged spatially and summed up

for the entire year. The mean value of yearly actual evapotranspiration
obtained with the above model for 11 years for which the meteorological data
was considered reliable is 16.5 inches per year, which is equivalent to a
volume of 176,000 acre -feet per year for the 200 square mile Basin defined
by the USGS Gaging Station or 211,000 acre -feet per year for the Basin
defined by the Patagonia Dam. The accuracy of the method adopted, consider-

ing the quality of data used, is estimated to allow for a possible error
of +15 percent, which means the ranges for the above values are 150,000
to 200,000 acre -feet per year for the smaller Basin and 180,000 to 240,000

acre -feet per year for the larger Basin.

Evapotranspiration from Lake and Vegetation Strip

The actual evapotranspiration from Patagonia Lake and from the vegetation

strip between the Lake and the City of Patagonia, Figure 1, is equal to the

potential evapotranspiration. In the present study it was estimated by

using the Priestly and Taylor (1972) equation. Using the notation introduced

above, this equation may be written as

EA = 1.26 Qy (RA +M) (7)

using appropriate values for the parameters of this equation led to a
value of about 72 inches per year.
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Multiplying this result by the area of the Lake and the vegetation
strip between the Lake and the USGS Gaging Station, which is about 350
acres, gave a value of yearly evapotranspiration for this part of 2100
acre -feet. The corresponding value for the remaining part of the
vegetation strip which covers an area of 800 acres is 4800 acre -feet
per year. The total yearly evapotranspiration from the Lake and the
vegetation strip is thus about 7000 acre -feet per year. The accuracy
of this value is estimated at + 20 percent, so that the range of values
is 5400 to 8400 acre -feet per year.

Ground -Water Outflow from Basin

Except for short sections of the boundary of the Basin which may
contribute local recharge to adjacent basins, most of the ground water
outflow for the Basin takes place near its outlet. This is in the form
of ground water flow in the alluvium fill of the valley near the USGS
Gaging Station and undernearth the Patagonia Lake. Actually, this
alluvial fill may be divided into two parts. The first part near the
Creek has a relatively high hydraulic conductivity of 200 -350 feet per
day,but its area is small. The second part comprises most of the
valley bottom but it has a relatively low conductivity estimated to be
15 to 50 feet per day.

The outflow, Q, was computed by an application of Darcy's Equation
to a cross section through the USGS gage location shown in Figure 3.
The Darcy Equation is:

Q = KAI (8)

in which, K, is the hydraulic conductivity, A, is the area of cross section,
and, I, is the hydraulic gradient. The value of ,I, was determined from a
ground -water table contour map to be about 0.01 (1 percent). Estimating the
areas of the two zones of ground water and using Darcy's Equation gave an
estimated ground -water outflow of 3000 acre -feet per year, but, taking into
account uncertainties in the values of ,K, and ,A, this value may be as
low as 700 or as high as 7600 acre -feet per year.

The ground -water outflow from the Basin through a cross section taken
at the Patagonia Dam could not be computed because of insufficient data.
It is however estimated to be of the same order of magnitude as the ground-
water outflow at the USGS Gaging Station site.

Ground -Water Inflow into Lake and Vegetation Strip

The inflow of ground water to Patagonia Lake and the vegetation
strip was estimated by the application of Darcy's Equation to an area
defined by ground -water table contours enclosing this strip. The method
is based on dividing the area between two such contours into short
sections as shown in Figure 3. For each such section the hydraulic gra-
dient, Ii , is computed from the spacing between contour lines and the

12
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contour interval. Estimating for each section the hydraulic transmissibility,
T., the flow for each section can be computed by

Q. = Ti Ii (9)

The total inflow is obtained by adding these individual values of flow.

