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ABSTRACT

The city of Williams, Arizona, obtains its water supply from

reservoirs that impound surface-water runoff. Seven reservoirs pro-

vide a storage capacity of 2, 722 acre-feet, about nine times the city1s

annual need. However, water shortages occur periodically, mainly

because of excessive seepage from the two largest reservoirs-

Dogtown and Kaibab Reservoirs.

The average annual precipitation at Williams is 21. 25 inches;

the average winter precipitation is 13. 30 inches. Winter precipitation

is responsible for most of the surface-water runoff.

Between January 1964 and June 1966, the surface-water run-

off was 5,810 acre-feet to Dogtown Reservoir and 5, 570 acre-feet to

Kaibab Reservoir. The average efficiency of the watersheds (percent

of precipitation that leaves the watershed as runoff) was 30 percent

above Dogtown Reservoir and 16 percent between Dogtown and Kaibab

Reservoirs. Seepage losses from the reservoirs were 68 percent of

the input to Dogtown Reservoir and 50 percent of the input to Kaibab

Reservoir, The highest average monthly seepage rate was 0. 14 foot

per day at Dogtown Reservoir and 0. 21 foot per day at Kaibab

Reservoir.
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The average annual evaporation from all the reservoirs is

about 46 inches. During the period of record, evaporation was about

6 percent of the input to both Dogtown and Kaibab Reservoirs. If

seepage was eliminated from these two reservoirs, evaporation would

amount to about 25 percent of the input.

A yearly draft rate of 150 acre-feet of water from Dogtown

Reservoir and 100 acre-feet from Kaibab Reservoir could have been

sustained during the 30-year period 1937-66 if seepage from the res-

ervoirs had been zero. This 250 acre-feet of water combined with

about 80 acre-feet from the other reservoirs would more than supply

the cityts annual need.



INTRODUCTION

The city of Williams, Arizona, has a serious water-supply

problem and has been forced to import water by railroad tank car

several times in recent years to meet the local demand. The exist-

ing water- supply system consists of seven reservoirs that impound

surface-water runoff. The total storage capacity of the reservoirs is

2, 722 acre-feet, and the annual demand on the reservoir system by

the city of Williams is about 300 acre-feet. Water shortages occur,

although an average annual precipitation of more than 20 inches gen-

erally produces adequate runoff, because excessive seepage from the

reservoirs results in rapid depletion of the stored water.

Purpose and Scope

In 1962, the Water Resources Division of the U. S. Geological

Survey, in cooperation with the city of Williams, began an evaluation

of the water resources in the area. The objective of the study was to

provide basic data needed by the city for development and management

of the available water resources. Specific objectives were to evaluate

the storage characteristics of the reservoirs, particularly Dogtown

and Kaibab Reservoirs, and to determine the water-producing char-

acteristics of the pertinent watersheds.

1
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Geographic Setting

Williams, a city with a population of about 3, 000, is in

Coconino County in the plateau country of north-central Arizona

(fig. 1). It is on the north side and at the foot of Bill Williams Moun-

tain, which rises to an altitude of 9, 256 feet. The altitude of the city

is about 6, 700 feet.

The surface-water drainage, as well as the subsurface

drainage, near Williams is essentially north-south of an east-west

line through Bill Williams Mountain. The main drainage channels are

Cataract Creek, West Cataract Creek, and Dogtown Wash, all of

which are intermittent streams that originate on Bill Williams Moun-

tain and flow generally northward (fig. 2). Seven reservoirs-

Dogtown, Kaibab, Cataract, Santa Fe, City, Upper Saginaw, and

Lower Saginawimpound runoff from 28. 6 square miles of water-

sheds drained by the main streams and their tributaries. The natural

vegetation on the watersheds is mainly ponderosa pine and inter-

spersed patches of grassland.

Geologic Setting

Most of the Williams area is covered by volcanic material

fractured lava and cinderswhich is quite permeable. Individual

lava flows are about 50 to 200 feet thick; however, the flows overlap,

and in places the total thickness may be several hundred feet (Akers,
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1963, written commun.). In a few places shallow alluvium, consisting

of silt, sand, and gravel, overlies the volcanic material.

The volcanic material is underlain by several thousand feet of

sedimentary rocks, and the sedimentary sequence is similar to that at

Grand Canyon (Twenter, 1962). The uppermost sedimentary unit in

the Williams area is the Kaibab Limestone, which is about 200 to 400

feet thick. It contains fractures and solution channels, and readily

transmits percolating water to the underlying Coconino Sandstone.

