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Wilson (1983) ..." with "Mann and Rohne (1983) ..." 

3) Page 49, 2nd complete paragraph, 3rd sentence. Replace "... (U.S. 
Geological Survey, 1940)." with "... (Williams and Crawford, 
1940)." 

4) Page 58, first complete paragraph, 3rd sentence. Replace "The 
middle unit was at least partially saturated ..." with "The upper 
unit was at least partially saturated ..." 

5) Page 82, second complete paragraph, last sentence. Replace 7,700 
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7) Replace last sentence on page 130 with the following: 

Individual river recharge and discharge fluxes were negatively 
and positively correlated, respectively, to changes in boundary 
flux magnitudes, thereby creating the strong negative 
correlation of net river flux to boundary fluxes. 

8) Replace the note "Geology from M.E. Cooley (1967)" with "Geology 
from M.E. Cooley (1973)" on figures 2, 8, 9, 10, 12, 14, 15, 16, 
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9) Facing page' explanation sheets for select map figures: 
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. 1 )  F i g u r e  8 ,  f a c i n g  p a g e  f o r  p a g e  6 9 ,  f i r s t  t w o  
principal headings 

ii) Figure 14, facing page for page 102, first two 
principal headings 

iii) Figure 15, facing page for page 104, first two 
principal headings 

b) Figure 10, facing page for page 72. Contours are labeled 
with values in feet, these values representing both the 
thickness of the upper unit and the elevation of the base of 
the upper unit below land surface. 
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ABSTRACT 

A study of the Salt River Indian Reservation in central Arizona 

evaluated pre-development hydrologic conditions with an emphasis on 

simulating ground-water flow conditions within the reservation, where 

data was scarce before extensive aquifer pumping began in 1940 in 

adjoining portions of the East Salt River Valley. Water-resource 

development began in the valley with the completion of the Tempe Canal 

in 1871. Additional canals and irrigated agriculture spread quickly in 

areas along the Salt River, which has a mean annual flow of about 1.25 

million acre-feet. Pre-development ground-water flow was horizontal 

and steady-state. The simulation indicated that the available water-

level data, though corrupted in areas adjacent to the river, more 

properly described the virgin system than flow estimates. Sensitivity 

analyses indicated that simulated heads on the reservation were 

sensitive to all processes except evapotranspiration. Recharge through 

the riverbed, evapotranspiration, and subsurface outflow were all co-

dependent. 
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INTRODUCTION 

A study was conducted by the U.S. Geological Survey in 

cooperation with the Bureau of Indian Affairs to ascertain the likely 

pre-development hydrologic conditions of the Salt River Indian 

Reservation, located in the East Salt River Valley of central Arizona. 

This study, which emphasized the reconstruction of the virgin ground

water flow regime, may be used in forthcoming adjudications of the 

water rights of the Pima Indians who inhabit the reservation. Pre-

development is defined strictly as any time before 1871, when the first 

uses of the natural water resources of the East Salt River Valley were 

made by non-Indians, people other than members of the Pima Indian 

Tribe. The study was divided into two phases: 1) a comprehensive 

literature search of publications from 1890 to the present, and 2) the 

construction of a regional ground-water flow model of the valley for 

the purpose of describing the likely pre-development characteristics of 

the ground-water resources of the reservation, where well data was 

absent prior to heavy pumping withdrawals in adjacent portions of the 

valley. Surface-water and ground-water data reported in numerous 

publications since 1890- were incorporated in the simulation and used to 

draw conclusions regarding pre-development flow conditions. 

Purpose and Scope 

The principal purpose of the study was to determine likely 

regional fluxes and head configurations of the aquifer underlying the 

Salt River Indian Reservation prior to settlement of the East Salt 

River Valley. Relevant historical data included records of land use 
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and water use patterns In the valley, annual flows of ephemeral and 

perennial streams, and depths to water in the earliest wells developed 

throughout the valley. Recent studies described such factors as the 

geologic setting and the consumptive water use characteristics of 

phreatophytes. No additional field data were collected as a part of 

this study. The literature data were used to obtain estimates of the 

likely pre-development aquifer head distribution and flow budget. A 

two-dimensional steady-state ground-water flow model was constructed 

and calibrated on the basis of these estimates and on the assumption 

that pre-development ground-water flow was predominantly horizontal. 

The sensitivity of the calibrated model was assessed by perturbing the 

various model parameters and observing the responses of the regional 

head distribution and the ground-water flow budget. 

The northeastern corner of the Salt River Indian Reservation 

contains the lower 2 miles (mi) of the Verde River, including its 

confluence with the Salt River. Although the Verde floodplain contains 

stream deposits that bear some ground-water, the emphasis of this study 

was the evaluation of the regional pre-development ground-water regime 

within the East Salt River Valley. An analysis of the pre-development 

water resources of the lower Verde Valley was beyond the scope of this 

study, partially because the earliest studies of the ground-water 

resources of this valley were performed after the initiation of 

substantial water-resources development (McDonald and Padgett, 1945; 

Turner, McDonald and Cushman, 1945). 
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Physical Setting 

The East Salt River Valley (or East Valley) is an irregularly 

2 shaped 950-mi basin in central Arizona, and the Salt River Indian 

2 Reservation occupies about 80 mi of this valley (see fig. 1). The 

entire study region will herein be referred to as the East Valley. 

Areas north of the Salt River, which flows across the valley from east 

to west, will be referred to as Paradise Valley. Areas immediately 

south of the river will be referred to as the Tempe-Mesa region, the 

southeastern quarter of the East Valley will be referred to as the 

Queen Creek region, and the southwestern quarter of the valley will be 

referred to as the Gila River region. 

The East Valley, located in Maricopa and Pinal counties, 

contains the eastern suburbs of the Phoenix metropolitan area, 

(including Tempe, Mesa, Scottsdale, and Chandler), as well as the 

surrounding towns of Cave Creek, Queen Creek, and Florence. Much of 

the valley contains agricultural and municipal lands, the remaining 

lands undeveloped desert lands and low mountain ranges. Located in the 

extreme northern portion of the Sonoran Desert, the valley is part of 

the Basin and Range physiographic province of the southwestern United 

States and exhibits the. broad desert plains, numerous arroyos, and low 

mountain ranges typical of the province. The valley is relatively 

flat, with land surface altitudes ranging from 1,100 feet (ft) at the 

basin outlets to 2,000 ft at the base of the surrounding mountains. 

Paradise Valley is bounded on the west by the Phoenix Mountains, which 

disect metropolitan Phoenix and rise to an altitude of nearly 3,000 ft, 

on the north by the New River mountains, plateaus that rise to 

altitudes of nearly 5,000 ft, and on the east by the McDowell 
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Mountains, which rise to a maximum altitude of 4,000 ft. The Queen 

Creek region is bounded on the east by the Superstition and Goldfield 

mountains, which rise to 5,000 and 3,500 ft respectively, on the south 

by the Santan Mountains, which rise to 2,500 ft, and on the northwest 

by the South Mountains, which also rise to 2,500 ft. 

The two major perennial streams in the study area are the Gila 

River and its largest tributary, the Salt River. These rivers, which 

are perennial only in reaches upstream of the study area, have been 

completely diverted by extensive canal systems serving agricultural and 

municipal water demands since the middle of the 19th century. The 

Verde River is the largest tributary to the Salt River, its mouth 

located one mile above the Salt River's entrance to the East Valley. 

Most phreatophyte growth within the valley is restricted to the 

floodplains of the Salt and Gila Rivers. Mesquite, desert broom, and 

salt cedar occupy the Salt River floodplain, while the Gila River 

floodplain contains denser stands of these and other indigenous 

phreatophytes. The floodplains of both rivers, particularly the Gila, 

were extensively covered by dense stands of cottonwood, willow, 

baccharis (seepwillow), and mesquite in the early 1900's. The dominant 

native vegetation beyond the floodplains includes creosote bush within 

the interior of the valley, and mesquite, palo verde, and cacti in the 

nearby alluvial fans and mountains. The climate and the depth of the 

ground-water table prevent the growth of more than a minimal cover of 

natural vegetation beyond the river floodplains, as precipitation is 

generally less than potential evapotranspiration throughout the valley 

year-round (Sellers and Hill, 1974). 
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Climate 

The East Valley lies within an arid environment, receiving 

about 8 inches (in.) of precipitation annually (Sellers and Hill, 1974; 

University of Arizona, 1965). The mountains on the immediate border of 

the valley receive up to 14 in. of precipitation annually, with the 

exception of the New River Mountains, which receive up to 30 in. of 

precipitation annually (University of Arizona, 1965; Smith, 1981). 

Distant mountainous areas in the upstream reaches of the Salt and Gila 

River watersheds receive up to 25 in. of precipitation annually, due to 

significant snowfall in the winter months (Sellers and Hill, 1974). 

July and August are the wettest months of the year, as a flow of moist 

tropical air from the Gulf of Mexico produces scattered daily 

thunderstorms throughout most of the state. Regional storms 

originating in the Pacific Ocean off the California coast produce 

gentle widespread showers over the valley and snowfall within the 

distant mountains during the winter months. April, May; and June are 

the driest months throughout the state. 

Precipitation and temperature records have been kept at a few 

sites in and adjacent to the valley for about 100 years. A 

climatological station at Fort McDowell, located on the Verde River 

just above its mouth, was established in 1866, and 40 stations were in 

operation throughout the state by 1888, including one at Tempe (U.S. 

Geological Survey, 1890). The longest continuous climactic record in 

Arizona is at and near the University of Arizona in Tucson, 

approximately 70 miles south of the southern boundary of the study area 

(see fig. 1). Statistical analyses of 109 years of record at this 

location indicated that there has been no significant trend in 
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precipitation during this period (B.W. Thomsen, hydrologist, U.S. 

Geological Survey, written communication, 1988). However, Smith (1981) 

noted that precipitation and streamflow data within the Salt and Verde 

River watersheds suggest a shift in winter precipitation patterns from 

short, intense storms to longer, gentler storms during the early 

1930's. Fritts and others (1979) detected temporal trends in winter 

precipitation patterns throughout California from 1602-1979, as based 

on tree-ring reconstructions, but their study did not discuss whether 

such trends occurred in Arizona. 

Freezing temperatures occur within the East Valley only a few 

times each winter, as daily temperatures range from the 30's or 40's 

(°F) in the mornings to the 60's to 80's (°F) in the afternoons, Daily 

high temperatures from June through August usually exceed 100°F, 

averaging 105°F. Mean daily temperatures throughout the year range 

from 64°F to 105°F. Wind movement in the area is generally light, 

averaging less than 10 mi/hr annually. Humidities are extremely low, 

averaging 30 to 50 percent and occasionally dropping below 10 percent 

(Sellers and Hill, 1974), 

Previous Investigations 

Literature dating from 1890 to the present was used in the 

reconstruction of the pre-development hydrologic regime and the 

formulation of the digital ground-water flow model. Depths to water in 

scattered wells throughout the East Valley were presented in reports by 

Davis (1897a), Lee (1904, 1905), Meinzer and Ellis (1915), Bryan 

(1925), Babcock and Halpenny (1942), McDonald, Wolcott, and Hem (1947), 

and Littin (1979). A few wells in isolated areas were also described 
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in the original field notes taken by Willis T. Lee in 1903 and 1904 and 

from the first U.S. Geological Survey quadrangle maps of the region 

constructed from surveys made at the turn of the 20th century. 

Anderson (1968) constructed an analog model of the regional ground

water flow system for the years 1923-1964 for an area nearly as far 

north as the northern boundary of the Salt River Indian Reservation. 

Thomsen and Baldys (1985) presented the first comprehensive analysis of 

the well data from the aforementioned early reports as a regional head 

contour map for the portion of the study area south of the Salt River. 

A report by Ross (1980) presented a two-dimensional simulation of 

proposed pumping schemes within the reservation. A study by Laney and 

Hahn (1986), which summarized the hydrogeology of the study area, was 

based on previous studies (including Hsirdt and Cattany, 1965) and 

numerous well and geophysical logs. 

Aerial photos taken in 1936 were obtained from the Federal 

Archives Center to evaluate the extent of irrigated agriculture in the 

East Valley and phreatophyte growth along the Salt River floodplain. 

Tree-ring studies (Fritts and others, 1979; Smith, 1981; Smith and 

Stockton, 1981; Graybill, 1988), along with stream gaging and 

reservoir evaporation records of the U.S. Geological Survey 

(1954,1964,1970,1975) and the Salt River Project (Dallas Reigle, 

hydrologist, Salt River Project, written communication, 1988), were 

analyzed for the purpose of reconstructing annual streamflows of the 

Salt and Verde Rivers since 1889. Estimates of total inflows and 

outflows to the ground-water flow system were obtained from a pre-

development steady-state hydrologic budget analysis by Freethey and 

Anderson (1986). A perspective on the historical setting of the study 



region was derived primarily from an historical account of the 

construction of Coolidge Dam on the Gila River (Introcaso, 1986). 
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HISTORICAL BACKGROUND 

History of Settlement Along the Salt River 

The earliest known inhabitants of the East Valley were the 

prehistoric Hohokam Indians, who first settled in the region around 300 

A.D. (Masse, 1981). Recent archaeological excavations along the Salt 

and Gila River floodplains have uncovered several large prehistoric 

communities, all linked by large earthen canal and storage systems 

supplying water from the Salt and Gila Rivers (Graybill, 1988; Masse, 

1987; Teague and Crown, 1983). Excavations and aerial photos have 

revealed that the total length of the prehistoric canals and their 

laterals may be as great as 1300 mi throughout the entire Salt River 

Valley (Masse, 1981). Agricultural fields flourished throughout the 

area between and immediately adjacent to the two rivers until about 

1450 A.D., when the Hohokam suddenly disappeared. Archaeological 

evidence indicates that one possible reason for their disappearance was 

a shift from an agrarian to a nomadic lifestyle because of severe 

water-logging of lands in portions of the valley which experienced such 

problems during the early 1900's (Masse and Lahey, 1987; Nials and 

Gregory, 1988). Approximately 400 years elapsed before the water 

resources of the East Valley were again affected by human activity. 

The history of land and water-resource development on the Salt 

River Indian Reservation and within the entire Salt River Valley can be 

traced to the initiation of development along the Gila River, which was 

the site of several settlements of the Pima Indians. The first known 

records of these Indians date to 1539, when the Spanish explorer Fray 

Marcos de Niza encountered them living along the Gila River at the 



southern edge of the study area. Evidence is sketchy as to whether or 

not these Indians are descendants of the Hohokam, but the Pimas 

themselves actually gave the name Hohokam to the prehistoric tribes, 

the name meaning "those who have gone" (Skibitzke and others, 1961). 

The Pimas resurrected some of the canals constructed by the Hohokam and 

made a living along the Gila River as an agrarian society (Introcaso, 

1986; Bancroft, 1889). 

In 1848, the Treaty of Guadalupe Hidalgo ended the Mexican-

American War and, together with the Gadsen Purchase, all lands from the 

Gila River south to the present border with Mexico became the 

possession of the United States as part of the New Mexico territory. 

These lands provided Americans living east of the continental divide 

with their first year-round all-weather land-based access to the gold 

rush lands of California. Many Americans traveling this route 

(including military units) found the Pima Indians to be willing 

providers of food, clothing, and protection from the hostile and 

nomadic Apache Indians. In 1865, the first military fort designed to 

combat the Apaches, Fort McDowell, was established at the confluence of 

the Salt and Verde Rivers (Introcaso, 1986). The presence of this fort 

initiated the settlement of non-Indians In the areas in and adjacent to 

the Salt and Gila Rivers. 