Applying this method to the area shown in Figure 3 led to a value of
ground water inflow of about 20, ©ÒO acre -feet per year for the part within
the Basin defined by the USGS Gaging Station, and an additional value of
1500 acre -feet per year for the area outside this gage, or a total of
21,500 acre -feet per year for the Basin defined by the Dam. The uncer-
tainties in the values of ,T, give however a range of between 13,000
and 28,000 acre -feet per year for the smaller Basin and 14,000 to 31,000
acre -feet per year for the larger Basin.

Ground -Water Recharge

Ground -water recharge was estimated in the present study by two
methods. One is based on the identification of recharge areas in the water-
shed and estimation of their properties. The second method was based on
obtaining correlations between annual losses and precipitation and esti-
mating the recharge as the difference between the losses and the computed
evapotranspiration.

In the first method the Basin was divided into a number of squares
and for each square two factors were estimated. One was the percentage of
the area of exposed rock formation that could contribute to ground-
water recharge and the second factor was the percentage of annual rainfall
that percolates into ground water through these exposed rock formations.

The product of these two factors applied to the annual rainfall for the
square considered and multiplied by the area of the square considered,
gave the recharge through the square. Summing up these values for all
squares gave the annual recharge for the watershed. The computations were
carried out for a number of years using rainfall values computed as above.
The average ground -water recharge was taken as the arithmetic mean
of the annual values. The value obtained by this procedure was 13,300
acre -feet per year for the 200 square mile Basin defined by the USGS Gaging
Station and 15,900 acre -feet per year for the 240 square mile Basin defined
by the Dam. The accuracy of the method is estimated at about 25 percent
so that the ranges of possible values for the above values are 10,000
to 17,000 acre feet per year and 12,000 to 20,000 acre -feet per year.

In the second method the value of annual losses was obtained as the
difference between rainfall and runoff for that year. Plotting these values
of losses, L, versus the annual precipitation, P, yielded the following
equation

L = 0.924P + 0.925 P>12" (10)

In the next step the losses, L, were correlated to the annual evapotrans-
piration, Et, computed by the method outlined above. The relationship
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obtained was

Et = 0.423L + 9.1 P>16" (11)

The third relationship needed was that the annual_losses, L, as defined
above, are actually the sum of the annual evapotranspiration, E , and
the annual percolation into ground water, I, which is also equal to the
ground -water recharge term GW in the hydrologic balance equation

L = Et + I = Et + GW

Solving the recharge term

GW = I = 0.533P - 8.57

(12)

P>16" (13)

The above equation was applied separately for each of the squares of
the Basin using mean annual rainfall and the results were summed up for
the entire Basin. Values obtained were as follows: For the 200 square
mile Basin, 16,600 acre -feet per year; and for the 240 square mile Ba-
sin, 22,300 acre -feet per year and 17,000 to 28,000 acre -feet per year
respectively. The accuracy was again estimated at 25 percent so that
the ranges for these values are 14,000 to 23,000 acre -feet per year.

Runoff

Runoff records are available for the USGS Gaging Station for the
period 1931 through 1967. A complete statistical analysis of the records
is also available as a USGS file report. A summary of mean monthly flow
data is given in Table 5. Values listed point out the great variability
of runoff in Sonoita Creek.

Table 5 also gives some characteristic values of annual flows for
the period of record. The mean annual flow is 8.15 cubic feet per second,
which is equivalent to a yearly volume of 5,900 acre -feet. The range of
values recorded is, however, from 1,350 acre -feet per year in 1944 to
about 24,000 acre -feet per year in 1966. The distribution of annual
flows is skewed (skewness coefficient of 2.71) and the standard deviation
is high, 4,100 acre -feet per year.

The accuracy of the data could not be estimated. Adopting an
accepted value of 10 percent for fairly reliable gaging stations the mean
annual flow may be within the range of 5,300 acre -feet per year to 6,500
acre -feet per year.