The Coconino Sandstone, a major aquifer in northern Arizona, is

about 600 feet thick in the Williams area. The Coconino Sandstone is

underlain by the Supai Formation, which consists of sandstone and

shale. The Supai Formation lacks impermeable confining layers

(Twenter, 1962, p. 14) and is about 1, 000 feet thick in the Williams

area. The Supai Formation is underlain by the 300-foot-thick Redwall

Limestone, which contains fractures and solution channels. The older

rocks that underlie the Redwall Limestone are not pertinent to this

study.

According to Akers (1963, written commun.), several faults

offset the strata in the Williams area. Most of the faults are only a

few miles long and probably have less than 200 feet of displacement.

One of the faults intersects a small part of the Dogtown watershed,

but this fault has little, if any, effect on the surface-water system.



Climate

According to U. S. Weather Eureau records, the average

monthly temperature at Williams ranges from about 30°F in January

to about 70°F in July (fig. 3). Extremes for the period of record

(1898-1966) range from 25° below zero to 102°F. Summer tempera-

tures are generally mild, and freezing temperatures usually occur in

all months except July and August. The average yearly precipitation

for water years 1904-66 is 21. 25 inches. A water year is the 12-

month period October 1 through September 30 and is designated by the

calendar year in which it ends. The average annual lake evaporation

is about 46 inches, and the maximum pan evaporation occurs in June

(fig. 3).

Previous Investigations

At the present time (1968), no comprehensive report has

been published on the water resources of the Williams area. The

geology of the area has been mapped by Moore, Wilson, and OHaire

(1960).

Methods of Investigation

Fieldwork for this study was started in 1962 and continued

through June 1966. The early work consisted of a transit- stadia sur-

vey of Dogtown Reservoir and the preparation of accurate capacity

6
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and area tables; a water-stage recorder was installed at Dogtown

Reservoir.

The author was assigned responsibility for the investigation

in June 1963; subsequent to that time, the author supervised and par-

ticipated in the installation of the instrumentation, prepared opera-

tional guidelines, and monitored data collection. Hydrologic data

were collected by personnel of the Flagstaff subdistrict office of the

Water Resources Division of the U. S. Geological Survey.

A water-budget study was made to determine the amount and

rate of seepage from the two largest reservoirsDogtown and Kaibab

Reservoirs. Instrumentation was installed to provide a measure of

all the items in the water-budget equation except seepage, which was

computed as a residual. Water-stage recorders on the reservoirs

provided a measure of the change in storage; water-stage recorders

upstream from the reservoirs provided a measure of the inflow to the

reservoirs. Sparling meters in the pipelines leading from the reser-

voirs provided a measure of withdrawal. A standard Weather Bureau

Class A evaporation pan at Kaibab Reservoir provided a measure of

evaporation. Two weighing-type recording precipitation gages, one

at Kaibab Reservoir and one at Benham Ranch (fig. 2), provided pre-

cipitation data to supplement data available from the U. S. Weather

Bureau gage at Williams. Oufflow from the reservoirs was computed

by an empirical spillway rating and reservoir-stage record. The



precipitation data and reservoir inflow data were used to evaluate

watershed runoff characteristics.

9



SURFACE-WATER SYSTEM

The role of the surface-water system includes the reception,

transmission, and storage of water. Water that reaches the surface

as precipitation may be dispersed in several waysit may be evapo-

rated soon after contact with the land surface, move across the land

as surface runoff, be retained as surface storage, or infiltrate into

the earth. Water that infiltrates into the earth may be retained in the

unsaturated zone as soil moisture or may continue to move downward

under the influence of gravity. Some of the water that is retained as

soil moisture is returned to the atmosphere by transpiration, as evi-

denced by the vegetation in the Williams area. However, much of the

water that infiltrates into the earth rapidly moves downward and out

of the area.

The shallow alluvial deposits in the valleys around Williams

retain small quantities of water, which are withdrawn by pumps for

domestic and livestock use. The regional water table is more than

2, 500 feet below the land surface. Three deep test wells have been

drilled in the area, none of which reached the water table (fig. 2).

The deepest well penetrated 2, 500 feet of unsaturated material.

10



Therefore, the development of ground water for a water supply

probably is not feasible.