As Fort McDowell became increasingly strategic for the Apache 

War operations, the troops found that their increasing need for food 

and other supplies could not be met by imports from other parts of the 

country via horseback and covered wagon. The military began to 

purchase crops from the Pima Indians, whose agricultural lands were 

about 50 mi southwest of the fort. The agricultural success of the 
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Pimas, along with the presence of the fort and congressional passage of 

the Homstead Act of 1862 and the Desert Land Act of 1877, encouraged 

non-Indian travelers headed for California to settle in the region as 

farmers. By the 1890's, water use by farms and small towns had 

resulted in the diversion of the entire flows of both the Salt and Gila 

Rivers. Although Fort McDowell was abandoned in 1890 at the end of the 

Apache wars, the outlying settlements continued to prosper. Most of 

the settlements along the Gila River were situated upstream of the 

lands occupied by the Pimas, leaving them with little or no streamflow 

in the height of summer, as well as an increasingly degraded quality of 

water from both the river and the few ground-water resources that they 

tried to develop (Davis, 1897b; Introcaso, 1986). 

The Pimas continually sought the help of the federal government 

in retrieving their water supply. Although the tribe was granted its 

own reservation by executive order in 1882, the water supply problem 

only got worse. During the mid-1800's, Pima Indians began migrating to 

the north bank of the Salt River where seasonal flows were still 

plentiful, settling upstream of the areas inhabited at that time by a 

population of a few hundred white settlers living in the West Valley 

(Olberg, 1919; Smith, 1386). These Indians were the first people to 

settle in the heart of the East Valley since the disappearance of the 

Hohokam. In 1872, about 1,000 Pimas were living along the Salt River, 

and 3,200 still lived along the Gila River. Salt River flows became 

highly contested by the 1890's because of the rapid growth of non-

Indian communities, but the Salt River Indian Reservation had been 

established in 1879 in an effort to protect the water rights of the 

Indian settlers (Introcaso, 1986). Today, most of the reservation 
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contains either agricultural lands or undeveloped desert lands on the 

alluvial fans and in the McDowell Mountains. 

Evolution of Regional Land and Water Use Patterns 

The first historic development of the land and water resources 

of the Salt River Valley occurred in the 1860's. The first non-Indian 

ditch to divert Salt River flow was the John W. Swilling ditch, 

completed in 1867 in the West Valley at a time when the population of 

settlers was only about 200 (Smith, 1986). The first apparent date of 

development within the East Valley was 1871, when construction ended on 

the Tempe Canal (Salt River Project, 1980). By 1890, a total of about 

11,000 people had settled in the East and West Valleys (Smith, 1986). 

Farming was the principal economic base for the small communities in 

the valleys. From 1870 to 1940, all lands within the East and West 

Valleys were irrigated primarily by canal systems drawing water from 

the Salt River as far east as Granite Reef Dam. By 1900, most of the 

East Valley lands within 10 mi of the Salt River were irrigated for the 

cultivation of such crops as citrus, alfalfa, and grains. Most 

cultivated land along the north bank lay within the Salt River Indian 

Reservation, but extens-ive agricultural development on the reservation 

began only as recently as the 1950's (Lavina Paulsell, supervisor, Salt 

River Project Archives, written communication, 1988; Ross, 1980). 

Land and water-resource development within the remainder of Paradise 

Valley was also minimal before the 1950's, the completion of the 

Arizona Canal in 1885 the only significant development. 

Several canals provided irrigation waters to a large cultivated 

area near Tempe and Mesa before the turn of the century, and several 
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wells were present: in this same area by 1905 (see fig. 2 and Table 1) . 

The Arizona Dam, completed in February of 1885, diverted about 1000 

3 cubic feet per second (ft/ sec) of Salt River flows into the Arizona 

Canal on the north side of the river (Davis, 1897a). This dam was 

situated at the extreme eastern edge of the East Valley in a small gap 

between the McDowell and Goldfield Mountains. A series of large floods 

caused extensive damage to the dam at the turn of the century, and in 

1908 it was replaced by Granite Reef Diversion Dam, which diverted all 

but the floodwaters of the river into the Arizona Canal and the 

simultaneously completed South Canal on the south bank of the river 

(Salt River Project, 1980). Transmission losses through these earthen 

canals were recognized, but generally unquantified, during their 

earliest years of operation. A major lining effort by the Salt River 

Project began during the 1950's and continues to this day (Dallas 

Reigle, Salt River Project, oral communication, 1988). 

During the first 40 years of settlement of the Salt River 

Valley, no storage facilities existed on the Salt and Verde Rivers to 

capture floodwaters for their subsequent release during the seasons of 

low monthly flow. By the turn of the century, the problem of the 

spatial and temporal distribution of river and canal flows had 

restricted the economic growth of the region, and many settlers and 

private water interests recognized the need for a major storage 

reservoir upstream of the East Valley. The passage of the National 

Reclamation Act of 1902 provided the first opportunity for valley 

residents to petition the federal government for funds to construct a 

large reservoir at the Salt River's confluence with Tonto Creek, 50 mi 

upstream of the East Valley. The numerous private water interests 
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Table 1.--Completion dates and capacities of Salt River Vallev canals 
prior to 1915 

[Dashes indicate early data not available] 

Capacity 

3 Canal Completion Date in ft /sec 

Swilling Ditch 1867 -

Maricopa 1868 -

San Francisco 1871 52 
Tempe 1871 337 
Hayden 1874 27 
Utah 1877 175 
Grand 1878 215 
Mesa City 1878 175 
Arizona 1885 1000 
Highland 1889 100 
Crosscut 1891 375 
Consolidated 1894 -

South 1908 -

Eastern 1909 -

Western 1912 -

Broadway Before 1897 -

Un-named Before 1897 -



26 

within the Salt River Valley joined together in 1903 to form the Salt 

River Valley Water User's Association (SRVWUA) in an effort to secure 

federal reclamation funds for the project. The formation and 

subsequent activities of this association convinced the government that 

any reclamation loans would be repaid, and construction of Roosevelt 

Dam quickly began at the aforementioned site. The dam was completed in 

1911, and the SRWUA assumed complete responsibility for the management 

and continued growth of the Salt River Project (Smith, 1986). 

The foundation of the SRWUA hastened construction of two dams 

along the Verde River and three more dams along the Salt River between 

the Verde River and Roosevelt Dam. Mormon Flat, Horse Mesa, and 

Stewart Mountain dams (creating Canyon, Apache, and Saguaro lakes) were 

all completed on the Salt River in 1925, 1927, and 1930, respectively, 

at sites located 17, 27, and 37 mi below Roosevelt Dam. Bartlett and 

Horseshoe dams (and lakes), located on the Verde River 25 and 40 mi 

above its mouth, were completed in 1939 and 1945 respectively. The 

combined capacity of the six storage reservoirs on the Salt and Verde 

Rivers is about 2.1 million acre-feet (acre-ft). 

The history of agricultural development on the Salt River 

Indian Reservation is poorly documented, but some approximations of 

cultivated acreage and irrigation application rates were made during 

the early 1900's by government officials working with the U.S. Indian 

Service. These officials reported that in 1905 nearly 500 Pima Indian 

farmers were diverting a total of 150-1000 miner's inches (4-25 

3 
ft /sec) in portions of the reservation north of the river, while 155 

Pima farmers cultivated 829 acres within a small portion of the 

reservation along the south bank of the river using an unspecified 
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amount of water drawn from the Utah Ditch. In 1909, the Indians 

themselves stated in a letter to the Secretary of the Interior that 

they were cultivating 4,256 and 1,073 acres on each side of the river, 

respectively, and that flow diversions on each side of the river varied 

3 
monthly from 300-500 miner's inches (7-13 ft /sec). The Kent Decree of 

1910, a U.S. District Court adjudication of water rights throughout the 

3 
Salt River Valley, allocated 1,034 miner's inches (26 ft /sec) to 3,448 

acres within the reservation (Lamb, 1977). The 1936 aerial photos show 

that much of the western portion of the reservation between Mesa and 

the Arizona Canal was cultivated (fig. 2). 

Cultivated acreages outside the reservation were usually 

reported by farmers whose claims to canal flows were based on their own 

reports of cultivated acreage to the local water districts. In order 

to secure abundant annual supplies of water, many farmers overestimated 

their claims, rendering early literature estimates of acreage and 

annual irrigation applications highly unreliable. Approximately 35,000 

acres were under cultivation in Maricopa County by 1889, virtually none 

of which were irrigated with pumped ground water (Davis 1897a). An 

archived map prepared by the Committee of Sixteen of the SRVWUA in 1905 

indicates that about 50-, 000 acres were cultivated within the East 

Valley at that time (Lavina Paulsell, Salt River Project Archives, 

written communication, 1988; see fig. 2). The 1936 aerial photos 

reveal that these same lands were still cultivated at that time and 

that additional lands were cultivated in the Gila River and Queen Creek 

regions. Davis (1897a) witnessed extremely wasteful irrigation methods 

by most farmers and estimated that irrigation applications were as high 

as 11 acre-ft per acre per year (yr) in large portions of the West 
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Valley, averaging about 4.6 acre-ft/acre/yr in the entire Salt River 

Valley. He also noted that adjudicated rights on the oldest canals 

were larger than their combined capacity (Davis, 1897a, p. 53), and 

comparisons of these data with reconstructions of historic and 

prehistoric streamflows suggest that average irrigation application 

rates prior to 1911 were actually 9-10 ft/yr (Nials and Gregory, 1988). 

Little ground-water was ever pumped for municipal or 

agricultural purposes prior to 1940. Most wells were apparently 

drilled to supplement surface supplies during years of drought or to 

relieve water-logged lands. Most wells constructed prior to 1923 were 

located in cultivated areas, with the densest networks lying along the 

Salt River in both the East and West Valleys. Anderson (1968) and 

Hardt and Cattany (1965) considered the aquifer to be in a steady-state 

condition prior to 1923, but the water-logging problem in the Tempe-

Mesa region peaked in severity around 1920 (Elliot and others, 1919; 

Murphy, 1920), indicating that the aquifer had been significantly 

affected by the presence of canals and widespread irrigation. The 

withdrawal volumes and regional effects of pumping, which began south 

of the river during the 1920's, were insignificant until the 1940's, 

when the valley began t-o receive abundant electrical service from the 

dams on the Colorado River (Anderson, 1968; Skibitzke and others, 

1961). McDonald and others (1947) and Anderson (1968) indicated that 

the heaviest pumping from 1923 to 1964 occurred at Tempe, Mesa and 

Scottsdale, little pumping occurring elsewhere north of the river. The 

Queen Creek area, heavily agricultural since the mid-1930's, was also 

subjected to heavy pumping due to the lack of canals and surface-water 

resources. Over 80 million acre-ft has been withdrawn from the aquifer 
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underlying the Salt River Valley (U.S. Geological Survey, 1986), 

causing water level declines in excess of 300 ft in some portions of 

the East Valley (B.W. Thomsen, U.S. Geological Survey, written 

communication, 1988). The quantity of recoverable ground-water in the 

upper 1200 ft of alluvium within the Salt River Indian Reservation has 

changed from about 5 million to 4 million acre-ft since 1900 (B.W. 

Thomsen, U.S. Geological Survey, written communication, 1988). 
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SURFACE-WATER RESOURCES 

The Salt River, the major perennial stream within the study 

area, extends a distance of about 30 mi across the East Valley and 

exits the study area at Tempe Butte, where it enters the West Valley 

and joins the Gila River about 30 mi downstream. The Salt River drains 

2 an area of 12,900 mi above Granite Reef Diversion Dam (U.S. Geological 

Survey, 1954). The two major tributaries to the Salt River are the 

Verde River and Tonto Creek, whose mouths are located about 5 and 50 

mi upstream of the dam, respectively. The vegetative growth of the 

Salt-Verde watershed consists of approximately 30 percent desert scrub 

and chapparal, 19 percent grasslands, 28 percent pinyon pine and 

juniper, and 23 percent coniferous forests (Rogers, 1973). These 

vastly different vegetation types are a direct reflection of the 

variable terrain and climatic conditions throughout the watershed, 

which encompasses areas ranging from 2,000 ft to 11,000 ft in altitude. 

The Salt and Verde Rivers are fed primarily by snowmelt and spring 

discharges and are perennial upstream of the dams, but heavily 

regulated by the reservoir systems of the Salt River Project. 

Unregulated flows impacting the East Valley were highly seasonal prior 

to 1910, more than half the annual flow occurring between October and 

April and the remainder resulting from spring discharges and flash 

floods during the summer months (Smith and Stockton, 1981; Skibitzke et 

al, 1961). Reaches within and downstream of the East Valley were 

perennial prior to their development by non-Indian settlers. Today, 

these reaches are usually dry, flowing only when runoff from the 

watershed exceeds the available storage capacity of the reservoirs. 



31 

The Gila River, forming the southwestern geographic boundary of 

2 the East Valley, drains an area of about 22,000 mi above its 

confluence with the Salt River (U.S. Geological Survey, 1954). The 

Gila River watershed includes portions of west-central New Mexico and 

much of central and southern Arizona, and the river empties into the 

Colorado River about 200 mi below its confluence with the Salt River. 

The Gila River was neglected in the analysis of the surface-water 

regime because, in contrast to the Salt River and the local ephemeral 

streams, it was an insignificant source of water to the aquifer 

underlying the East Valley under pre-development conditions (Thomsen 

and Baldys, 1985; Freethey and Anderson, 1986). 

Salt River Annual Flow Record 

In the mid-1870's, a settler traveling through Arizona 

described the Salt River under low-flow conditions as "a clear 

beautiful stream, having an average width of two hundred feet for a 

distance of one hundred miles above its junction with the Gila, and a 

depth of two feet or more" (Hodge, 1877, p. 38). Streamflow 

measurements were made on portions of the Salt River upstream of the 

East Valley as early as 1889. However, daily and annual records are 

sporadic before 1911, when Roosevelt Dam was completed. The accuracy 

of these early published records was limited by numerous complicating 

factors, such as the destruction of early gage stations by large 

floods, continual relocation of measurement sites, and subsequent 

interpretations of flows at published sites based on measurements made 

miles above or below those sites. A statement in the 10th Annual 

Report of the U.S. Geological Survey (1890, p. 87) pertaining to stream 
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gaging progress on the Salt and Gila Rivers reflected one significant 

reason for the unreliability of this early data: 

These rivers offer the greatest difficulties to hydrographic 
study of any which have been attempted during the year. While 
the same difficulties are present to some extent in others they 
are elsewhere less formidable. . . difficulty is due to the 
scarcity of settlers and the great distance of the stations 
from sources of supply. It is not easy to secure men who are 
willing to banish themselves for months at a time from all 
human intercourse and remain alone in one of the most cruel 
deserts in the world merely to watch the rise and fall of a 
river. 

Although reservoir construction may have resulted in improved flow 

measurement programs beginning around 1910, gaged values adjusted for 

reservoir storage volumes were affected by large evaporative losses at 

the reservoirs, as well as continually increasing upstream flow 

diversions. Hence, analyses of historic gage records and of tree-ring 

records are relevant to the interpretation of representative annual 

flow patterns and volumes impacting the East Valley. 