There are no records of the runoff released from Patagonia Lake. The
operators of the Lake are obliged by their operating permit to release at
least 1,200 acre -feet per year but there is some uncertainty about the
value actually discharged through the outlet. There are some estimates
that the volume actually released is larger than the above requirement.
In addition, there is outflow over the spillway which occurs occasionally.

15



Table

Month

5. Mean Monthly Flow Data for Sonoita Creek,
Arizona, USGS Gaging Station No. 9481500.

Mean Standard Maximum Minimum
Flow Deviation Recorded Recorded

(cfs) (cfs) (cfs) (cfs)

October 3.78 4.05 19.5 0.10

November 3.74 3.36 17.6 0.32

December 8.27 17.62 17.4 0.99

January 7.58 9.37 23.2 1.11

February 10.31 19.32 95.6 1.90

March 5.41 3.43 15.9 0.87

April 3.89 2.73 12.1 0.49

May 2.28 2.23 10.3 0.14

June 1.48 2.01 8.6 0.00

July 14.19 19.95 124.0 1.19

August 26.88 28.69 151.0 1.55

September 9.76 13.88 70.5 0.12

Yearly
Flow (cfs) 8.15 5.65 33.1 1.87

(1966) (1944)

Yearly
Flow (ac.ft.) 5,900 4,100 23,960 1,350

16



Again, there are no records of the number of such occurrences or the volumes
of water discharged. For the sake of the computations here it will be
assumed that the mean yearly runoff past the Dam is some 40 to 60 percent
of the runoff measured at the USGS Gaging Station. This gives a value
of mean annual runoff of about 3,000 acre -feet per year with a range of
possible values of 2,000 to 5,000 acre -feet per year.

Information about the surface -runoff inflow into the vegetation strip
is not available. Ordinarily there is no flow in the stream of the Sonoita
Creek upstream of Patagonia. However, for a short period of time
following a heavy rainfall in the Basin, there is some surface runoff.
Using the USGS records for maximum 1 -day and 3 -day flows measured at their
gaging station it is estimated that the surface- runoff inflow into the
vegetation strip is between 50 and 1,000 acre -feet per year with a mean
value of about 500 acre -feet per year.

Change in Soil and Ground -Water Storage

Each of the hydrologic water balance equations given above contains
a term + AS which signifies the change in the water contents of the soil
layer or of the ground -water storage or both. The interpretation as to
which of these storage locations is used in the equation depends on the
definition of the area or zone to which the equation is applied.

The change of storage term + AS is significant only if the hydrologic
balance equation is applied to short periods of time. If this period is
long and a steady state is assumed, then this term becomes insignificant
in relation to other terms and may be taken to be zero.

In the present study the hydrologic balance equation was computed
for an average year in a period when conditions remained stable. Under
these conditions the system may be taken to be in a steady state or at
least in a quasi- steady state. Consequently, for the present study

AS = 0.0

for all equations in which this term appears.

SUMMARY OF WATER BALANCE

There are three water balance equations. One equation is for the
entire Basin

P + UF. = ET + RO + OF
o

(1)
i.

The second is for the Lake and vegetation strip

P + RO . + OF , = ET + RO + OF (2)
o

(14)
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The third equation is for the upper soil layer of the Basin, excluding
the vegetation strip

P = ET + RO + GW (3)

The definition of terms for these equations is given in the preceding
sections and is illustrated in Figures 4 to 6.

Using an index to identify the equation number the various terms in
the above equations should fulfill the following conditions:

P1 = P2 + P3

ET1 = ET2 + ET3

RO1 = RO0
2

UF = UF
01 02

(4)

(5)

(6)

(7)

UF. = GW3 (8)
12

RO. = RO3 (9)
12

Tables 6, 7, and 8 give the values computed in the preceding section
for the various terms that enter the three balance equations respectively.
Values listed are the mean value as obtained by the method used in the
appropriate section and also the maximum and minimum values defining the
range where the mean could be located according to the subjective estimate
of the accuracy of data or method used to obtain the mean value. Two sets
of values are given in each table, one for the Basin defined by the USGS
Gaging Station and the second for that defined by Patagonia Dam.