Source of Water

Precipitation is the initial source of water in the Williams

area. Based on 63 years of record (1904-66), the average yearly

precipitation at Williams is 21. 25 inches, and the standard deviation

from the average is 5. 88 inches (fig. 4). Therefore, about two-thirds

of the water years have precipitation of 15. 37 to 27. 12 inches

(21. 25 ±5. 88). The average winter precipitation is 13. 30 inches

(60 percent of the annual), and the standard deviation is 4. 23 inches.

In this report winter is the 8-month period from October through May

and is designated by the calendar year in which the period ends; sum-

mer includes the remaining 4 months. Most of the winter precipita-

tion, which occurs as snow or low-intensity rain, is produced by

slow-moving cold fronts. Most of the summer precipitation is pro-

du ce d by high-intensity short- duration convective storms, which

occur mainly in July and August (fig. 5). Normal snowfall is about

70 inches per year, but records show a yearly low of about 24 inches

and a yearly high of about 146 inches.

The amount of precipitation recorded at Benham Ranch was

about the same as that recorded at Williams. The amount of precipi-

tation recorded at Kaibab Reservoir was generally less than that

11



(I)
UI
L)z

30-

z
0
I-

20
U-

U
U

EXPAATION

TOTAL PRECIPITATION FOR WATER YEAR

r4
WINTER PRECIPITATION (OCTOBER-MAY)

Figure 4.-- Precipitation at Willia ms, water years 1904-66.

12



4

w

U

z

z
o 2

I-
I-

U
w

a-

0

13

Figure 5--.AverOge monthly precipitation at Williams, Ariz.

J F M A M J J A S 0 N D



14

recorded at Williams (table 1), probably because of differences in ex-

posure and proximity to Bill Williams Mountain (fig. 2). The ratio of

the amount of precipitation recorded at Kaibab Reservoir to that re-

corded at Wifliams was about 0. 55 in winter and 0. 75 in summer

(fig. 6).

Transmission of Water to Reservoirs

The streams in the Williams area are intermittent and flow

only in response to precipitation or as a result of snowmelt on the

watersheds. High flows of short duration occur occasionally in sum-

mer as a result of high-intensity rainfall from convective storms.

However, most of the surface runoff occurs in winter as a result of

snowmelt (fig. 7). Some of the runoff infiltrates into the permeable

volcanic material and is lost from the surface-water system. During

this study, surface-water runoff was measured at two sitesDogtown

Wash above Dogtown Reservoir and Dogtown Wash above Kaibab

Reservoir (fig. 2).

Dogtown Wash above Dogtown Reservoir

Dogtown Wash transmits water from a 3, 000-acre (4. 69-

square mile) watershed to Dogtown Reservoir. The altitude of the

watershed ranges from about 7, 060 feet at the reservoir to about

8, 400 feet on the east side of Bill Williams Mountain.



See footnotes at end of table.

TABLE 1

MONTHLY PRECIPITATION RECORDED IN THE WILLIAMS AREA,
MAY 1963 TO OCTOBER 1965

Precipitation (inches)
Station

15

Month Williams
(altitude,

6, 750 feet)

Kaibab Reservoir
(altitude,

6, 800 feet)

Benham Ranch
(altitude,

7, 250 feet)

1963

May 0 0 (a)

June 03 17 (a)

July 1. 10 1. 29 (a)

August 8. 82 (b) (a)

September 2. 52 1. 67 (a)

October 1. 11 92 (a)

November 1. 69 1. 37 (a)

December 44 14 (a)

1964

January 1. 25 50 (a)

February 05 04 (a)

March 2.71 1.31 (a)

April 2. 33 1. 27 (a)

May 74 49 (a)

June 50 29 (a)



a No record.

b Incomplete record.

TABLE 1 - Continued

16

Month

Precipitation (inches)
Station

Williams
(altitude,

6, 750 feet)

Kaibab Reservoir
(altitude,

6, 800 feet)

Benham Ranch
(altitude,

7, 250 feet)

July 2. 87 2. 02 (a)

August 4. 03 (b) (a)

September 2. 68 1. 35 (a)

October 0 0 0

November . 84 . 30 . 68

December 2. 62 1. 46 3. 55

1965

January 2. 02 1. 26 2. 07

February 1. 67 . 94 1. 89

March 3. 18 1. 81 3. 32

April 5. 55 3. 12 4. 91

May 1.84 1.33 1.65

June .34 .39 .47

July 4. 24 3. 55 3. 42

August 1.46 1.00 1.62

September 4. 51 2. 93 (b)
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The total runoff from Dogtown Wash above Dogtown Reservoir

from January 28, 1964, to May 31, 1966, was 4, 600 acre-feet (1. 5

billion gallons of water), of which 4, 340 acre-feet was winter runoff.