Historic Gage Records 

Annual flow records at the current site of Granite Reef 

Diversion Dam were compjLled from several different literature sources, 

including records of the U.S. Geological Survey (1954, 1964, 1970, 

1975, and annual water-resources data for the State of Arizona) and the 

Salt River Project (Dallas Reigle, hydrologist, Salt River Project, 

written communication). Records from gages at several sites along the 

Salt and Verde Rivers were used in the analysis of flows impacting the 

East Valley (see Table 2 and fig. 3). Although records of daily flow 

records were kept along both rivers beginning in 1889, gage sites were 
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Table 2.--Location and summarizing Information for stream gages on 
perennial and ephemeral streams 

[Dashes indicate data unavailable] 

Station Station Drainage Years of Gaging 

No?â  name area (mi^) operation^^ Method 

766 

09499000 

09498500 

768 

09501000 

09502000 

772 

09509500 

09510000 

09511000 

787 

Tonto Creek 
near Roosevelt 841 

above Gun Creek 
near Roosevelt 

678 

Salt River 
near Roosevelt 4,310 

at Roosevelt 5,830 

reservoir 
system 

6,211 
(c) 

below Stewart 6,232 
Mountain Dam 

at McDowell 6,280 

Verde River 
reservoir. 6,185 
system 

below 6,188 
Bartlett Dam 

Salt and Verde R. 
diversion for 
city of Phoenix 
near McDowell 

Salt River 
at Arizona 12,900 
Dam 1.25 miles 
below Verde R. 

(d) 

1913-1940 

1941-1988 

1914-1988 

1888-1907, 
1910-1913 

1910-1988 

1939-1988 

1889-1988 

1923-1988 

Staff gages 

Stage recorder 

Staff gage and 
stage recorder 

Staff gages at 
McDowell; flow 
at Roosevelt and 
Arizona dams 

Stage recorders, 
mercury columns 

1930-1988 Stage recorder 

1895-1896, Staff gages 
1904-1910 

Staff gages and 
stage recorders 

Staff gage and 
stage recorder 

Stage recorder, 
weir ratings, 
Sparling meter 

1888-1896 Weir ratings 
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Table 2,--Location and summarizing information for stream ga^es on 
perennial and ephemeral streams--Continued 

Station Station Drainage Years of Gaging 

No?â  name area (mi^) operation^) Method 

09512000 

09512070 

09478500 

09512100 

09512280 

09512300 

09512400 

(a) 

diversion at 13,000 
Granite Reef 
Dam, 3.4 miles 
below Verde R. 

spills over 13,000 
Granite Reef 
Dam 

at Hayden Rd. 13,059 
in Tempe 

Queen Creek 
at Whitlow 144 
dam site 

Indian Bend Wash 
near Scottsdale 142 

1913-1988 

1912-1988 

Staff gage, 
stage recorder 
weir ratings 

Staff gage, 
stage recorder 
weir ratings 

1949-1958 Stage recorder 

(e) 

Cave Creek 
below Cotton- 83 
wood Wash 

near Cave 121 
Creek, AZ 

at Phoenix 252 

1961-1984 

1981-1988 

1959-1967 

Stage recorder 

Stage recorder 

Stage recorder 

1958-1988 Bridge ratings 

(b) 

(c) 

<d) 

Three-digit values apply to stations discontinued before 1950 and 
are values given in U.S. Geological Survey compilations (1954). 
Gages 766, 768, and 772 later re-numbered as gage 09499500, gage 
09500500, and gage 09502500, respectively. 

Considered in operation only if monthly flows were published for all 
twelve months of water year. 

Watershed area at Stewart Mountain Dam. 

Watershed area at Bartlett Dam. 

(e) 2 
Reduced to 62 mi in October 1975 due to completion of diversion 
canal and detention dike. 
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continually changing prior to the 1930's because of changes in the 

agencies responsibile for the collection of the data, as well as damage 

to staff gages and benchmarks by high flows. 

The earliest flow data for reaches of the Salt River above its 

confluence with the Verde River date to 1889. Few measurements made 

prior to 1930 were near the confluence with the Verde; most were made 

at or near the town of Roosevelt, located at the present site of 

Roosevelt Dam, about 50 mi upstream of the Verde, Most of these 

records were based on staff gage measurements. From 1888 to 1909, most 

records of Salt River flow consisted of weir discharge records at the 

old Arizona Dam site (one mile downstream of the Verde River mouth) and 

staff gage records near Mount McDowell. Many of the records from these 

two sites were extrapolated upstream to estimate flows at Roosevelt, 

using unspecified mathematical methods. Annual flows of the Salt River 

from 1910 to 1930 were derived using gage records above Roosevelt Lake 

on the Salt River and on Tonto Creek, which each feed the lake. Flows 

from 1931 to the present were derived from gage records below Stewart 

Mountain Dam and annual changes in volumetric content of Saguaro Lake, 

the reservoir formed by this dam. 

The earliest flow data for the Verde River also date to 1889, 

and much of the data prior to 1926 came from weir measurements at 

Arizona Dam or from staff gages at numerous points along the river 

below the present site of Bartlett Dam. The gage location, relatively 

unchanged after 1926, was about three mi below Bartlett Dam, and annual 

flow calculations were adjusted for changes in storage of Bartlett Lake 

upon its formation in 1939. 
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Records of evaporative losses from the Salt-Verde reservoir 

system were estimated with the aid of pan evaporation data collected by 

the Salt River Project since 1954 at Roosevelt and Bartlett Lakes. 

Records indicate that the average annual evaporative loss from the 

Salt-Verde reservoir system is 110,000 acre-ft/yr, or about 10 percent 

of the total annual flow volume from the Salt-Verde watershed. 

Approximately 75 percent of this loss occurs from April through 

September. However, these records are considered of only marginal 

accuracy as they suggest annual evaporation depths of only about 4 ft 

from the reservoirs, whereas annual evaporation depths from open bodies 

of water are generally about 6 ft in the lower elevations of the state 

(Dallas Reigle, Salt River Project, written communication, 1988). 

Natural gains and losses between the gage sites and Granite 

Reef Dam were neglected in the analysis of the annual flows, but a 

diversion from the Verde River near Fort McDowell that began in 1923 by 

the City of Phoenix was given consideration (gage 09511000). Mann and 

Wilson (1983) estimated that the total natural change in river flow 

between Granite Reef Dam and the lowermost dams on the Salt and Verde 

Rivers was about 1 percent from February 1978 to June 1980. This 

effect was neglected because it had less influence on the post-1910 

data than the effect of reservoir evaporative losses. 

Prior to 1915, diversions above the storage reservoirs were 

negligible, but these became significant as towns and rural valleys in 

the Verde Valley became more heavily populated with a subsequent 

increase in cultivated acreage and irrigation diversions. The U.S. 

Geological Survey (1892) estimated that nearly 2000 acres were under 

cultivation in 1890 near Camp Verde, about 50 mi above the Salt River 
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In the Verde Valley. The irrigated acreage within the Verde Valley was 

approximately 7000 acres from 1914-1945, increasing to nearly 25,000 

acres by the early 1950's (Smith, 1981; Smith and Stockton, 1981). 

Irrigation diversions in these early years were apparently too small to 

be noticed at the confluence of the Salt and Verde Rivers (U.S. 

Geological Survey, 1891). 

The Granite Reef diversion and spill data and the analysis of 

annual historical flows from gage records of the U.S. Geological Survey 

suggest that the mean and median annual flows impacting the East Valley 

since 1889 are roughly 1.25 and 0.90 million acre-ft (Tables 3 and 4, 

fig. 4). The gage data record indicates that the mean was exceeded 

during 45 percent of the period since 1889, while the spill and 

diversion data at the dam suggest that the mean was exceeded during 36 

percent of the period 1914-1985. The patterns and magnitudes of dry 

and wet cycles are virtually identical, indicating that there is no 

appreciable change in streamflow between Granite Reef Dam and the 

lowermost dams on each river. The two reconstructions indicate that a 

drought occurred from 1898 to 1904, followed by a significantly wet 

cycle during the ensuing 18 years. The gaged annual flow of 274,000 

acre-ft in 1900 was the. lowest such volume of both reconstruction 

series. Statewide precipitation data indicate that this drought was 

significantly longer in duration than any other historical drought 

(Sellers and others, 1985). 
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Table 3.--Historical annual streamflow from gage records In the 
Salt-Verde watershed 

[All values in thousands of acre-ft] 

Reser- Total annual 
Salt R. Gage Verde R. Gage voir flow at 

Water above loca- above - . loca- evapo- Granite . 
year Verde R. tion Salt R. tion ration Reef Dam site^ ' 

1889 1059. 0 (c) 777 7 (g> 1836.7 
1890 1177. 0 (c) 979 7 (g> 2156.7 
1891 2072. 0 (c) 1738 0 (g) 3810.0 
1892 173. 9 (c) 134 8 (g) 308.7 
1893 407. 3 (c) 296 6 (g) 703.9 
1894 249. 2 (c) 192 8 (g) 442.0 
1895 777. 1 (c) 737 4 (h) 1514.5 
1896 464. 0 (c) 304 8 (h) 768.8 
1897 840. 4 (c) 541 5 (h) 1381.9 
1898 337. 5 (c) 236 4 (h) 573.9 
1899 ' 278. 1 (C) 198 3 (h) 476.4 
1900 147. 6 (C) 126 4 (g) 274.0 
1901 491. 3 (c) 313 2 (h) 804.5 
1902 197. 7 (C) 211 1 (h) 408.8 
1903 259. 2 (C) 419 9 (h) 679.1 
1904 248. 6 (c) 276 7 (h) 525.3 
1905 3001. 0 (C) 1569 0 (h) 4570.0 
1906 1990. 0 (C) 901 7 (h) 2891.7 
1907 1435. 0 (c) 860 0 (i) 2295.0 
1908 1098. 0 (c) 455 7 (i) 1553.7 
1909 1307. 0 (C) 763 4 (i) 2070.4 
1910 485. 8 <d) 474 1 (i) 959.9 
1911 800. 2 <d) 664 4 (i) 1464.6 
1912 549. 8 (d) 452 2 (i) 1002.0 
1913 405. 3 (d) 378 8 (i) 784.1 
1914 530. 3 (e) 395 4 (i) 925.7 
1915 1782. 5 <e) 870 4 (i) 2652.9 
1916 2583. 0 (e) 1277 0 (i) 3860.0 
1917 816. 4 (e) 893 2 (i) 1709.6 
1918 395. 4 (e) 499 8 (i) 895.2 
1919 991. 0 (e) 542 1 (i) 1533.1 
1920 1889. 6 <e) 1266 0 (i) 3155.6 
1921 546. 3 (e) 309 6 (i) 855.9 
1922 688. 5 (e) 783 2 (i) 1471.7 
1923 612. 4 (e) 537 3 (i) 1149.7 
1924 904. 1 (e) 547 5 (i) 1451.6 
1925 327. 7 (e) 263 5 (i) 591.2 
1926 783. 7 (e) 512 7 (j) 1296.4 
1927 959. 0 (e) 818 2 (j) 1777.2 
1928 317. 2 (f) 313 9 (j) 631.1 
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Table 3.--Historical annual streamflow from gape records in the 
Salt-Verde watershed--Continued 

Salt R. 
Water above 
year Verde R. 

Gage Verde R. 
loca- above . * 
tion Salt R. 

Reser-
Gage voir 
loca- evapo-
tion ration 

Total annual 
flow at 
Granite „ . 
Reef Dam site 

1929 471 7 (f) 390 4 (j) 862.1 
1930 509 2 (f) 286 6 (j) 795.8 
1931 656 0 (f) 403 4 (j) 1059.4 
1932 1404 5 (f) 835 0 U> 2239.5 
1933 418 3 (f) 219 7 (j) 638.0 
1934 141 8 (f) 164 2 (j) 306.0 
1935 895 1 (f) 505 5 (j) 1400.6 
1936 706 0 (f) 287. 4 (j) 993.4 
1937 1159 5 (f) 819. 2 (j) 1978.7 
1938 404 8 (f) 436 0 0) 840.8 
1939 412 1 (f) 250. 1 (j) 662.2 
1940 328 4 (f) 238 9 (j) 567.3 
1941 2434 5 (f) 1150 0 (j) 3584.5 
1942 603 9 (f) 293 9 (k) 897.8 
1943 585 7 (f) 282 8 (k) 868.5 
1944 406 4 (f) 438 5 (k) 844.9 
1945 539 2 (f) 395 9 (k) 935.1 
1946 366.4 <f> 190 4 (k) 556.8 
1947 344 2 <f) 191 7 (k) 535.9 
1948 455 9 (f) 237 8 (k) 693.7 
1949 763 7 (f) 515 1 <k) 1278.8 
1950 219 2 (f) 239 0 (k) 458.2 
1951 310 7 (f) 185. 1 (k) 495.8 
1952 1347. 9 (f) 604. 7 (k) 1952.6 
1953 259. 9 (f) 232. 6 (k) 492.5 
1954 379. 0 (f) 295. 3 (k) 105 .6 779.9 
1955 279. 2 (f) 155. 4 (k) 79 .2 513.8 
1956 216. 7 (f) 198. 9 (k) 63 .3 478.9 
1957 430. 2 (f) 282. 2 <k) 63 .4 775.8 
1958 731. 8 (f) 421. 9 (k) 101 .9 1255.6 
1959 222. 7 (f) 246. 9 (k) 89 .8 559.4 
1960 1055. 3 (f) 469. 2 (k) 127 .6 1652.1 
1961 148. 7 (f) 133. 2 (k) 111 .9 393.8 
1962 701. 1 (f) 330. 7 (k) 108 .8 1140.6 
1963 416. 8 (f) 152. 1 (k) 90 .2 659.1 
1964 260. 5 (f) 272. 5 (k) 77 .2 610.2 
1965 784.0 (f) 624.8 (k) 115 .8 1524.6 
1966 1310. 2 (f) 603. 7 (k) 142 4 2056.3 
1967 244. 6 (f) 357. 1 (k) 126 9 728.6 
1968 1111. 9 (f) 498. 1 (k) 137 9 1747.9 
1969 548. 2 (f) 429. 9 (k) 132 3 1110.4 
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Table 3.--Historical annual streamflow from ga^e records in the 
Salt-Verde watershed--Continued 

Reser- Total annual 
Salt R. Gage Verde R. Gage voir flow at 

Water above loca- above , loca- evapo- Granite » 
year Verde R. tion Salt R. tion ration Reef Dam site 

1970 336 .4 (f) 122, .3 <k) 117, .5 576.2 
1971 179 .1 (f) 269, .4 (k) 102, .8 551.3 
1972 389 .0 (f) 259, .6 (k) 95, , 1 743.7 
1973 2345 .0 (f) 1143, ,0 <k) 138 .0 3626.0 
1974 172 .6 (f) 247, ,7 (k) 115 .1 535.4 
1975 599 .8 (f) 278. ,2 (k) 111, ,4 989 .4 
1976 377 .3 (f) 371, ,6 (k) 110, .9 859.8 
1977 148 .8 <f> 170, ,2 (k) 82, .7 401.7 
1978 1507 .0 Cf> 855, ,3 (k) 124, .6 2486.9 
1979 2707 .0 (f) 1125, ,0 (k) 130, .2 3962.2 
1980 2139 .0 (f) 1362, ,0 (k) 125, .8 3626.8 
1981 325 .3 (f) 256, ,4 (k) 113, ,3 695.0 
1982 717 .5 (f) 537, ,1 (k) 117. .7 1372.3 
1983 1675 .0 <f) 900, ,2 (k) 127, .5 2702.7 
1984 877 .0 (f) 361, ,8 (k) 119. ,4 1358.2 
1985 1693 .0 (f) 464, ,7 (k) 127. .8 2285.5 
1986 663 .8 (f) 286, ,3 (k) 136. .3 1086.4 

Mean 777 .7 490. ,9 110. .0 1306.1 

Annual flows published as "Verde River below Bartlett Dam", but 
measurements made at several different sites prior to 1942. 

/U \ 

Sum of all surface-water volumes in preceding columns. 