The tables give also the value finally adopted so as to produce balanced
equations that also maintain the conditions listed in Equations 4 to 9 of
the Summary. These values are also shown in Figures 4, 5, and 6 for the
various equations and basin definitions used.

WATER QUALITY

The water quality study has been limited to quality measurements of
ground water, and Sonoita Creek and Lake Patagonia waters, These areas

will be discussed in the following sections.

Groundwater - -- Groundwater quality has been determined by running standard
chemical analyses (plus iron, copper, zinc, and lead). on samples of well
water. The spatial variations in the water quality in the Basin have been
shown to have a strong correlation to the geology and dynamics of the
ground -water flow system. For example, the 100 fold increase in sulphate
below Patagonia has been correlated with a northwest trending mineralized
zone containing large amounts of Pyrite (FeS2).
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Figure 4. Hydrologic Balance for Entire Sonoita Creek Basin, Arizona.

P

RO
U Fo

U FI

P+UF1 = ET + RO + UF0

195 + I = 183 + 6 + 7
U.S. GEOLOGICAL SURVEY
GAGE, WATERSHED
200 SQ. MI.

231 + 0 = 220 +4 + 7
PATAGONIA DAM WATERSHEC
240 SQ. MI.



Figure 5. Hydrologic Balance for Lake Patagonia and Vegetation Strip
Sonoita Creek Basin, Arizona.

ET

R01

P + R01 + UFI = ET + RO0 + UF0

I + 1 + 16 = 6+6+6
U.S. GEOLOGICAL SURVEY

GAGE STRIP - 800 ACRES

I+I+17=8+4+7
20

PATAGONIA DAM STRIP
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Figure 6. Hydrologic Balance for Surface Layer Without Lake
Patagonia and Strip - Sonoita Creek Basin, Arizona..

PATAGONIA DAM

P = ET + RO + GW

194 = 177 + 1 + 16
U.S. GEOLOGICAL SURVEY
GAGE WATERSHED
200 SQ. MI.

230 = 212 +1 +17
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Table 6. Mean and Range of Values for Terms
Entering Equation 1.

200 sq. mi. Basin 240 sq. mi. Basin

Term Mean Max Min Selected Mean Max Min Selected

P 195 215 175 195 234 260 210 231

UF, 4.0 5.0 3.0 1 4.0 5.0 3.0 0
i

ET { 176 200 150 1

183
211 240 180

1 220
5.0 6.0 4.0 7.0 7.7 6.3

RO 6.0 7.0 5.0 6 3.0 4.0 2.0 4

UF
0

3.0 7.0 1.0 7 3.0 7.0 1.0 7

Note: All values are in units of 1,000 ac. ft.

Table 7. Mean and Range of Values for Terms
Entering Equation 2.

800 acre Strip 1150 acre Strip and Lake

Term Mean Max Min Selected Mean Max Min Selected

P 1.1 1.2 1.0 1 1.6 1.8 1.4 1

RO. 0.5 1.0 0.1 1 0.5 1.0 0.1 .1

i

UF. 20.0 28.0 13.0 16 21.5 31.0 14.0 17
i

ET 4.8 5.8 3.8 6 7.0 8.4 5.4 8

RO
0

6.0 7.0 5.0 6 3.0 5.0 2.0 4

UF
0

3.0 7.0 1.0 6 3.0 7.0 1.0 7

Note: All values are in units of 1,000 ac. ft.
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Table 8. Mean and Range of Values for Terms
Entering Equation 3.