The maximum daily discharge was 180 cfs (cubic feet per second)-

1 cfs is equal to 448 gpm (gallons per minute)on November 25,

1965. The peak discharge was 400 cfs on the same day (U. S. Geologi-

cal Survey, issued annually). The wash was dry about 75 percent of

the time. The longest period of continuous flow was 74 days from

February 16 to April 30, 1965 (fig. 7).

The hydrologic efficiency (output divided by input) of the

watershed was about 30 percent for the period of record, of which

about 38 percent occurred during winter periods and 4 percent during

summer periods. The efficiency for the individual winters ranged

from about 14 percent in 1964 to 49 percent in 1965; the efficiency for

the summers ranged from about 1 percent in 1964 to 9 percent in 1965.

The input was based on the precipitation recorded at Williams, al-

though the precipitation at Williams may be less than the average

precipitation on the watershed because the altitude of the watershed

is higher than that at Williams. The median altitude (Wisler and

Brater, 1949) of the watershed is 7, 200 feet, but less than 10 percent

of the watershed is above 7, 400 feet (fig. 8). The relation between

precipitation and altitude in the Williams area is not known. However,

based on the work of Spreen (1947) on orographic influences on



-j
LU

>
LU

-j

LU
U)

z
LU

LU

>
0

LU

LU

z

8200

8000

7800-

7600

7400-

7200-

7000-

6800-

6600-n
0

WATERSHED ABOVE DOGTOWN RESERVOIR

WATERSHED ABOVE KAIBAB RESERVOIR

1 I I I I I I I I I

10 20 30 40 50 60 70 80 90 100

PERCENT OF AREA ABOVE DIFFERENT ALTITUDES

20

Figure 8.--Hypsometric curves for Dogtown Wash water-
sheds.



21

precipitation, the author estimates that the average precipitation on

the Dogtown Wash watershed above Dogtown Reservoir may be as

much as 15 percent more than that at Williams.

A plot of output versus input for the three winters of record

indicates that the output may approach zero for inputs of precipitation

of about 9 inches or less (fig. 9). This apparent relation is very gen-

eral at best, because the output is affected by the time distribution of

the input and by the quantity of input. The relation, however, is sub-

stantiated by the city! s records, which show that little or no water

accumulated in Dogtown Reservoir in 14 of 28 years (1936-63) and that

winter precipitation, which produces most of the runoff, was about 9

inches or less for 11 of the 14 years. The three exceptions are 1942,

1961, and 1962, when winter precipitation was 13. 08, 13. 43, and

14.41 inches, respectively. Some water (about 8 million gallons) did

accumulate in Dogtown Reservoir in 1942 and in 1962, but in 1961 the

reservoir was dry, although 13. 43 inches of precipitation was re-

corded during the winter.

Dogtown Wash above Kaibab Reservoir

The Dogtown Wash watershed between Dogtown Reservoir and

Kaibab Reservoir comprises 6, 210 acres (9. 71 square miles). The

altitude of the watershed ranges from about 6, 800 feet at Kaibab

Reservoir to about 7, 800 feet on Davenport Hill.
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The discharge measured at the gaging station on Dogtown

Wash above Kaibab Reservoir includes the water spilled or released

from Dogtown Reservoir minus the transmission losses. Because the

transmission losses are unknown, the quantity of spillage and release

water was subtracted from the total discharge measured at the

Dogtown Wash above Kaibab Reservoir gaging station in order to de-

termine the quantity of water produced by the 6, 210-acre intervening

watershed. The total runoff from the Dogtown Wash watershed be-

tween Dogtown Reservoir and Kaibab Reservoir from January 28,

1964, to May 31, 1966, was 4, 110 acre-feet (1.3 billion gallons of

water), of which 3, 950 acre-feet was winter runoff. The maximum

daily discharge was 172 cfs on November 25, 1965, and the peak dis-

charge was 330 cfs on the same day. No water was spilled or re-

leased from Dogtown Reservoir during November 1965. The wash

was dry about 85 percent of the time, and the longest period of con-

tinuous flow was 45 days from March 15 to April 28, 1965 (fig. 10).