C c } 'Published location is Salt River at Roosevelt, below Tonto Creek, 
but staff gage readings and weir calculations were made "at 
McDowell" and at Arizona Dam. Measurements for 1889-1894 by Arizona 
Canal Company, 1895-1896 by Hudson Reservoir and Canal Company (all 
at Arizona Dara). 1898-1899 unknown at McDowell (gage 772), 1900-
1909 by U.S. Reclamation Bureau at McDowell (gage 772). 

No gage. Flows based on spill and release measurements at 
Roosevelt Dam by U.S. Reclamation Bureau. 

s 'Combined annual flows at gage 09498500 (Salt River near Roosevelt) 
and gage 766 (Tonto Creek near Roosevelt). Salt River records by 
U.S. Reclamation Bureau 1910-1917, by Salt River Valley Water User's 
Association 1918-1933. Recording agency for Tonto Creek unknown. 
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Annual flows at gage 09502000 (Salt River below Stewart Mountain 
Dam) adjusted for change in storage of Salt River reservoir system 
(gage 09510200) at end of each water year. Records by Salt River 
Valley Water User's Association 1931-1934, U.S. Geological Survey 
1935 to present. 

tfO & Staff gage readings and weir calculations at Arizona Dam by Arizona 
Canal Company. 

Staff gage readings near McDowell, 3/4 mile above mouth, by Hudson 
Reservoir and Canal Company 1895-1896, unknown all other years. 

n ) 
Staff gages at numerous unspecified sites between Bartlett Dam and 
the mouth. Measurements from 1907 to 1917 by U.S. Reclamation 
Bureau and from 1918 to 1926 by Salt River Valley Water User's 
Association (SRVWUA). 

^Staff gage measurements 3.5 miles below Bartlett Dam; by SRVWUA 
1927-1934, and by U.S. Geological Survey 1935 to 1941. 

(k)  
Staff gage measurements 2.5 miles below Bartlett Dam; by U.S.G.S. 
Adjusted for change in storage of Verde River reservoir system (gage 
09509500) at end of each water year. 
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Table 4.--Comparisons of historical annual streamflow at Granite Reef 
Dam site 

[All values in thousands of acre-ft] 

Diversions Spills at Total Total 
Water at Granite Granite Adjusted , . flow from 
Year Reef Dam Reef Dam flow above dam at dam Table 3 

1889 1946.0 1836.7 
1890 2279.0 2156.7 
1891 3810.0 
1892 308.7 
1893 703.9 
1894 442.0 
1895 1514.5 
1896 768.8 
1897 1381.9 
1898 573.9 
1899 476.4 
1900 274.0 
1901 804.5 
1902 408.8 
1903 679.1 
1904 525,3 
1905 4570.0 
1906 2891.7 
1907 2295.0 
1908 1553.7 
1909 2070.4 
1910 959.9 
1911 1464.6 
1912 1002.0 
1913 784.1 
1914 811.6 221.3 -23.7 1009.2 925.7 
1915 954.6 668.1 975.5 2598.2 2652.9 
1916 1156.0 2680.0 35.0 3871.0 3860.0 
1917 1133.0 498.9 -103.4 1528.5 1709.6 
1918 1268.0 239.5 -649.0 858.5 895.2 
1919 1030.0 363.2 248.2 1641.4 1533.1 
1920 1022.0 1093.0 389.9 2504.9 3155.6 
1921 967.6 122.1 -306.4 783.3 855.9 
1922 1054.0 354.6 -112.7 1295.9 1471.7 
1923 1072.0 342.7 -126.2 1288.5 1149.7 
1924 1211.0 32.0 -23.7 1219.3 1451.6 
1925 869.6 27.4 -286.1 610.9 591.2 
1926 808.8 195.3 290.0 1294.1 1296.4 
1927 958.2 454.4 409.0 1821.6 1777.2 
1928 1103.0 26.5 -545.2 584.3 631.1 
1929 849.0 77.9 -84.6 842.3 862.1 
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Table 4.--Comparisons of historical annual streamflow at Granite Reef 
Dam site--Continued 

Diversions Spills at Total Total 
Water at Granite Granite Adjusted . > flow from 
Year Reef Dam Reef Dam flow above dam at dam Table 3 

1930 742.8 14.4 49.4 806.6 795.8 
1931 760.1 121.7 187.8 1069.6 1059.4 
1932 1073.0 373.4 734.1 2180.5 2239.5 
1933 886.9 12.8 -252.4 647.3 638.0 
1934 860.6 0.1 -557.0 303.7 306.0 
1935 948.9 89.2 337.0 1375.1 1400.6 
1936 1042.0 7.5 -77.4 972.1 993.4 
1937 1236.0 407.9 286.9 1930.8 1978.7 
1938 1033.0 210.9 -417.4 826.5 840.8 
1939 757.0 2.6 -130.4 629.2 662.2 
1940 658.4 11.6 -140.6 529.4 567.3 
1941 1072.0 880.2 1550.0 3502.2 3584.5 
1942 1079.0 0.2 -228.1 851.1 897.8 
1943 969.1 3.6 -140.8 831.9 868.5 
1944 994.1 1.0 -190.5 804.6 844.9 
1945 970.5 1.4 -78.6 893.3 935.1 
1946 907.4 1.8 -396.9 512.3 556.8 
1947 714.7 0.7 -197.3 518.1 535.9 
1948 692.4 0.2 -119.4 573.2 693.7 
1949 805.3 1.6 459.4 1266.3 1278.8 
1950 750.5 1.5 -287.7 462.8 458.2 
1951 551.7 16.3 -36.4 531.6 495.8 
1952 817.1 3.2 1140.7 1961.0 1952.6 
1953 736.9 0.1 -285.2 451.8 492.5 
1954 749.8 3.7 8.5 762.0 779.9 
1955 695.2 5.9 -140.4 560.7 513.8 
1956 718.5 0.1 -343.4 375.2 478.9 
1957 608.2 ' 2.0 208.0 818.2 775.8 
1958 654.7 0.8 603.8 1259.3 1255.6 
1959 637.0 17.1 -187.5 467.2 559.4 
1960 781.4 5.0 814.7 1601.1 1652.1 
1961 634.6 0.4 -253.3 381.7 393.8 
1962 790.7 0.0 308.0 1098.7 1140.6 
1963 700.1 0.9 -38.2 662.8 659.1 
1964 665.6 7.0 -109.1 563.5 610.2 
1965 755.0 195.7 729.0 1679.7 1524.6 
1966 1008.0 380.4 593.4 1981.8 2056.3 
1967 839.9 11.7 -146.2 705.4 728.6 
1968 1208.0 106.5 444. 5 1759.0 1747.9 
1969 1087.0 0.2 18.2 1105.4 1110.4 
1970 820.4 11.0 -115.6 715.8 576.2 
1971 720.3 0.1 -287.9 432.5 551.3 
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Table 4.--Comparisons of historical annual streamflow at Granite Reef 
Dam site--Continued 

Water 
Year 

Diversions 
at Granite 
Reef Dam 

Spills at 
Granite 
Reef Dam 

Adjusted , . 
flow above dam 

Total 
flow 
at dam 

Total 
from 
Table : 

1972 705 .6 75, ,4 -20.3 760, ,7 743.7 
1973 1287 .0 1241, .0 1233.7 3761. .7 3626.0 
1974 919 .0 0 ,  .8 -441.1 478. .7 535.4 
1975 794, .5 0 ,  ,4 220.3 1015. .2 989.4 
1976 811, .2 2, .1 84.2 897. .5 859.8 
1977 800 .5 0.0 -382.6 417, .9 401.7 
1978 902 .5 1389, ,0 1127.1 3418, .6 2486.9 
1979 1169 .0 1997. ,0 303.4 3469, ,4 3962.2 
1980 1303 .0 2061, ,0 98.4 3462, ,4 3626.8 
1981 • 914 .4 0. ,1 -329.5 585, ,0 695.0 
1982 857 .0 178, ,3 418.7 1454, ,0 1372.3 
1983 1036 .0 1744, ,0 494.1 3274, ,1 2702.7 
1984 758 ,6 271, ,2 -102.8 927, ,0 1358.2 
1985 1032, ,0 773, ,4 285.1 2090. ,5 2285.5 
1986 8, ,4 1086.4 

Mean 900, .0 272, ,1 88.8 1265. ,6 1306.1 

^Adjusted for 1) diversion for City of Phoenix from Verde River at 
McDowell since 1923 (gage 09511000), 2) change in storage of Salt 
River and Verde River reservoir systems (gages 09510200 and 
09509500, respectively) at end of each water year, 3) and reservoir 
evaporation data since 1954. 
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Figure 4. Graph comparing reconstructed annual flows of the 
Salt River at Granite Reef Dam site. 
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Tree-Ring Records 

Prehistoric annual streamflow records have been constructed 

from studies of the growth rings of trees throughout the Salt, Verde, 

and Gila River watersheds (Smith, 1981; Smith and Stockton, 1981; 

Graybill, 1988). The reconstructed streamflows extend over a period of 

400 years. Fritts (1976) has described the heavily statistical process 

of streamflow generation from tree-ring analysis in detail. Smith 

(1981) and Smith and Stockton (1981) reported the first reconstruction 

of seasonal and annual flows within the Salt-Verde watershed using 

cores of living trees, and Graybill (1988) reproduced the salient 

features of their reconstruction for the period 1800-1979 using 

different live cores and archaeological core samples collected 

throughout the watershed. 

Smith (1981) examined tree rings at 13 different sites 

throughout the watershed, collecting two cores from each of ten trees 

at each site. Simple linear regressions were constructed to correlate 

tree-ring widths to gaged monthly flows for the periods 1895-1907, 

1911-1913, and 1914-1979 at gaging station 09498500 on the Salt River 

near Roosevelt and gaging station 09510000 on the Verde River below 

Bartlett Dam. These regressions were developed at the Salt River 

station for annual flows and for a period of high monthly flows that 

typically extends from October through April. However, records at the 

Verde River station were developed only for the latter period due to 

the nearly complete diversion of surface water that has occurred within 

the upper reaches of the watershed during the summer months of the past 

few decades. Once the tree-ring record was calibrated to the historic 
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gage measurements, a reconstruction was performed for the period 1580-

1979. 

The 400-year average for the Salt River gaging station was 0.41 

million acre-ft for the high-flow period of October to April, about 70 

percent of the annual reconstructed mean of 0.58 million acre-ft. The 

400-year October-April average reconstructed flow at the Verde River 

gaging station was 0.38 million acre-ft, about 77 percent of the 0.49 

million acre-ft mean annual gaged flow since 1889 (see Table 3). Smith 

(1981) believed an extension of the seasonal value of 70 percent on the 

Salt River to the seasonal flow pattern on the Verde River was 

unjustifiable, but this percentage appears to be within the range of 

likely values, as Skibitzke and others (1961) estimated that 65 percent 

of the annual gaged flow on the Verde occurred between January and 

April. Reconstruction of the 400-year annual flow at this station 

based on Smith's seasonal reconstruction and an assumption that 70 

percent of the Verde River flow occurs between October and April 

yielded a mean annual flow of 0.49 million acre-ft. The 400-year 

annual flow at Granite Reef Dam was obtained by adding the annual flow 

reconstructions at the two gage stations without accounting for any 

other effects such as evaporation because the latter reconstructions 

were calibrated to gage records. The final reconstruction also ignored 

certain tributary contributions, particularly those of Tonto Creek, 

which gage records indicate has a mean annual flow of about 0.11 

million acre-ft/yr. The mean annual reconstructed streamflow for the 

400-year period at the site of Granite Reef Dam was 1.10 million acre-

ft, a value about 15 percent lower than the mean value of the 

reconstructed historic gage flows (see Tables 3 and 4). 
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Graybill (1988) computed mean annual streamflows for the period 

1800-1979 of 0.44 and 0.57 million acre-ft for the.Salt and Verde 

Rivers at the same gaging stations employed by Smith (1981). Graybill 

derived a reconstruction of the annual flow patterns on the Verde based 

on archaeological tree-ring samples he collected. The reconstruction 

of the mean annual flow impacting the East Valley neglected major 

tributaries downstream of the gaging stations and yielded a mean annual 

flow of 1.00 million acre-ft. 

Cyclical fluctuations in rainfall and streamflow patterns are 

known to have .severely impacted the lands and their settlers between 

1890 and 1920, a fact supported by the gage data and the tree-ring 

data. Lee (1905) noted that the drought had reduced water levels in 

wells and in the Salt River over the preceding decade. The largest 

gaged floods in the watershed occurred in 1891 and 1905, immediately 

before and after this drought (U.S. Geological Survey, 1940). These 

and other smaller floods destroyed many of the headworks for the canal 

systems throughout the East and West Valleys at the turn of the 

century. The tree-ring data indicate that the wet cycle of 1905-1922 

was longer in duration than most other wet cycles during the past 400 

years (fig. 5). The reconstructions also suggest that the lowest flows 

during the drought of 1898-1904 were never equaled at any other time 

during the 400-year period, although the duration of this drought was 

exceeded more than once during this period. 
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Granite Reef Dam site as derived from tree-ring 
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Ephemeral Streamflows 

The primary ephemeral stream in Paradise Valley is Cave Creek, 

which flows across the northern edge of the valley from the New River 

mountains southwesterly through the Phoenix Mountains into northern 

2 Phoenix. This creek drains an area of about 120 mi above its entrance 

into the valley, but unlike the other ephemeral streams in the area 

much of its watershed lies at a relatively high altitude of 4,000-5,000 

ft, thereby receiving more annual precipitation than watersheds of 

other ephemeral streams in the East Valley. Within Paradise Valley, 

the creek only flows in response to heavy rainfall. The only major 

storage facility on the creek is Cave Creek Dam, an earthen dam built 

into the bedrock of the Phoenix Mountains within the lower reaches of 

the creek's path through Paradise Valley, Cave Creek has been gaged 

for several years below the dam (gage 09512400) and for a few years 

below Cottonwood Wash (gage 09512280, 1981-present), a relatively large 

tributary whose mouth is nearly 10 mi above the creek's entrance into 

Paradise Valley (see fig. 3 and Table 2). A gage 5 mi above the dam 

(09512300) was located within Paradise Valley for nine years (1959-

1967). The mean annual flow at this gage was 2,950 acre-ft over this 

period, while the mean annual flow below Cottonwood Wash was about 

5,500 acre-ft over the more recent five-year period. This large 

difference in mean annual flows may be the result of the limited gage 

records at both stations, but it may also be due to infiltration of 

flow into the highly permeable riverbed sediments between the two 

gages, a phenomenon that was first recognized by Meinzer and Ellis 

(1915) and McDonald and others (1947). 
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Indian Bend Wash is an ephemeral stream in Paradise Valley that 

2 is of secondary importance to Cave Creek, draining about 140 mi within 

the valley and small sections of the McDowell Mountains. A gage near 

Scottsdale, operating from 1961 to 1984, yielded a mean annual flow of 

1,800 acre-ft, but these records were affected by increasing 

urbanization within the watershed during the 24 years of record. 

Queen Creek is the largest ephemeral stream between the Salt 

2 and Gila Rivers, draining about 145 mi of the Superstition Mountains. 

The Whitlow Ranch Flood Control Basin, located less than 5 mi above the 

creek's entrance to the valley, is the only storage facility impacting 

its flow. Streamflow records are scant along Queen Creek. The mean 

annual flow at a temporary gage above the basin was 3,000 acre-ft from 

1948-1959. Several smaller washes drain the Superstition and Goldfield 

Mountains, but no gage records exist for them. 
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HYDROGEOLOGY 

Description of Litholoeic Units 

The llthology of the study area is fully described by Laney and 

Hahn (1986). The East Salt River Valley is underlain by permeable 

sedimentary deposits that overlay relatively impermeable extrusive and 

crystalline rocks. Laney and Hahn have divided the lithologies into 

six units: crystalline rocks (TpEg), extrusive rocks (Tv), the red 

unit (Tr), and the lower (Ts), middle (QTs), and upper (Qs) units, the 

latter four of which are sedimentary units containing the principal 

aquifer of the region (see figs. 6 and 7 and Table 5). 