200 sq. mi. Basin 240 sq. mi. Basin

Term Mean Max Min Selected Mean Max Min Selected

P 195 215 175 194 234 260 210 230

ET 176 200 150 177 211 240 180 212

RO 0.5 1.0 0.1 1 0.5 1.0 0.1 1

GW(a) , 13.3 17.0 10.0 }
16

15.9 20.0 12.0 }
17

(b) 18.6 23.0 14.0 22.3 28.0 17.0

Notei All values are in units of 1,000 ac. ft.
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Effect of Surface Water Quality on the Management of Lake Patagonia - -- Monthly
surveys have been conducted starting in January 1975 on Lake Patagonia, and

continued through October 1975. The variables measured include: depth pro-

files in the Lake of oxygen content, phosphorus and nitrogen concentrations,
temperature, and light extinction; BOD's, phosphorus and nitrogen concen-
trations, and turbidity of Sonoita Creek water as it enters Lake Patagonia;

and primary productivity. These measurements were used to quantify the

following: oxygen demand of the Lake due to the Creek; amount of nutrients

in the Lake contributed by the Creek; amount of the Lake's turbidity
contributed by the Creek; and effect of the Creek's water on Lake productivi-
ty, measured by nutrient enrichment cultures.

Information that has been developed for water quality management in the
Sonoita Creek Basin is given in the following section.

QUESTION: 1.1 --What are the characteristics of sewage effluent of interest
as far as the Nature Conservancy, Sonoita Creek Sanctuary
is concerned?

The Sonoita Creek Sanctuary, located immediately below the City of Pata-
gonia, is an important habitat for rare and endangered species of fishes and
birds, as well as a recreations resource for amateur and professional
naturalists. The characteristics of sewage effluent from the City of Patagonia
which might degrade this environment to the detriment of these uses are:

1) Discharge rate. Now the sewage effluent, which is unacceptable
as Creek water, disappears as surface flow soon after entering the
Sanctuary. Increased discharge of sewage effluent which might increase
the distance downstream of surface flow should be avoided. Discharge
is not a problem in the Sanctuary if the sewage effluent were to con-
tinue as underground flow. If sewage effluent were to contact the
emerging stream in the Sanctuary at its headwaters, sewage effluent
would continue as surface flow and render the quality of stream water
unacceptable.

2) Odor. As a natural area, the Creek should not carry an odor of
sewage effluent.

3) BOD and oxygen concentration. Oxygen tensions of the stream should
be maintained above limits critical to aquatic life, since the Sanctuary
is a refuge for rare and endangered species.

4) Major chemical constituents of the stream should be maintained at
or above the limits set by EPA for primary contact, since the
streambed is used as a pathway through the Sanctuary.

NOTE: Numbers 2, 3, and 4 are irrelevant if the sewage efflunet flows under-
ground upon leaving the treatment facility. Data shows that organic
and nutrient content of the sewage effluent is rapidly decreased by
both dilutions with underground Creek flows and by unspecified uptake
mechanisms. A management alternative for increased discharges, which
might extend surface flow of effluent further into the Sanctuary, is
a mechanism for subsurface discharge of effluent.
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QUESTION: 1.2- -What are critical values of the above?

1) Discharge. My estimate for 500 additional families in the City of
Patagonia is an increase in effluent discharge of about 75 gallons per
minute. It is probable that such increased discharge might overrun the
headwaters of the Creek, but this requires further study.

2) Odor. Detectable.

3) BOD and oxygen concentration. Oxygen concentrations begin to
restrict aquatic life below 5 -6 ppm (mg /1).

4) Set by the Environmental Protection Agency.

QUESTION: 1.3- -What are the consequences of violating the critical values?

1) Odor. Decreased value of the Creek as a natural area and tourist
attraction.

2) BOD and oxygen concentration. Destruction of valuable habitat for
aquatic organisms which in themselves are of value as rare or endangered
species and which provide a source of insect food for species of birds
for which the Sanctuary was established.

3) Discharge. Must not overrun the headwaters of the Creek or all the
above will be violated.