The hydrologic efficiency of the watershed, computed by

using an input based on the precipitation recorded at Williams, was

about 13 percent for the period of recordabout 17 percent for the

winter periods and 2 percent for the summer periods. The efficiency

for the individual winter ranged from about 4 percent in 1964 to 21

percent in 1965; for the summers, the efficiency was 3 percent in 1964

and zero in 1965. The actual efficiency of the watershed may be
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greater tha'n indicated because a smaller input is suggested by the pre-

cipitation recorded at Kaibab Reservoir. On the basis of the weighted

average precipitation computed by the Thiessen method, the efficiency

of the watershed was 16 percent for the period of record, 21 percent

for the winter periods, and from about 5 percent for the winter of

1964 to 26 percent for the winter of 1965. A plot of output versus in-

put for the three winters of record indicates that the output may

approach zero for inputs of precipitation of about 9 inches or less

(fig. 9).

Comparison of Watersheds

Precipitation and runoff records show that the Dogtown Wash

watershed above Dogtown Reservoir (upper watershed) is about twice

as efficient as the watershed between Dogtown and Kaibab Reservoirs

(lower watershed). The efficiency for the period of record was 30

percent for the upper watershed compared to 16 percent for the lower

watershed. This difference in efficiency may result from several

factors, including differences in precipitation input, slope of water-

shed, size of watershed, vegetal cover, and geology. However, the

main factor probably is the differences in slope of the watersheds.

The relief ratioa measure of slope (Schumm, 1956)of the upper

watershed is 7. 6 percent compared to 3. 9 percent for the lower

watershed.
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Storage of Water

Runoff impounded in reservoirs serves as the water supply

for the city of Williams. The present water-supply system includes

seven reservoirs having a combined capacity of 2, 722 acre-feet (890

millio:n gallons of water). About 2, 000 acre-feet or 73 percent of the

available storage is in the two largest reservoirs, Dogtown and

Kaibab, and about 540 acre-feet or 20 percent of the available storage

is in the Cataract and Santa Fe Reservoirs (table 2).

Water that enters the reservoirs remains in storage, is

spilled, is withdrawn for use, or is lost by evaporation or seepage.

Most of the water that spills from the reservoirs is lost to the water-

supply system. Although Kaibab Reservoir is downstream from

Dogtown Reservoir on the same drainage, it usually is filled by runoff

from the intervening drainage area at about the same rate as Dogtown

Reservoir is filled (fig. 11); therefore, most of the water that spills

from Dogtown Reservoir ultimately spills from Kaibab Reservoir.

Storage Losses

Water that is lost from storage is either evaporated or seeps

through the material in which the reservoir is constructed. During

this study, the quantity of water lost by evaporation from Dogtown and

Kaibab Reservoirs was about one-tenth of the quantity lost by

seepage.



TABLE 2

STORAGE CAPACITY OF THE RESERVOIRS
IN THE WILLIAMS AREA

a Intervening watershed between Dogtown and Kaibab
Reservoirs; total watershed for Kaibab Reservoir is 16. 6
square miles.

b Total watersheds for City and Upper and Lower
Saginaw Reservoirs.
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Reservoir
Storage capacity - Area of

reservoir,
in acres

Watershed,
in square

miles
Million
gallons Acre-feet Percent

of total

Dogtown 360 1,100 40 81 5.68

Kaibab 293 898 33 75
a109

Cataract 109 333 12 44 5.70

SantaFe 70 214 8 13 4.71

City 36 110 4 --

Upper and 22 67 3 -
b

1. 63
Lower
Saginaw

Total --890 2, 722 100 28. 64
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Evaporation. During this study, the pan evaporation meas-

ured at the Kaibab Reservoir averaged 47 inches for May through

October The pan was not operated during the rest of the year be-

cause of freezing temperatures. An average annual pan evaporation

of 65 inches was computed on the basis of the average ratio of the

May-October evaporation to the annual evaporation (Kohier,

Nordenson, and Baker, 1959). An average annual lake evaporation of

about 46 inches was computed from pan data at Kaibab Reservoir

using an average annual pan coefficient of 0. 70.

A pan coefficient of 0. 70 also was used to compute monthly

evaporation for monthly water-budget computations. The use of the

annual pan coefficient to compute monthly evaporation is probably

reasonably valid because the water bodies are relatively shallow and

because evaporation is only a small percent of the total budget.

Seepage. Excessive seepage from Dogtown and Kaibab

Reservoirs occurs because the materials underlying the reservoirs

are very permeable. The amount and rate of seepage from Dogtown

and Kaibab Reservoirs were determined by use of a water budget. In-

strumentatiofl was installed to provide a measure of all the items in

the water budget except seepage, which was computed as a residual

by use of the equation,



OgI+P+(S1S2)0EW

in which

= seepage;

I = inflow;

P = precipitation;

S storage;

o = surface outflow;

E = evaporation; and

W = withdrawal.