The crystalline rocks form a virtually impermeable barrier 

around the entire valley. These Tertiary rocks form most of the 

exposed rock in the surrounding mountains, except in the Superstition 

Mountains, which consist primarily of extrusive rocks, the southern end 

of the McDowell Mountains (including Mt. McDowell), which consist 

primarily of the red unit, and the peaks at the south end of the 

Phoenix Mountains (Camelback Mountain, Squaw Peak, Papago Peak, and 

Tempe Butte), which consist primarily of the red unit overlying highly 

fractured crystalline rocks. Maps constructed by Laney and Hahn 

indicate that the depth to the crystalline rocks is generally greater 

than 1,200 ft in the valley interior. Logs from select wells in the 

basin interior indicate that the crystalline rocks may be more than 

4,000 ft below the land surface, particularly in the northern half of 

Paradise Valley. Residual gravity data indicate that areas north and 

south of the Salt River may have maximum depths to bedrock of 9,600 ft 

and 12,000 ft, respectively (Oppenheimer and Sumner, 1980). The 
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Table 5.--Summary of litholoeic units and their hydrogeoloeic characteristics 

(from Laney and Hahn, 1986) 

Rack unit nock type 
D<-positional 
conditions 

Sediment 
sriurrrs 

Thickness 
(fret) 

Saturated 
thickness 
<r«t) 

Hydraulic 
conductivity 
(feet per day) 

Transmisilvlty 
(square feet 
per day) 

Potential yield 
to wells 
(gallons per 
minute) 

Type of 
aquifer 

Remuka 

Upper unit 

Gravel, 
sand and 
silt 

Open bajln 
{through 
drainages) -
channel. 
(loodpUIn, 
alluvia! fan 

Drainage areas 
of Salt River 
and Queen Cierk 
the area north 
of Paradise 
Valley, and 
local mountain 
ranges 

O to 300 0 to 150 50 to 500 
(estimated) 

2,600 to 
75.000 

(estimated) 

1.000 to 
4,500 

Ifnconflned Most permeable unit. Saturated 
only In the southwest part of 
the area 

Middle 
unit 

Slit, lUUtonc 
silly sand and 
travel 

Closed bailn; 
playa, 
alluvial fan. 
fluvial 

Same as above, 
except local 
mountain ranges 
contributed 
relatively more 
during early 
part of 
deposltlonal 
period 

*100 to 
1.000 

100 to 700 20 to 100 10.000 to 
60,000 

200 to 
4.000 

Unconfirmed 
leaky 
confined 

Contains the mo ft recoverable ground 
water and Is the tnost productive unit 
baslnwlde. Values of hydraulic 
conductivity are baaed on aqulfev 
test data 

Lower 
unit 

Clay, slli» mud* 
•ton*, eviporites 
sandstone, 
crave), 
conglomerate and 
andesltlc basalt 

Similar to 
^bovt 

Local mountain 
ranges 

60(1 to 
to.ono+ 

GOO* 0.001 to 100 
(estimated) 

1.000 to 
B0.000 

(estimated) 

<50 to 3.500 Unconflned. 
leaky 
confined 

Highest yields where coam-crslned. 
Most recoverable water In the upper 
500 feet of the unit 

Rrd unit 

Breccia, conglom* 
erate. sandstone, 
and slltstone; 
locally basaltic 
to rhyolllle (Iowa 
and pyrocLastle 
rocks 

Alluvial (an, 
fluvtal 

Mountains that 
predate the 
modern basins 
and ranges 

2.000+ 600+ 
near 
Scottsdale 

0.001 to too 
(estimated) 

0 to 50,000 
(estimated) 

O to 1,000 Confined 
(7) 

Basin configuration during deposition 
not known. Yield depends on the 
amount ol fracturing. Known to be 
pioductlve only near Scottsdale 

Extrusive 
rocks 

Rhyolitic In 
basaltic pyro-
clastlc and 
flow rocks 

. . .  . . .  
3.500 + 

. . .  ... . . .  . . .  ... 
Present mainly In the Superstition 
MounUlns. Principal sourer of detrl* 
tus to the younger sedimentary units 
near the mountains 

Crystalline 
rocks 

Granitic Intrusive 
rocks, schist, 
cnebi, quarUUe, 
melavolcanlc 
rocks 

... . . .  ... 
- - -

< 0,001 
(estimated) 

. . .  

n • io Unconflned Underlie the basins and mountains. 
Form virtually Impermeable 
boundaries. 

Ln 
ON 
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crystalline rocks contain minor volumes of water in fractured zones, 

the highest observed well yields being 10 gallons per minute (gal/min). 

The extrusive rocks, which also contain insignificant volumes of water, 

are composed primarily of rhyolites and basalts and outcrop only in the 

Superstition Mountains. These rocks may be as much as 3,500 ft thick 

in the eastern portions of the basin. 

The red unit consists of breccia, conglomerate, sandstone, 

siltstone, as well as basaltic, rhyolitic, and pyroclastic materials, 

and is the deepest unit to yield any appreciable amounts of water. 

This unit outcrops only at the eastern and western margins of the 

valley. The unit lies at indeterminate depths in most of the basin, 

except near Scottsdale, where it is buried only 300 ft and may yield up 

to 1,000 gal/min to wells (see fig. 6). 

The lower unit consists of two parts: a lower older part (Tsl) 

and a younger upper part (Tsu). The lower part, composed of mudstones 

and anhydrites with some interbedded basalts and conglomerates, lies 

about 1,500-2,000 ft below land surface, according to well logs. This 

layer consists of clay, silt, mudstone, conglomerate, and some sand and 

gravel layers. The upper part of the lower unit is about 500-800 ft 

thick throughout most of the basin. The combined thickness of the 

lower unit may be as much as 10,000 ft in some areas. Contours of 

percent sand and gravel constructed by Laney and Hahn indicate that 

most recoverable water from this unit lies within the upper 500 ft and 

that this volume is probably restricted to an area in western Paradise 

Valley. 

The middle unit, the principal water-bearing unit of the 

region, is composed primarily of silt, siltstone, and silty sand and 
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gravel and is much more permeable than the lower unit. The middle unit 

does not outcrop within the valley or the surrounding mountains. A 

portion of this unit has been dewatered by recent ground-water 

withdrawals. The saturated thickness of this unit in 1976 was 

generally 500-700 ft in the interior of the basin and 100-300 ft along 

the margins. Ground water within the middle unit is considered to be 

primarily unconfined, although some zones of slight confinement 

probably exist. Well yields are generally less than 1,000 gal/min, but 

highly permeable zones in the southwestern portion of Paradise Valley 

may yield as much as 4,000 gal/min. 

The upper unit is 100-300 ft thick throughout most of the basin 

and was essentially completely dewatered by 1976, with the exception of 

some perched zones. Generalized cross sections transverse and parallel 

to the Salt River (figs. 6 and 7) indicate that the contact between the 

upper and middle units is essentially parallel to the land surface. 

The middle unit was at least partially saturated throughout most of the 

valley prior to the large-scale development of subsurface waters. 

Virtually the entire unit consists of 50 to 80 percent sand and gravel. 

The high permeability of the upper unit in comparison to the 

middle unit is indicative of its depositional characteristics. The 

upper unit was deposited through the migrations of the channels of the 

Salt River, Cave Creek, and Queen Creek, as well as the deposition of 

alluvial fans and other outwash from the surrounding mountains. Cave 

Creek and the Salt River probably migrated several miles to their 

present paths during the period of upper unit deposition (Laney and 

Hahn, 1986). 
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Burled Ridges 

Two buried ridges of impermeable rock within, the study area 

affect the patterns of subsurface flow at and south of the Salt River. 

The more prominent ridge lies along the western margin of the basin 

between the South and Phoenix Mountains. The second ridge lies along 

the north bank of the Gila River floodplain at the east end of the 

Santan Mountains immediately west of the town of Florence. 

The existence of the ridge along the western basin boundary was 

first hypothesized by Lee (1905), who believed it to be responsible for 

his observations of return flow from the regional aquifer to the 

streambed of the Salt River. Well logs from the 1940's show a steeply 

inclined ridge trending from the northeast end of the South Mountains 

to Papago Butte and the Phoenix Mountains via Tempe Butte. Two well 

logs (A-01-04-30acc and A-01-04-20ddd; see Appendix A for description 

of well numbering system) indicate that this ridge may be buried only 

100 ft below the land surface between Tempe Butte and the South 

Mountains. The latter well log states that a red rock limestone, 

probably the red unit, was struck at a depth of 108 ft. Maps 

constructed by Laney and Hahn (1986) suggest the ridge is primarily 

composed of the red unit (Tr). Tempe Butte is immediately adjacent to 

the Salt River at the western end of the East Valley and is an outcrop 

of this ridge. The ridge is buried about 50 ft below the mean channel 

floor of the Salt River, as the piers of the nearby Mill Avenue Bridge 

are anchored to hard rock at this depth (H.W. Hjalmarson, hydrologist, 

U.S. Geological Survey, oral communication, 1988). 

A saddle within the buried ridge along the north bank of the 

Gila River enabled a small volume of ground water to flow northward 
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Cowards Queen Creek under pre-development conditions. The crystalline 

and basaltic rocks that constitute the ridge are buried by about 100 ft 

of alluvial material along a two-mile wide section parallel to the 

river between Poston and Walker Buttes (Hardt and Cattany, 1965; Laney 

and Pankratz, 1987). 

Regional Transmissivitv Distribution 

Prior to development, the regional water table lay in the upper 

unit and appeared at the land surface in the vicinity of the perennial 

streams. Reduced and redistributed flows of the Salt and Gila Rivers, 

along with the initiation of large-scale aquifer pumping, initiated a 

rapid decline in the regional water table elevation during the 1940's. 

Pump test data is apparently non-existent for the upper unit, as 

previous studies have used pumping data only for the estimation of 

transmissivities withn the middle unit, which is currently partially 

dewatered (Laney and Hahn, 1986; Anderson, 1968). 

The middle unit is the only unit for which aquifer test data 

are readily available. Laney and Hahn estimated the regional 

transmissivity in this unit to range from about 10,000 to 60,000 square 

2 ft per day (ft /d). These values were based on aquifer test data, 

driller's logs, and geophysical logs which suggest that hydraulic 

conductivities range from 20 to 100 ft/d and saturated thicknesses 

range from 100 to 700 ft. Laney and Hahn constructed regional contours 

of percent sand and gravel and saturated thickness of the middle unit, 

then combined these contour sets into transmissivity contours using a 

graphical relationship between hydraulic conductivity and percent sand 

and gravel that was derived for the middle unit alone, based on the 
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available aquifer test data. The three contour sets indicated that the 

thickest portions of the basin are coincident with the lowest 

percentages of coarse materials in the unit. Hence the transmissivity 

2 has values exceeding 20,000 ft /d only in a relatively small zone 

centered about the Salt River in the valley's interior. 

Laney and Hahn were unable to derive a graphical relationship 

between hydraulic conductivity and percent sand and gravel for the 

upper unit because of a lack of pump test data. Contours of percent 

sand and gravel indicated that much of the upper unit consists of at 

least 80 percent sand and gravel. The least permeable upper unit zones 

consist of about 50 percent sand and gravel, located primarily in the 

northern third of Paradise Valley and in a region south of Mesa 

extending from Queen Creek along the northern flanks of the Santan 

Mountains to the Gila River. This latter zone contained much perched 

water in 1976 as the result of irrigation return flows or recharge in 

the vicinity of Queen Creek. Laney and Hahn estimated the upper unit 

hydraulic conductivity and the 1976 saturated thickness to range from 

50 to 500 ft/d and 0 to 150 ft respectively, whereupon transmissivities 

2 were estimated to be as high as 75,000 ft /d in the areas still 

saturated in 1976. Upper unit pre-development transmissivities were 

probably significantly higher than middle unit transmissivities because 

of the significant saturated thickness of the upper unit. However, the 

similar magnitudes and spatial distributions of low and high 

transmissivity zones within the two units suggest that regional pre-

development flow was essentially horizontal and that the two units 

together constituted the principal aquifer of the region when the 

valley was first settled. 
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Earlv Wells and Water-Level Data 

Published data for 134 wells were chosen as indicative of 

representative regional pre-development ground-water conditions within 

the East Valley (Table 6). All well data were derived from research 

and publications by personnel of the U.S. Geological Survey. The data 

for these wells, taken as a group, represent a period of 72 years 

extending from 1895 to 1966, but three wells situated along Cave Creek 

were the only selected wells for which data was measured after 1946. 

Thirteen wells lay just beyond the simulated flow region but probably 

penetrated alluvial materials. 

compiled by Arthur Powell Davis (1897a), who was the nephew of the 

famous explorer John Wesley Powell. Davis' study emphasized the use 

and importance of surface waters for irrigation throughout the East and 

West Valleys. His well list contained data for only three wells in the 

tabulated a large number of wells throughout the East and West Valleys. 

Four wells lay within the western third of the Salt River Indian 

Reservation and about 15 others lay within the reservation along the 

Salt River floodplain (see fig. 2). The first comprehensive study of 

the ground-water resources in Paradise Valley was performed by Meinzer 

and Ellis (1915), and a second study was conducted by McDonald and 

others (1947). These two reports did not indicate the presence of any 

other wells in the Indian Reservation or in the northern quarter of 

Paradise Valley. A recent study by Littin (1979) indicated that only 

four wells had been drilled in the alluvium in the latter area since 

1946. A study by Babcock and Halpenny (1942) contained the first 

The first list of well data for the Salt River Valley was 

East Valley. Willis T. Lee (1904, 1905) mapped and 
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Table 6.--Selected historical well data in the East Salt River Valley. 
1895-1966 

[Dashes indicate no well number was used] 

Well identi
fication 
number 

Well Depth Altitude Year 
depth to water of head meas-
in feet in feet in feet ured 

Refer- Well 
Ref- ence name 
erence well or 

num- owner 
ber 

(A-01-04)12aaa 15 12 1173 (a) (b) 370 
(A-01-04)14 21 17 1153 (a) (b) 1 
(A-01-04)17 18 16 1128 (a) (b) 18 
(A-01-04)20 14 12 1132 (a) (b) 19 
(A-01-04)25add 24 23 1173 (a) (b) 232 
(A-01-04)28 250 18 1150 (a) (c) 
(A-01-04)32 >29 29 1123 (a) (d) 
(A-01-04)36 22 20 1174 (a) (b) 166 
(A-01-05)02dcb 27 26 1206 (a) (b) 237 
(A-01-05)05baa 27 26 1189 (a) (b) 382 
(A-01-05)08add 22 18 1185 (a) (b) 303 
(A-01-05)llbad 36 35 1197 (a) (b) 351 
(A-01-05)12dcc 67 66 1197 (a) (b) 373 
(A-01-05)14c 55 54 1187 (a) (b) 117 
(A-01-05)16bcd 56 55 1183 (a) (b) 306 
(A-01-05)18ccc 19 13 1175 (a) (b) 296 
(A-01-05)20aad 52 50 1183 (a) (b) 285 
(A-01-05)21ada 55 52 1187 (a) (b) 276 
(A-01-05)23dcd 42 41 1190 (a) <b) 50 
(A-01-05)24caa 50 49 1193 (a) (b) 86 
(A-01-05)25daa 52 50 1195 (a) (b) 31 
(A-01-05)27cda 35 33 1187 (a) (b) 12 
(A-01-05)28add 39 38 1182 (a) (b) 192 
(A-01-05)30cbb 27 24 1174 (a) <b) 233 
(A-01-05)31 21 20 1178 (a) <b) 132 
(A-01-05)33bac 34 32 1183 (a) (b) 157 
(A-01-05)34baa 1305 34 1181 (a) (e) 
(A-01-05)35cbb 44 43 1171 (a) (b) 6 
(A-01-06)19 57 55 1196 (a) (b) 1 
(A-01-06)31 50 48 1195 (a) (b) 6 
(A-01-06)33 100 70 1197 (a) (b) 7 
(A-02-04)01aad 120 88 1222 1914 (f) 43 
(A-02-04)Oldda 103 70 1225 1914 (f) 44 
(A-02-04)02aaa 160 80 1225 1914 (f) 42 
(A-02-04)02ccc 121 75 1220 1914 (f) 40 
(A-02-04)02ddd >57 57 1225 1914 (f) 41 
(A-02-04)03ddd 116 85 1215 1914 (f) 39 
(A-02-04)10add 115 90 1212 1914 (f) 45 