In addition to the value of the Sanctuary as a natural area and habitat for
rare and endangered species, the Sanctuary has considerable economic values
as a tourist attraction. The Sanctuary is widely known to amateur naturalists
throughout the Country, and is sure to be included in any naturalist's tour
of the Southwest. At least one motel is heavily booked during the best bird
season (May through July).

QUESTION: 1.4- -What is the information needed to monitor the system. The
most critical need is to keep records of the discharge
of effluent and the extent of surface flow.

QUESTION: 2.1- -What are the characteristics of sewage effluent of interest
as far as Lake Patagonia is concerned?

1) Discharge rate. All conclusions on the effect of sewage effluent
on Lake Patagonia are dependent on the quantity of sewage effluent
discharged into the streambed and the characteristics of flow down-
stream. If the effluent flows underground, over 99 percent of the
detrimental properties of the effluent are removed. Then quantity of
discharge is not a problem. If the stream headwaters receive effluent
directly by surface flow, then the effluent has great potential to
modify the characteristics of the Lake.

2) BOD and organic content of the effluent and the stream. The deoxygena-
tion rate of the Lake could be influenced by these properties, if the
sewage effluent flowed directly into the Creek.
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3) Nitrate nitrogen and total nitrogen, phosphate and total phosphate.
Both of these classes of compounds contribute to algal growth, organic
productivity and deoxygenation of Lake Patagonia.

QUESTION: 2.2 --What are the critical values of the above?

1) If sewage effluent as surface flow contacts the headwaters of the
Creek, then critical values of the next two classes of properties
will be exceeded. If sewage effluent flow is kept underground, the
values of the next two classes of properties will depend on purification
processes in the streambed,'and critical values may not be exceeded.

2) BOD and organic matter is almost completely removed from the sewage
effluent by underground flow. A critical level of BOD for the Creek
at the head of the Lake would be a BOD of 5, which might contribute
to deoxygenation of the uppermost portion of the Lake, an important
fishery area and refuge for wintering waterfowl. This portion of the
Lake already shows some tendency to deoxygenate. With the current
characteristics of Creek and effluent flow, there is little possibility
that this level would be approached, except under flood conditions, when
effluent would be carried directly into the stream. If effluent were
to mix directly with streamflow, it is likely this critical level would
be frequently exceeded.

3) Nitrate nitrogen and total nitrogen, and phosphate phosphorus.
Critical values for these nutrients are determined by their influence
on lake productivity and subsequent turbulence and deoxygenation produced
by algal growth. At present the Lake is the least turbid during the
months of May, June, and July. Since light penetration is to at least
seven meters, 40 percent of the Lake's bottom and 50 percent of the
Lake's volume are available to fish and fish food organisms. At this
time of the year nitrate and phosphate levels are on the order of a
few mg /1, and nitrate appears to be the limiting nutrient. Since it
is the least removed by the Creek, the nitrogen load of the Creek
contributes substantially to the productivity of the Lake. Daily
nitrate flux from the Creek to the Lake can account for 1/3 to 1/2
of the total nitrate content of the Lake. Thus nitrate input is high
enough to be critical. A doubling of nitrate input (less than anti-
cipated with 500 new families in Patagonia) would decrease the light
penetration to three meters during summer and the depth of deoxygenation
would be expected to rise to three meters. Under these conditions
an additional 30 percent of the Lake's bottom area and 20 percent of
the Lake's volume would be lost as fish and fish food habitat.

QUESTION: 2.3 --What are the consequences of violating the levels specified
above?

The major effect of increased organic and nutrient content of the
Creek on Lake Patagonia is an alteration of the fishery and
recreational potential of the Lake. Domestic and irrigational use
of the water can continue at levels of water quality much worse
than the critical levels listed (see also above).

QUESTION: 2.4 --What is the information needed to monitor the system?

The flow characteristics of effluent in relation to the flow
characteristics of the Creek is the most needed information. Bi-

weekly transparency and oxygen profiles of the Lake would be needed

to determine if the Lake is eutrophying.
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