Total inflow consists of measured and unmeasured inflow. The un-

measured inflow was computed from the measured inflow data on the

basis of unit runoff. The quantity of water precipitated on the surface

of Kaibab Reservoir was computed from precipitation data recorded at

the reservoir; the quantity of water precipitated on the surface of

Dogtown Reservoir was computed from precipitation data recorded at

Williams.

The rate at which water seeps from the reservoirs varies

with stage and with the temperature of the water. The relation of

seepage to stage was determined by computing the average seepage

rate, in feet per day, for each month for which a meaningful average

stage could be determined. In order to improve the relation of
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seepage to stage, all seepage values were adjusted for a standard

temperature of 60°F (Todd, 1959).

Dogtown Reservoir

Dogtown Reservoir is the largest of the seven reservoirs that

supply water to the city of Williams (fig. 12). The storage capacity is

1, 100 acre-feet; although the reservoir overflowed on March 27, 1966,

it contained only 213 acre-feet of water on September 30, 1966

(fig. 11). Between January 1964 and June 1966, 5, 810 acre-feet of

water entered Dogtown Reservoir (table 3). More than 68 percent of

the water was lost to seepage, about 6 percent was lost to evaporation,

about 14 percent spilled, less than 1 percent was withdrawn, and 11

percent remained in storage at the end of the period (fig. 13).

The average monthly seepage rate for Dogtown Reservoir

was from about 0. 08 to 0. 06 foot per day in 1964 when the reservoir

stage was from about 13 feet to 6 feet (fig. 14). In the fall of 1964

Dogtown Reservoir was drained, the bottom of the reservoir was

ripped to a depth of about 1 foot, and all the boulders and tree stumps

were removed. Bentonite was applied to a few acres near the up-

stream end of the reservoir, where the reservoir bottom is very

porous cinders, and the entire reservoir bottom was compacted. The

average monthly seepage rate after this treatment ranged from 0. 14

foot per day when the reservoir was full to about 0. 05 foot per day
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DOGTOWN RESERVOIR

KAIBAB RESERVOIR

FIGURE 12

PHOTOGRAPHS OF DOGTOWN AND KAIBAB RESERVOIRS
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TABLE 3

WATER BUDGET FOR DOGTOWN AND KAIBAB RESERVOIRS,
JANUARY 1964 THROUGH MAY 1966

a Includes 830 acre-feet of spill from Dogtown Reservoir.

b The value was calculated by use of the water-budget equation
and includes all the errors inherent in the measurements of the
different parts of the water budget.
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Water-budget item Distribution of wat er, in acre-feet
Dogtown Reservoir Kaibab Reservoir

INPUT

Inflow

Dogtown Wash 4, 600 a4 940

Other inflow 980 490

Precipitation 230 140

Total input 5, 810 5, 570

OUTPUT

Spill 830 1, 860

Withdrawal 30 50

Evaporation 330 320

Seepage b3 980 b2 820

Total output 5, 170 5, 050

WATER IN STORAGE AT 640 520
END OF PERIOD

5,810 5, 570
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Figure 14.--Relation between seepage and stage in
Dogtown Reservoir.
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when the reservoir stage was about 17 feet (fig. 14). Therefore, the

treatment of the reservoir bottom apparently reduced the seepage

rate, at least in the lower part of the reservoir. However, a seepage

rate of 0. 05 foot per day is still quite large and will result in the loss

of about 18 feet of water per year.

Most of the water lost to seepage in Dogtown Reservoir

probably passes through cinders that are exposed near the upstream

end of the reservoir. A downward extension of the seepage-stage re-

lation for 1965-66 would indicate that seepage may approach zero at a

reservoir stage of about 11 feet (fig. 14), possibly about the altitude

of the lower extent of the exposed cinders. However, the storage

capacity of the reservoir below 11 feet is only about 100 acre-feet

(fig. 15).

Kaibab Reservoir

Kaibab Reservoir has a storage capacity of 898 acre-feet of

water (table 2). From January 1964 through May 1966, 5, 570 acre-

feet of water entered Kaibab Reservoir (table 3). More than 50 per-

cent of the water was lost to seepage, about 6 percent was lost to

evaporation, about 33 perce'nt spilled, about 1 percent was withdrawn,

and 9 percent remained in storage at the end of the period (fig. 13).