Murphy 
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Table 6.--Selected historical well data In the East Salt River Vallev. 
1895-1966-- Continued 

[Dashes indicate no well number was used] 

Well identi
fication 
number 

Well Depth Altitude Year 
depth to water of head meas- Ref-
In feet in feet in feet ured erence 

Refer
ence 
well 
num
ber 

Well 
name 
or 
owner 

(A-02-04)10daa 145 90 1210 1914 <f> 46 
(A-02-04)llbbd 116 75 1223 1914 (f) 47 
(A-02-04)22 75 66 1195 (a) (b) 8 
(A-02-04)22cad 168 69 1211 1914 (f) 50 
(A-02-04)24 69 69 1184 (a) (b) 11 
(A-02-04)27 67 56 1194 (a) (g) 
<A-02-04)36 38 37 1189 (a) (b) 3 
<A-02-05)08 >109 109 1199 (a) (b) 5 
(A-02-05)21 >60 60 1203 (a) (b) 1 
(A-02-05)29 45 43 1200 (a) (b) 9 
(A-02-05)31 31 30 1191 (a) (b) 368 
(A-02-05)33 40 39 1199 (a) (b) 4 
(A-02-05)35 40 37 1203 (a) (b) 6 
(A-03-03)01ccc 300 195 1235 1914 (f) 7 
(A-03-03)llaaa 235 200 1228 1914 (f) 11 
(A-03-03)13bcc 198 175 1230 1914 (f) 16 
(A-03-03)14cac 225 196 1244 1914 (f) 15 
(A-03-04)06aaa 251 237 1238 1914 (f) 8 
(A-03-04)12bbb 273 232 1245 1914 (f) 14 
(A-03-04)14bcc >184 184 1224 1914 (f) 21 
(A-03-04)15abd 200 185 1235 1914 (f) 20 
(A-03-04)15ebb 176 173 1227 1914 (f) 19 
(A-03-04)22add 532 157 1213 1914 (f) 24 
(A-03-04)26baa 246 145 1205 1914 (f) 31 
(A-03-04)26bbb 257 145 1207 1914 (f) 30 
(A-03-04)27acc 160 130 1215 1914 (f) 29 
(A-03-04)27cdd 175 145 1178 1914 <f> 28 
(A-03-04)33dad 141 102 1223 1914 (f) 34 
(A-03-04)34bac 147 111 1207 1914 (f) 35 
(A-03-04)35aad 300 108 1220 1914 (f) 37 
(A-03-05)30aaa 198 180 1195 1914 (f> 33 
(A-03-05)30bbb >150 150 1220 1914 (f) 32 
(A-04-03)34aad 230 223 1247 1946 (h) 1892 
(A-04-04)29aac 355 330 1255 1945 (h) 1751 
(A-04-04)30cbb 310 272 1248 1914 (f) 5 
(A-04-04)35ddc >303 303 1240 1946 (h) 1756 
(A-05-04)05dccb 870 698 1302 1966 (1) 
(A-05-04)07aad 972 670 1275 1946 <i) 
(A-05-04)08dbd 1100 749 1271 1966 (i) 
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Table 6.--Selected historical well data in the East Salt River Vallev. 
1895-1966-- Continued 

[Dashes indicate no well number was used] 

Well identi
fication 
number 

Well Depth Altitude Year 
depth to water of head meas-
in feet in feet in feet ured 

Refer- Well 
Ref- ence name 
erence well or 

num- owner 
ber 

A-05-04 28bbbc 865 730 1248 1960 (i) 
A-05-04 29ddc 686 626 1274 1946 (h) 1787 
D-01-04 11 61 6 1178 (a) <j> 
D-01-04 13 20 8 1172 1896 <k) 45 
D-01-04 35cbb 200 17 1153 (a) (1) Hansen 
D-01-05 02 53 52 1169 (a) (m) — 

D-01-05 03aab 30 26 1186 (a) (n) — 

D-01-05 05aab 27 25 1178 (a) (n) — 

D-01-05 06abd 23 22 1175 (a) (n) — 

D-01-05 12 45 43 1187 (a) (o) — 

D-01-05 20 42 38 1162 1896 (k) 46 
D-01-05 22 705 <146 >1070 (a) (P) 16 Chandler 
D-01-06 27dd 300 82 1214 1939 (q) 134 
D-01-06 34ca >65 65 1227 1939 (q) 140 
D-01-07 lOcdd 212 186 1260 (a) (r) Desert 
D-01-07 16bc 165 122 1257 1934 (q) 91 
D-01-07 16dd >305 305 1250 1929 (q) 61 
D-01-07 22bdd 200 127 1273 1934 (q) 93 
D-01-07 25cd 160 147 1295 1939 (q) 100 
D-01-07 25dbb >150 150 1300 1925 (s) 
D-01-07 33aa 135 108 1277 1936 (q) 102 
D-01-08 15cc 370 259 1323 1940 (q) 12 
D-01-08 31cc >271 271 1294 1939 (q) 1 
D-01-08 32dc >181 181 1314 1939 (q) 11 
D-01-08 34db 400 356 1309 1939 (q) 4 
D-02-05 13ca 250 51 1197 1927 (q) 151 
D-02-05 34dcc 44 40 1180 (a) (t) Tr. Post 
D-02-06 05dd >60 60 1222 1926 (q) 163 
D-02-06 09cd 350 86 1206 1928 (q) 183 
D-02-06 15bc >94 94 1211 1926 (q) 199 
D-02-06 18db >76 76 1187 1928 (q) 190 
D-02-07 19ddb 114 100 1280 (a) <u) — Andrada 
D-02-07 24daa 140 131 1324 (a) (u) —Harrington 
D-02-07 26ad >94 94 1350 1929 (q) 278 
D-02-07 27cdd 95 <95 1320 (a) (p) Sonoqui 
D-02-07 27da 500 123 1302 1929 (q) 274 
D-02-08 18b >156 156 1305 1939 (q) 42 
D-02-08 19bc 511 150 1315 1941 (q) 49 
D-02-08 26bcc 212 210 1352 (a) (v) Bowen 
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Table 6.--Selected historical well data in the East Salt River Valley. 
1895-1966-- Continued 

[Dashes indicate no well number was used] 

Well identi
fication 
number 

Well Depth Altitude Year Refer- Well 
depth to water of head meas- Ref- ence name 
in feet in feet in feet ured erence well or 

num- owner 
ber 

(D-02-08)27bd 280 220 1339 1939 (q) 41 
(D-02-09)06caa 284 281 1371 (a) (w) 
(D-03-08)21aac 140 <140 1370 (a) (P) 
(D-03-08)35aa 450 148 1370 1939 <q> 71 
(D-03-08)35ca >154 154 1364 1939 (q) 73 
(D-03-08)36aa 507 145 1374 1941 (q> 76 
(D-03-09)12ab 500 400 1320 (q> 61 
(D-03-09)31aa 578 174 1377 1941 (q) 65 
(D-03-10)05 413 >413 <1387 1896 (k) 31 
(D-04-05)ll 29 28 1212 (a) 00 
(D-04-06)04 37 36 1244 (a) (x) 
(D-04-06)17 27 15 1259 (a) (y) 

(D-04-08)01aa 472 149 1377 1941 (q) 276 
(D-04-08)02aa 647 136 1381 1941 (q) 277 
(D-04-08)02cc 237 157 1375 1941 (q) 278 
(D-04-09)04aa 443 188 1399 1942 (q) 291 
(D-04-09)05aa 403 171 1391 1942 (q) 292 
(D-04-09)06aa 463 161 1380 1942 (q) 293 

Kleinman 
Indian 

Sacaton 

Well data collected by Lee from 1902 through 1904, but no specific 
dates given in either the 1904 or 1905 reports, and only a few 
sketchy dates noted in his original fieldnotes. 

^^Data tables in Lee (1905) for Mesa region (pp. 48-63). Duplicate 
well numbers for this data reflect the fact that Lee assigned 
numbers by township, whereupon two wells with the same number are in 
different townships. 

<c)Lee (1905, p. 33). 

(d)Lee (1905, p. 62). 

(e)Lee (1905, p. 15). 

^Meinzer and Ellis (1915). 

(s)Lee (1905, p. 63). 



^^McDonald, Wolcott, and Hem (1947). 

^^Littin (1979), which contains compilation of data for registered 
wells near the town of Cave Creek. 

^Lee (1905, p. 38). 

Ck)Davis (1897a). 

(1)Lee (1904, p. 19). 

(m)Lee (1905, p. 48). 

(n)Lee (1905, p. 61). 

(o)Lee (1905, p. 49). 

p̂̂ Lee's original fieldnotes dating from 1902 through 1904. 

^^Babcock and Halpenny (1942) . 

(r)Lee (1905, p. 40). 

ŝ̂ Bryan (1925, plate 4). 

(t)Lee (1904, p. 23). 

(u)Lee (1905, p. 43). 

<v)Lee (1905, p. 42). 

<w)Lee (1905, p. 41). 

(x)Lee (1904, p. 18). 

(y)Lee (1904, p. 14). 
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compilation of well data in the Queen Creek region. Bryan (1925) 

showed a well in an isolated region north of Queen Creek, and the 

initial set of topographic maps published throughout central Arizona 

shortly after 1900 were used to verify some uncertain well locations. 

Although Lee's study was the only publication that showed any wells 

within the Salt River Indian Reservation, it is possible that more 

wells were present within the reservation and were neglected in the 

early regional studies. 

Lee's well data within the East Valley were restricted 

primarily to the Tempe-Mesa area. At the time of his fieldwork (1903-

2 1904), Lee found about 300 wells in a 40-mi area centered about the 

small community of Mesa (see fig. 2). Most of these wells were 

relatively shallow (less than 100 ft deep), penetrating only the upper 

unit and capturing ground-water originating as surface flow in the Salt 

River and deep percolation from the canal systems and irrigated lands. 

For the purposes of simplified analysis and statistical computations, 

only 52 wells from Lee's study were selected, and the wells chosen were 

those used by Thomsen and Baldys (1985) for their analysis. 

The regional water-table contours shown in figure 8 for the 

southern half of the East Valley are those constructed by Thomsen and 

Baldys (1985), whereas water-table contours in Paradise Valley were 

constructed using depth-to-water contours mapped by Meinzer and Ellis 

(1915). These water-table contours, which are generally in agreement 

with the water-level data from the selected wells, are only 

approximations of representative pre-development head configurations. 

Large discrepancies between contours and well data in the southeastern 

corner of the study region resulted from the discovery of additional 
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+ 1187 Lee (1905) 

x1225 Meinzer and Ellis (1915) 

•1309 Babcock and Halpenny (1942) 

o 1300 McDonald and others (1947) and Bryan 
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1320 WATER-TABLE CONTOUR, IN FEET BELOW LAND 
SURFACE--Altitude of the water table (Thomsen 
and Baldys, 1985) as derived from depth-to-
water contours from Meinzer and Ellis (1915). 
Datum is Mean Sea Level Datum of 1929. 

BOUNDARY OF ACTIVE-FLOW REGION 

BOUNDARY OF SALT RIVER INDIAN RESERVATION 

Figure 8. Map of historical measured water-table altitudes at 
134 selected wells and estimated regional water-table 
contours (contours after Thomsen and Baldys, 1985 and 
Meinzer and Ellis, 1915). 
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Figure 8. Map of historical measured water-table altitudes at 
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contours (contours after Thomsen and Baldys, 1985 and 
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well data not uncovered during the study by Thotasen and fialdys (1985) . 

These contours generally agree with contours constructed by Anderson 

(1968) for the spring of 1923 and by Hardt and Cattany (1965) for the 

period 1930-1940, althought the latter contours depicted substantially 

less subsurface flow from the Salt River to the Gila River than 

indicated by the other studies. 

The well data suggest that depths to water under pre-

development conditions were less than 100 ft within a few miles of the 

Salt River and between 100 and 300 ft in the remainder of the East 

Valley (fig. 9). Depths to water in extreme northern Paradise Valley 

were approximately 700 feet between 1945 and 1966, but the limited uses 

of these wells and the scarcity of wells in the northern half of the 

valley suggest that these depths may be reasonable approximations of 

pre-development conditions. 

Most wells constructed prior to the 1930's were less than 200 

ft deep, and most wells in the vicinity of the river were less than 100 

ft deep (fig. 10). Contours of the thickness of the upper unit (Laney 

and Hahn, 1986) suggest that most wells penetrating underlying units 

were located on the fringes of the basin. The Murphy and Chandler 

wells south of the Salt River were apparently the only heavily used 

wells within the interior of the valley that tapped the middle unit 

(see Table 6). 

Influences on Earlv Water-Level Data 

The application of this well data to pre-development conditions 

is limited by natural and human effects that Influenced the original 

measurements. The most heavily influenced data was that collected by 
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Figure 9. Map of historical measured water-table depths at 134 
selected wells. 
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Figure 9. Map of historical measured water-table depths at 134 
selected wells. 
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Lee (1905) in the Tempe-Mesa region because water level measurements 

reflected the competing effects of 1) deep percolation from canal 

leakage and irrigation applications and 2) the severe statewide drought 

which caused surface-water flows to be exceedingly low for seven 

consecutive years (1898-1904). Data collected in other areas were 

probably less impacted by these factors because of the spatial 

distribution of sources and sinks in the valley. The selection and 

accuracy of the methods used by the field researchers to collect and 

report their data exerted additional influences on the evaluation of 

the pre-development flow regime from the earliest available data. 

As the irrigated acreage increased rapidly within the East and 

West Valleys, lands near Tempe and Mesa began to experience water

logging problems because of deep percolation of irrigation waters and 

leakage from unlined canals. The generally coarse deposits of the 

upper unit enhanced the ability of these lost flows to raise the 

regional water table towards the land surface. This phenomenon 

probably began upon the completion of the earliest canals during the 

1870's (see Table 1), approximately 30 years before Lee first tabulated 

well data in the region. One local irrigation commissioner remarked in 

1889 that in the 22 years since irrigation had begun the water table 

had risen 40 ft, the dates of his statement indicating that he was 

probably referring to conditions in the West Valley (Nials and Gregory, 

1988). Davis (1897a) attributed the abundant ground-water supply 

directly to irrigation practices and also noted that large tracts of 

land near Tempe were impregnated by alkali deposits because of the 

extremely shallow water table. 
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The water-logging problem in the East Valley probably peaked in 

severity around 1920, water levels rising since the initiation of 

settlement by as much as 50 ft over large areas south and west of Mesa 

(Elliot and others, 1919; Murphy, 1920; Skibitzke and others, 1961). 