The average monthly seepage rate for Kaibab Reservoir was

0. 21 foot per day when the reservoir was full and 0. 01 foot per day
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Figure 15.-- Relation between storage capacity and stage,
Dogtown and Kaibob Reservoirs.
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when the reservoir stage was 21 feet (fig. 16). The high seepage rate

that occurs at near-full stage may be explained by the fact that much

of the upper few feet of the reservoir surface is composed of volcanic

material. Below a stage of about 21 feet, the reservoir material

probably transmits very little water. However, the storage capacity

of Kaibab Reservoir below 21 feet is less than 150 acre-feet (fig. 15).

Cataract and Santa Fe Reservoirs

Cataract and Santa Fe Reservoirs receive runoff from water-

sheds of 5. 70 and 4. 71 square miles, respectively. The watersheds

are comparable in size, altitude, and slope to the watershed above

Dogtown Reservoir. Cataract and Santa Fe Reservoirs., however,

have capacities of only about one-fourth of that of Dogtown Reservoir;

therefore, they reach storage capacity more quickly and more often

than does Dogtown Reservoir. In the spring of 1964 Santa Fe

Reservoir overflowed and Cataract Reservoir filled to 80 percent of

capacity, but Dogtown and Kaibab Reservoirs fified to only about 25

percent of capacity (fig. 11). Periodic observations of reservoir

stage show that seepage from Cataract and Santa Fe Reservoirs is

negligible (fig. 1 1).

Reservoir Management

At the present time (1968), more than 50 percent of the water

that enters Dogtown and Kaibab Reservoirs is lost to seepage (fig. 13).
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Figure 16.--Relation between seepage and stage in Kaibab
Reservoir.
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If seepage losses were eliminated, the reservoirs would operate much

differentlymore water would remain in storage, more water would

spill because less storage space would be available, and more water

would evaporate because a larger water surface would be exposed for

longer periods of time.

In order to determine how the reservoirs would operate over

a period of years if there were no seepage losses, a hypothetical

water-budget study was made for the 30-year period 1937-66. Annual

inflow to the reservoirs was determined from the winter precipitation

at Williams and the relation between winter precipitation and winter

runoff (fig. 9). The annual evaporation was assumed to be 46 inches,

and withdrawal was assumed to be zero. For the 30-year period,

calculations for Dogtown Reservoir show a total inflow of 33, 000

acre-feet; of this amount, about 25, 000 acre-feet would have spilled,

7, 000 acre-feet would have evaporated, and 1, 000 acre-feet would

have remained in storage. The hypothetical budget shows that, with-

out seepage losses, Dogtown Reservoir would have overflowed in 19

of the 30 years (fig. 17); however, Dogtown Reservoir actually over-

flowed in only 6 of the 30 years. The hypothetical minimum amount

of water in storage in Dogtown Reservoir during the 30-year period,

assuming no withdrawals, would have been 400 acre-feet in 1956

(fig, 17). The mass-diagram or Rippl method (Fair and Geyer, 1958)

was used to determine that a withdrawal of at least 150 acre-feet per
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Figure 17.--Hypothetical storage, evaporation, and spill,
Dogtown Reservoir.
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year would have been possible even in years of small inflow, such as

in 1953-56, without depleting the storage.

A hypothetical study for Kaibab Reservoir shows a total in-

flow of 53, 000 acre-feet of water during the 30-year period. The in-

flow from the watershed below Dogtown Reservoir was calculated as

28, 000 acre-feet; the spill from Dogtown was 25, 000 acre-feet. The

hypothetical spill from Kaibab Reservoir was about 46, 000 acre-feet,

and the evaporation was about 7, 000 acre-feet. Kaibab Reservoir

would have overflowed in 18 of the 30 years, and the minimum amount

of water in storage, assuming no withdrawals, would have been 250

acre-feet in 1956 (fig. 18). The withdrawal of at least 100 acre-feet

of water per year would have been possible without depleting the

storage.

The hypothetical study shows that if seepage losses were

eliminated, about 25 percent of the inflow to the reservoirs would be

lost to evaporationabout 6 percent actually was lost to evaporation

during the study. Evaporation losses would be reduced if withdrawals

were made. The amount of reduction would depend on the amount of

water in storage, the amount withdrawn, and the season of the year

(fig. 19). The study also shows that the average inflow to each of the

reservoirs from their immediate watersheds is sufficient to refill the

reservoirs to capacity each year. Rowever, the watersheds do not
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produce the "average" quantity of water each year, and the amount of

water that can be withdrawn from the reservoirs on a regular basis

depends on the storage capacity of the reservoirs. The hypothetical

study shows that a yearly draft rate of 150 acre-feet from Dogtown

and 100 acre-feet from Kaibab could have been sustained during the

30-year period. A yearly draft rate of about 80 acre-feet could be

expected from the other reservoirs in the city water-supply system

on the basis of percent of total storage capacity and similar operation.

Therefore, the entire reservoir system wou].d have sustained a yearly

draft rate of at least 330 acre-feet during the 30-year period if seep-

age losses did not occur in Dogtown and Kaibab Reservoirs.

Under present conditions, some of the water being lost to

seepage might be salvaged if water was withdrawn from the leaky

reservoirs and stored elsewhere or used. Normally, however, when

the leaky reservoirs receive a sizable amount of water, all the other

reservoirs are full. Therefore, the quantity of water that may be

salvaged is limited to the amount that the city can use during the time

required for seepage and evaporation to deplete the supply. Figure 11

shows a depletion time for Dogtown and Kaibab Reservoirs of as much

as 6 months, which would allow about 150 acre-feet of water to be

withdrawn for use. Although 150 acre-feet of water would be sal-

vaged, evaporation losses from the rest of the reservoirs in the sys-

tem would increase because of no withdrawals (fig. 19). The
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evaporation-lOSS potential is greatest at Dogtown Reservoir and is

increasingly less at Kaibab, Cataract, and Santa Fe Reservoirs

(fig. 19). Therefore, even if seepage was eliminated, good water-

management practices would dictate that, whenever possible, water

be withdrawn from Dogtown Reservoir, then from Kaibab, Cataract,

and Santa Fe Reservoirs, in that order. Hydrologic considerations,

however, are not the only factors involved in the management of a

water-supply system. Other factors, such as the economic and social

aspects that are beyond the scope of this study, must be properly

combined with the pertinent hydrologic factors for efficient manage-

ment practice.



SUMMARY AND CONCLUSIONS

Surface-water runoff, which occurs in response to precipita-

tion or snowmelt, is the main source of water in the Williams area.

Precipitation averages 21. 25 inches per year, of which 13. 30 inches

occurs in the winter. Winter precipitation produces most of the run-

off, and when winter precipitation is less than about 9 inches, runoff

to the two largest storage reservoirs, Dogtown and Kaibab, is usually

zero.

The watershed above Dogtown Reservoir receives more pre-

cipitation and is about twice as efficient as the watershed between

Dogtown and Kaibab Reservoirs. The efficiency for the period of

record was 30 percent for the watershed above Dogtown Reservoir

and 16 percent for the watershed between Dogtown and Kaibab Reser-

voirs. Each watershed produced more than 4, 000 acre-feet of water

from January 1964 through May 1966.

An average annual lake evaporation of about 46 inches was

computed from pan data at Kaibab Reservoir. During this study,

evaporation losses were only about 6 percent of the water input to

DogtoWfl and Kaibab Reservoirs.
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A maximum average monthly seepage rate of 0. 21 foot per

day at Kaibab Reservoir and 0. 14 foot per day at Dogtown Reservoir

occurred during this study. Seepage rates are greatest when the res-

ervoirs are full and decrease as the reservoir stage decreases. Sig-

nificant amounts of seepage occur in each reservoir until the quantity

of water in storage is reduced to about 150 acre-feet, Seepage

claimed 50 percent of the input to Kaibab Reservoir and 68 percent of

the input to Dogtown Reservoira total of 6, 500 acre-feet of water.

Seepage from Cataract and Santa Fe Reservoirs is negligible.

A hypothetical water-budget study of Dogtown and Kaibab

Reservoirs shows that about 25 percent of the input to the reservoirs

would evaporate if seepage was eliminated. It also shows that, with-

out seepage losses, a yearly draft rate of 150 acre-feet of water from

Dogtown Reservoir and 100 acre-feet from Kaibab Reservoir could

have been sustained during the 30-year period 1937-66. In addition

to the 250 acre-feet of water, about 80 acre-feet per year is available

from the other reservoirs; the total of 330 acre-feet of water per year

more than meets the needs of the city. Under present conditions,

some of the water being lost to seepage might be salvaged by with-

drawing water when possible from the leaky reservoirs for use or

storage elsewhere. If seepage is eliminated, water should be with-

drawn from Dogtown Reservoir, then from Kaibab, Cataract, and
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Santa Fe Reservoirs, in that order, because of the differences in the

evaporation-loss characteristics.
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