Although Lee (1905) did not tabulate uses of the 300 wells he measured, 

the density of the well network suggests that these wells may have been 

used to reclaim these lands (fig. 2). Reclamation methods used in the 

East and West Valleys prior to 1940 are not well documented, but the 

principal methods of lowering the water table were probably 1) the 

pumping of ground-water into the canal system, and 2) the construction 

of surficial and buried drain systems carrying irrigation wastes 

towards the Salt and Gila Rivers. 

Water levels recorded by Lee were noticeably affected by the 

drought that caused abnormally low annual Salt River flows (see figs. 

J 4-5 and Tables 3-4). Lee indicated in his report that virtually every 

well he measured had experienced diminishing water levels over the 

preceding years, and he noted that the largest reduction reported by 

well owners was 34 ft (Lee, 1905, p. 48-64). His maps and brief 

descriptions of the canal systems indicated that the river was dry 

below the headgates of the Tempe Canal for a distance of roughly 5 mi 

during the months of lowest natural drainage from the Salt River 

watershed. Perennial surface flows were diverted from the river, which 

is aligned roughly parallel to the pre-development ground-water flow 

direction, into canals that were aligned generally perpendicular to 

that direction, a factor which may have created the flat water table in 

the Tempe-Mesa region (see fig. 8). 
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The net effect of these influences on alterations of the pre-

development aquifer system in the Tempe-Mesa region is unclear because 

Lee's data in this area was collected more than thirty years after the 

initiation of development. Lee never mentioned any water-logging 

problem in either his fieldnotes (1903-1904) or his report (1905), but 

the duration and widespread nature of deep percolation prior to his 

arrival was probably sufficiently great to render his data indicative 

of a regional water table at or above the pre-development water table. 

The duration and severity of the drought probably caused most water 

levels to be relatively close to those that would have been measured if 

drought and surface-water development had not occurred. Lee indicated 

that the larger pumping operations in the region, which were supplied 

with electricity, were probably not responsible for the regional 

reduction of water levels over the previous decade. 

The water-level data collected by Meinzer and Ellis (1915) in 

Paradise Valley suggest that the ground-water system at that time was 

influenced by leakage from the Arizona Canal, where a significant 

ground-water mound was established after the canal's completion in 1885 

(see fig. 8). McDonald and others (1947) suggested that water levels 

measured by Meinzer and Ellis in 1915 were as much as 40 ft higher than 

water levels measured in 1945 (which were affected by heavy ground

water pumping) and pre-development water levels. However, these 

authors did not base their discussion of the pre-development water-

table configuration on any well data discovered for years prior to 

1885. Meinzer and Ellis suggested that settlement of Paradise Valley 

had begun only in the few years prior to their 1914 field work. No 

well data for years prior to 1914 has been found by any personnel of 
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the U.S. Geological Survey involved in recent studies of the pre-

development conditions of Paradise Valley (B.W. Thomsen, U.S. 

Geological Survey, oral communication, 1988). Nevertheless, leakage 

from the Arizona Canal probably exerted an influence on nearby water 

levels recorded by Meinzer and Ellis, as losses along the canal were 

estimated to be about 20 percent prior to a major lining project that 

was completed in 1978 (Ross, 1980; Dallas Reigle, Salt River Project, 

oral communication, 1988). 

A lack of complete tabulations of land-surface and water-table 

altitudes in several of the earliest studies presented difficulties in 

compiling some of the well data. Meinzer and Ellis found 52 wells 

within Paradise Valley, 21 of which were apparently dry or whose water-

level depths were not reported for unexplained reasons. Most of the 

remaining 31 wells lay in either a small cluster a few miles northwest 

of the Salt River Indian Reservation or- along the western fringes of 

Paradise Valley. The tabulations of these wells listed depths to water 

and depths of the wells, but did not indicate land-surface altitudes. 

Location data in these tables were used together with 7.5-minute 

quadrangle maps to estimate land-surface altitudes and subsequent 

water-table altitudes. The variably sloped terrain caused larger 

uncertainties in these altitudes along the fringes of the East Valley, 

where slopes are relatively steep, than within the interior of the 

valley, where slopes are gentler. The same problem was encountered for 

the four wells selected from the study by McDonald and others (1947). 

Lee's report (1905) listed both land-surface and water-level 

altitudes, as well as depths to water. Lee reported in his fieidnotes 

that he used a mercury barometer to determine land-surface altitudes 
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and that he often needed to correct readings by as much as 140 ft 

during his time in the field. The corrected land-surface altitudes he 

presented in his report (1905) are reasonable according to recent 7.5-

minute quadrangle maps. However, these altitudes may be slightly low 

on the average because a change in the National Geodetic Vertical Datum 

occurred in 1927. The magnitude of this change within the East Valley 

is uncertain, but a comparison of 15-minute quadrangle maps from the 

early 1900's with recent 7.5-minute quadrangle maps indicated an 

apparent 4-ft increase in the altitudes of stable benchmarks due to the 

datum change. 

The report by Babcock and Halpenny (1942) for the Queen Creek 

region was the earliest report to include the uses of wells, a factor 

of prime importance in interpreting regional pre-development head 

configurations from measured water-level data. The wells selected from 

this report were chosen on the basis of the relative isolation of each 

well and the dates for which water levels were first available. Most 

wells in this area have no record of water levels prior to 1938, and 

well densities in the Maricopa County portion of this area were 

sufficiently high at that time to have created a possible regional 

impact on the water table. Hence, wells with no earlier available data 

were considered unrepresentative of pre-development conditions, with 

the exception of a few sparsely located wells in Pinal County. Water-

level data collected and reported at a few wells in the Maricopa County 

portion of the Queen Creek region prior to the mid-1930's were 

considered indicative of pre-development conditions because most other 

wells in the area were not constructed until the late 1930's (Babcock 

and Halpenny, 1942). 
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One problem In relating well data in sparse areas to regional 

water-table configurations was the uncertainty involving the regional 

extent of the saturated material supplying water to the well, as 

spatial variations in hydraulic properties generally induce vertical 

gradients. Most wells probably tapped the regional system rather than 

any local zones of perched water, as the uniformity of the water levels 

measured by Lee throughout the Tempe-Mesa and Queen Creek regions 

indicates that a regional system was tapped. The well depth and depth 

to water of the Murphy well suggest that vertical gradients in the 

Tempe-Mesa region were negligible in comparison to the horizontal 

gradient at the turn of the century (Lee, 1905). The similar 

permeabilities of the upper and middle units also suggest the pre-

development flow regime was predominantly horizontal, thereby 

justifying the extension of well data to regional water-table 

altitudes. 

Regional Sources and Sinks of Pre-Development Ground-Water Flow 

The upper and middle lithologic units contained the principal 

ground-water resources of the East Valley prior to settlement. The 

regional aquifer was in a long-term steady-state condition before 1871, 

as average inflows and outflows were approximately equal with little or 

no changes in the volume of water stored in the sediments (Anderson, 

1968; Thomsen and Baldys, 1985). From 1871 to 1911, the hydrologlc 

impact of the canal system on the surface- and ground-water resources 

of the East Valley was one of redistribution, rather than depletion, of 

the surface-water flows within the valley, as total surface and 

subsurface inflow volumes were unregulated. Canal systems and 
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irrigation applications spread the surface flows of the Salt River over 

a wide area, particularly along the southern bank of the river, a sharp 

contrast to the relatively concentrated nature of this flow in the 

riverbed under virgin conditions. The completion of Roosevelt Dam in 

1911 has since altered the annual flow of the Salt River at Granite 

Reef Dam from the natural drainage of the watershed, and the control of 

floodwaters possibly enhanced the total annual recharge to the East 

Valley aquifer through the canal systems prior to their lining. 

Pre-development ground-water flow in the East Valley was 

derived from recharge along the bases of the New River and Superstition 

Mountains and from vertical infiltration through the streambed of the 

Salt River (Freethey and Anderson, 1986). The river was the dominant 

source of recharge because of its perennial nature, establishing a 

direct hydraulic contact with the aquifer as indicated by the pre-

development water-level contours (fig. 8). Although annual flows were 

highly seasonal, the river probably contributed daily flow to the 

aquifer in most years prior to development. Water-table contours 

indicate that the river was the dominant source of recharge to the 

portion of the aquifer underlying the Salt River Indian Reservation 

(Thomson and Baldys, 1985). 

Discharge of ground water in the East Valley occurred along the 

floodplains of the Salt and Gila Rivers as discharge to riverbeds, 

evapotranspiration by phreatophytes, and subsurface flows. The buried 

ridge in the vicinity of Tempe Butte was the cause of a discharge of 

ground water to the bed of the Salt River, an annual volume that was 

probably greater than the subsurface flow volume within the sediments 

overlying the ridge. Subsurface flows in the southwestern corner of 
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the valley were probably greater than discharges to the bed of the Gila 

River. Cottonwood, seepwillow, and mesquite were the dominant 

indigenous vegetation along each floodplain, withdrawing significant 

quantities of ground water for transpiration. 

Fre-Development Ground-Water Flow Budget 

A steady-state budget of the East Valley pre-development 

ground-water flow system was constructed as one guide for the model 

calibration process. The principal components of the budget were 

vertical fluxes between the Salt River and the aquifer, mountain-front 

recharge along the northern and eastern aquifer boundaries, 

evapotranspiration withdrawals from the aquifer, and subsurface flow 

exiting the valley at Tempe Butte and the Gila River. 

Estimates of mountain-front recharge to the study region were 

derived primarily from a study of the regional pre-development steady-

state ground-water flow regime among all alluvial aquifers in Arizona 

(Freethey and Anderson, 1986). Pre-development mountain-front recharge 

into Paradise Valley, contributed chiefly from the drainage of the New 

River Mountains by Cave Creek, was about 4,000 acre-ft/yr, a value 

comparable to the annual mean surface flow recorded by the gages 

situated upstream of the creek's entrance to Paradise Valley. This 

contribution physically occurred as underflow beneath the creek along 

the northern edge of Paradise Valley. Pre-development mountain-front 

recharge in the Queen Creek region, contributed chiefly from drainage 

of the southern watersheds of the Superstition Mountains, was about 

5,200 acre-ft/yr, about 50 percent higher than the 10-year mean annual 

of Queen Creek, which is the largest of several ephemeral streams 
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draining the extensive southwestern slopes of the Superstition 

Mountains. 

The assumption that these two mountain ranges were the only 

ranges contributing flow along the margins of the aquifer was examined 

using a recent study by Anderson (1986). Mountain-front recharge is 

considered a plausible source of water to regional aquifer systems for 

mountains that receive a mean annual rainfall of 8 in. or higher 

(Anderson, 1986). Maps of mean annual rainfall in Arizona between 1931 

and 1960 indicate that only the New River, Superstition, and McDowell 

Mountains receive more than 8 in. annually (University of Arizona, 

1965). The 4,000 acre-ft/yr volume of mountain-front recharge into 

Paradise Valley was therefore assumed to represent mountain-front 

recharge from both the New River and the McDowell Mountains. The 

contribution from the McDowell Mountains was evaluated using an 

empirical method that considers the area of the contributing watersheds 

in a mountain range that receive more than 8 in. of rain annually 

(Anderson, 1986). This empirical relation is defined as: 

log Qr - -1.40 + 0.981og(P>8) (1) 

where Qr is the recharge volume and P>8 is the volume of annual 

precipitation in excess of 8 in. over the portion of the mountain range 

where the annual precipitation is greater than 8 in. An area of about 

43,350 acres within the McDowell Mountains received an average 

precipitation of 12-14 in. from 1931 to 1960, contributing 

approximately 700 acre-ft/yr of recharge, about 17 percent of the total 

annual mountain-front recharge contributed to Paradise Valley. 
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Precipitation values of 8-12 in. were not used in this computation 

because they fell on the valley floor, where precipitation was 

considered to be evapotranspired, never reaching the water table. 

A small contribution of underflow from the Gila River probably 

occurred along the eastern flanks of the Santan Mountains under pre-

development conditions. This volume was computed as 300 acre-ft/yr 

2 based on a transmissivity of 4,000 ft /day and a cross-sectional area 

2 of 3.5 mi which contains about 100 feet of alluvial material. 

Subsurface outflow volumes at Tempe Butte and the Gila River 

were derived from the published water-level contour maps of Thomsen and 

Baldys (1985) and transmissivity values published by Laney and Hahn 

(1986) and Anderson (1968). The head gradient at Tempe Butte was 

approximately 10 ft/mi in the vicinity of the riverbed. Upper unit 

2 transmissivities were estimated as 4,000 ft /d, an extremely low value 

2 in comparison to values as large as 75,000 ft /d estimated for the 

interior of the valley prior to development (see Table 5). The 

subsurface flow at the constricted section between Tempe Butte and 

South Mountain was computed as 1,100 acre-ft/yr. A transmissivity of 

2 30,000 ft /d and a head gradient of about 6 ft/mi yielded a subsurface 

flow of 6,400 acre-ft/yr in the Gila River region, about 85 percent of 

the total subsurface outflow of 7,700 acre-ft/yr from the East Valley. 

Return flow from the aquifer to the Salt River is discussed in 

3 
three early references. Lee (1905) reported about 35 ft /sec (25,400 

acre-ft/yr) flowing past Tempe Butte in 1903; this flow constituted 

return flow because the full flow of the river was being diverted 

upstream into the canals at the east end of the valley. Neither Lee's 

report nor field records give any indication as to whether he (or 
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anyone else) actually measured this flow, but his fieldnotes (1903-

3 1904) indicate that he observed a flow of ̂ 0 ft /sec, rather than the 

3 published value of 35 ft /sec. The return flow at Jointhead Dam, a 

3 mile below Tempe Butte, was measured as 102 ft /sec in 1920 at the peak 

of the water-logging problem. The 1936 aerial photos show return flow 

in the riverbed from a point 5 mi east of Tempe Butte westward, 

covering a width of the channel floor a few tens of feet wide. These 

descriptions of the flow are qualitative unmeasured estimates of a 

ground-water flow component that was probably affected by the heavily 

redistributed surface-water regime of the valley, as virgin Salt River 

flows were diverted into unlined canals and applied to large acreages 

in often inefficient manners (Davis, 1897a). A significant proportion 

of the discharge at Tempe Butte resulted from deep percolation of 

irrigation waters to the water table and their release from the ground

water system at the western boundary of the aquifer. The fact that Lee 

observed the return flow during the sixth year of the drought that 

began in 1898 lends further uncertainty to the estimated magnitude of a 

representative pre-development steady-state return flow. 

Despite the problems inherent in these estimates of return 

flow, the interaction between the Salt River and the aquifer could only 

be examined in terms of the net flux over the entire river reach 

through the East Valley because the earliest studies of the valley did 

not include any estimates of the total recharge volume from the Salt 

River channel under pre-development conditions. Recent studies have 

estimated the current recharge potential of the river as 1-2 ft/d in 

the East Valley, but these studies have been performed during periods 

of controlled releases from upstream dams into a riverbed that was 
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generally dry for periods of years before the release (Briggs and 

Werho, 1966; Mann and Rohne, 1983). Any extension of these vertical 

fluxes to pre-development conditions would be inappropriate because the 

river is currently an entirely losing stream, whereas it was 

undoubtedly gaining near Tempe Butte prior to development. Furthermore 

the pre-development difference between the river and aquifer heads was 

about one order of magnitude smaller than under current conditions. 

The withdrawal of ground-water for evapotranspiration along the 

Salt River floodplain was estimated on the basis of aerial photos and 

publications of phreatophyte consumptive use. The principal indigenous 

phreatophytes in southern Arizona are Cottonwood, willow, baccharis 

(seepwillow) and mesquite (Gatewood and others, 1950). Although native 

vegetation covered the remainder of the valley prior to development, 

the sparse stands of phreatophytes outside the river floodplains used 

residual soil moisture and precipitation, rather than ground water, for 

their transpiration requirements. 

Aerial photos taken in 1936 revealed a growth density of 

indigenous phreatophytes along the Salt River floodplain equal to about 

half that along the Gila River floodplain, the growth along the Salt 

2 River floodplain covering 18,500 acres (28.9 mi ). Salt cedar 

(tamarisk), which was present in both floodplains, is a non-indigenous 

phreatophyte that first appeared in the Salt and Gila River watersheds 

following a large flood on the Gila River in 1916 (Rott, 1936; 

Robinson, 1965; Turner, 1974). All other phreatophytes have 

disappeared from the Salt River floodplain in the past few decades 

because of the regional lowering of the water table and the complete 

diversion of Salt River flows at Granite Reef Dam. Most of the present 
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channel below the dam is bare of vegetation- Turner and Skibitzke 

(1951) noted that salt cedar, a relatively shallow-rooted species, 

survived along the Salt River floodplain during the 1940's only where 

the water table was no deeper than about 20 ft. The aerial photos and 

the early well data taken together suggest that the indigenous species, 

which generally have deeper roots than salt cedar, survived primarily 

in areas where the water table was no more than 30 ft below the land 

surface. 

Estimates of annual pre-development ground-water withdrawals by 

phreatophytes were obtained from a series of studies performed in the 

Gila River watershed. An investigation in 1943-44 nearly 100 miles 

upstream of Florence reported that a dense growth of cottonwood, 

baccharis, mesquite, and salt cedar exhibited a total consumptive water 

use of 3 ft/yr over a region where the water table lay 2 to 12 ft below 

land surface. The study also estimated the annual consumptive use for 

100 percent density growths to be 6.0 ft for cottonwood, 4.7 ft for 

baccharis, 3.3 ft for mesquite, and 7.2 ft for salt cedar (Gatewood and 

others, 1950). A later investigation in the same area determined the 

evapotranspiration (ET) along a 15-mi reach of the floodplain before 

and after clearing of variably dense stands of phreatophytes (Culler 

and others, 1982). Average ET rates prior to clearing were 3.3 ft/yr. 

The clearing reduced ET rates by 1.2 to 2.2 ft/yr, the reduction 

averaging 1.6 ft/yr. Rates measured after clearing were indicative of 

evaporation losses due to the reduced vegetative cover, while the 

difference between ET rates was considered a direct measure of the 

ground-water withdrawal by phreatophytes (Culler and others, 1982). 
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The ground-water withdrawal for ET within the East Valley was 

computed using the observations that pre-development growth densities 

and channel slopes of the Salt River were about half and twice that, 

respectively, of the Gila River floodplain near the Santan Mountains, a 

fact that suggests that flood dynamics were important in controlling 

phreatophyte growth. The effect of growth density was incorporated 

into the ET flow component by halving the published consumptive use 

values derived for the upstream reaches of the Gila River watershed. 

The estimated ground-water withdrawal rate for ET was computed as 

14,800 acre-ft/yr, based on a consumptive use of 0.8 ft/yr. 

Since most precipitation on the valley floor was assumed to 

runoff, evaporate, or remain in the root zone, precipitation within the 

modeled region was neglected in the ground-water budget. The ET regime 

along the Gila River was neglected because phreatophyte growth in this 

area occurred only along the boundary of the simulated flow region. 

The components of the ground-water flow regime were combined In 

a steady-state budget of the system for computation of the expected net 

flux from the Salt River to the aquifer (see fig. 11). The expression 

of the steady-state budget and the values of its components were 

determined to be the following: 

Qn - Qr - Qd - Go - Gi + ETg (2) 

where 

Qn - net recharge of Salt River flow to the aquifer 

- 12,800 acre-ft/yr, 
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Qr — total recharge to aquifer from the Salt River 

— 38,200 acre-ft/yr, 

Qd - return flow to Salt River from aquifer at Tempe Butte 

— 25,400 acre-ft/yr, 

Go — subsurface outflow at Tempe Butte and the Gila River 

— 7,500 acre-ft/yr, 

Gi — mountain-front recharge along the New River, McDowell, 

and Superstition Mountains 

— 9,500 acre-ft/yr, 

ETg — ground-water withdrawal by phreatophytes along the Salt 

River 

— 14,800 acre-ft/yr. 

The steady-state budget suggests that the dominant source of flow prior 

to development was the Salt River (Qr), which may have contributed 

about four times as much water to the aquifer than mountain-front 

recharge (Gi). Subsurface outflows at Tempe Butte and the Gila River 

(Go) were negligible in comparison to ET (ETg) and discharge to the 

Salt River from the aquifer (Qd). The ground-water flow budget 

indicates that the net river contribution to the aquifer (Qn) was 

approximately half of the return flow value estimated by Lee (1905) and 

one-third of the total inflow to the aquifer. 



88 

Precipitation 
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Ground-water Reservoir 

Figure 11. Generalized diagram showing physical nature of steady-state 
aquifer flow system. 
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SIMULATION OF PRE-DEVELOPMENT GROUND-WATER FLOW 

The Modular Three-Dimensional Finite-Difference Ground-Water 

Flow Model of the U.S. Geological Survey was used in the simulation of 

the likely pre-development ground-water flow regime (McDonald and 

Harbaugh, 1988). The principal purpose of the modeling effort was to 

gain an understanding of the likely flow regime within the reservation 

boundaries, where wells were scarce and limited primarily to areas near 

the western boundary. A two-dimensional model was chosen over a three-

dimensional model because regional flow in the upper and middle 

lithologic units was predominantly horizontal. The aquifer was 

simulated as a steady-state flow system because all available data 

suggest that annual ground water inflows and outflows were essentially 

equal (Anderson, 1968; Thomsen and Baldys, 1985). Although the model 

was primarily calibrated to the earliest available well data, it was 

constructed to reflect representative conditions prior to the 

settlement of the East Valley that began about 1870. Hence, no 

particular date was ascribed to the model. 

The modular model solves the following partial differential 

equation for flow in a saturated medium: 

ffx fl + f-fjr f] + H* ?1 - » " s f  (3) d x {  x x  a x )  y y  d y j  d z [  z z  d z j  s  d t  ,  

where 

x ,  y ,  z  are cartesian coordinates, aligned along the major axes 

of the hydraulic conductivity tensor [L], 

K , K , K are principal components of the hydraulic 
xx ZZ 

conductivity tensor [LT"1], 
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h is hydraulic head [L]t 

W is volumetric flux per unit volume of sources and (or) sinks 

of water [T"1], 

S is specific storage of aquifer material [L"1], and s 

t is time [T]. 

The computer program solves this equation for h at the center of each 

cell within a layered rectangular grid system, and it has the ability 

to solve the head within multiple layers of the system. The program 

contains packages that can simulate the source and sink characteristics 

of an aquifer system, including riverbed infiltration, areal recharge, 

evapotranspiration, injections or withdrawals at wells, flow in drains 

or canals, and boundary fluxes. Solutions are obtained using one of 

two iterative solution schemes incorporated into the package: 1) the 

strongly implicit procedure (SIP) or 2) slice-successive over-

relaxation (SSOR). 

The required input data for a steady-state solution are the 

grid and cell dimensions, boundary conditions, and parameter values 

relating to the various components of the term W, which for this study 

included the processes of evapotranspiration, riverbed infiltration, 

and mountain-front recharge. The model allows the user to specify 

either transmissivity values or hydraulic conductivities and layer 

thicknesses, regardless of whether the aquifer is modeled as a confined 

or unconfined system. The model computes the steady-state head 

distribution by setting the time derivative of head equal to zero, 

whereupon the selection of transmissivities for unconfined aquifers is 

valid as long as specified transmissivities correspond to the final 

simulated saturated thicknesses of the aquifer. 
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The finite difference code of McDonald and Harbaugh (1988) 

consists of a main program (the Basic Package) and several highly 

independent subroutines called modules (or packages), which perform 

such activities as data processing and formulation of the appropriate 

mathematical representations of the various flow components of the 

system. The model of the East Valley simulated the effects of vertical 

riverbed infiltration, phreatophyte growth, and mountain-front recharge 

using the River, Evapotranspiration, and Well Packages of the modular 

model. 

The River Package simulates interaction between surface water 

and ground water by adding a term to the finite difference equation 

representing seepage to or from the surface. The package assumes the 

streambed layer is of relatively low permeability and that head loss 

between the bottom of this layer and the underlying formation is 

negligible. Under these assumptions, vertical flux through the 

riverbed (QiZXV) at each river node is proportional to the head gradient 

through the streambed layer, as given by the relation: 

QRIV - CRIV (HRIV - h), h > RBOT 

QRIV - CRIV (HRIV - RBOT), h < RBOT (4) 

where 

CRIV - hydraulic conductance of the stream-aquifer 

interconnection (or riverbed conductance) 

- KUf/M 

K - hydraulic conductivity of riverbed material 

L - length of reach of river 
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W - width of river 

H - thickness of riverbed material 

HRIV - head in the river (or river stage) 

h - head altitude in the aquifer 

RBOT — altitude of bottom of streambed layer 

A positive value of QRIV indicates flow occurs from the river to the 

aquifer, and a negative value indicates discharge of ground water to 

the riverbed. In the East Valley, as in most other areas, discrete 

streambed layers are generally hard to identify from field data, 

rendering the formulation of the riverbed conductance the most 

significant task during model calibration. 

The Evapotranspiration (ET) Package simulates the effects of 

phreatophyte transpiration and direct evaporation in removing ground 

water from the aquifer. The module assumes a linear variation in the 

rate of evapotranspiration, employing parameters that bound the rates 

and water-table altitudes which drive the process. The maximum rate of 

evapotranspiration, a parameter specified by the user and generally 

indicative of the potential evapotranspiration, occurs when the water 

table is at or above an altitude specified by the user. 

Evapotranspiration ceases when the depth of the water table below this 

altitude exceeds a specified parameter value called the extinction 

depth, a depth below which phreatophyte roots fail to penetrate. The 

East Valley model used land-surface altitudes as the altitudes at which 

the ET rate was equal to the maximum rate because ET was simulated only 

in areas adjacent to the Salt River, where the water table was 

generally shallow. 
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The principal purpose of the Well Package is to simulate 

pumping or injection at wells at any point in the aquifer. The user 

specifies the rate of pumping or injection at each well, negative 

values indicating pumping withdrawal and positive values indicating 

injection. This rate is one component of the source/sink term W in 

equation (3). This package can be easily used to simulate mountain-

front recharge processes along model boundaries. 

The Block-Centered Flow Package computes the values of the 

various conductance parameters that are required for computation of 

head at each cell. These conductance parameters, which differ 

from the riverbed conductance, reflect the specified hydraulic 

conductivity or transmissivity of each node and the geometry of each 

node. This package also computes the rates of movement of water to and 

from storage under transient conditions. Hydraulic properties and 

altitudes of the top and bottom of each simulated active and confining 

layer are specified in this package, while required input data for the 

Basic Package are the configuration of the active flow region and the 

initial head in each layer at each node. 

The principal goal of the calibration scheme for the East 

Valley model was to match simulated regional head contours with heads 

measured at selected wells while maintaining the various ground-water 

flow components within reasonable bounds of their independent 

estimates. Although some estimates of the shapes of the regional head 

contours have been published in previous studies (Anderson, 1968; 

Thomsen and Baldys, 1985), the wells in some regions were far enough 

apart that exact matching of simulated contours to published contours 

was less relevant than the matching of simulated contours to head 
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measurements at specific well locations. The calibration was followed 

by a sensitivity analysis of the model in which variations in the model 

parameters were examined for their relative effects on the head 

configuration and the magnitudes of the flow components. The 

sensitivity analysis was vital In assessing the credibility of the 

calibrated model because the two-dimensional nature of the model 

prevented it from being evaluated on how well It would reproduce 

historical patterns of pumping over the past 50 years. 

Model Construction 

The finite-difference technique employed by the modular flow 

model requires the subdivision of the active ground-water flow region 

into a grid of rectangular blocks (cells), which may be identically 

sized or variably sized. The East Valley aquifer was modeled with a 

grid of dimension 44 rows by 39 columns (fig. 12). The cells were 

variable in size and were designed to place the smallest cells along 

the channel of the Salt River. The largest cells were situated along 

the model boundaries. The grid was oriented 24.7 degrees west of true 

north so that the blocks would be in close alignment with the path of 

the Salt River, as the ground-water budget indicated that the river was 

the dominant source and sink for subsurface waters in the region under 

pre-development conditions. The solution of the steady-state heads at 

each cell was obtained using the Strongly Implicit solution procedure 

of the modular model with a head closure criterion of 0,01 ft. 

The configuration of the model boundaries was based on previous 

publications of mapped crystalline boundaries of the aquifer except in 

the Gila River region, where an artificial boundary was established for 
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Figure 12. Finite difference grid and boundary conditions used 
in East Salt River Valley ground-water flow model. 
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modeling convenience. The simulation employed three types of boundary 

conditions. Regions of mountain-front recharge were simulated as 

specified-flux boundaries, using flux values derived by Freethey and 

Anderson (1986). Subsurface outflow at Tempe Butte and the Gila River 

was simulated with specified-head boundaries, the head altitudes 

selected from measurements at nearby wells and from the pre-development 

water-level contours contructed by Thomsen and Baldys (1985). The Salt 

River was treated as a head-dependent boundary, the values of head and 

vertical flux at each river node computed on the basis of the specified 

stage of the river. 

The 3,300 acre-ft annual recharge volume from the New River 

Mountains (Cave Creek) was distributed evenly over all specified-flux 

nodes in the northernmost row of the model. Ninety percent of the 700 

acre-ft/yr of mountain-front recharge from the McDowell Mountains was 

distributed along the northern two-thirds of this mountain range and 

ten percent was distributed along the southern third, a pattern based 

on observed differences in elevations and drainage areas between these 

two portions of the range. 

The 5,200 acre-ft annual volume of mountain-front recharge 

along the Superstition Mountains was distributed along the model's 

eastern boundary in a pattern that reflected the dominant role of Queen 

Creek as the source of this recharge. The northward extent of this 

recharge was limited to a point along the mountain-front about 10 miles 

southeast of Granite Reef Dam, as the Goldfield Mountains have rainfall 

volumes of only 8 in. and relatively small watersheds which warrant 

their neglect as sources of mountain-front recharge. The Santan and 



South Mountains were neglected as recharge sources for the same 

reasons. 

Perennial streamflow from the Salt River watershed was 

simulated as flow in the present channel of the river, but no canal 

flow was simulated because of the absence of canals prior to 

settlement. A total of 28 cells were specified as river reaches for 

the river package of the modular flow model. The river stages in the 

upper ten reaches were set to altitudes two ft above the average 

channel floor altitudes in each cell. River stages in the lower 

eighteen reaches were set equal to water-table altitudes suggested by 

regional pre-development contours (Thorasen and Baldys, 1985). River 

stages were chosen carefully because the river acted as a head-

dependent boundary, and the values of these stages in the upper ten 

reaches were given extra attention because of the absence of ground

water data in this area. Topographic maps from the early 1900's, 

recent topographic maps, and the pre-development contours display 

dramatic variations in the riverbed slope profiles that are probably 

the result of both channel dynamics and data accuracy and 

interpretation (fig. 13). 

Although the floodplain of the Salt River was more than one 

model cell wide in much of the valley, only a single cell within 

appropriate grid columns was selected because mean annual widths of 

channel flow were probably no greater than a few hundred feet (Hodge, 

1877). Values of riverbed conductance, which is defined as the 

volumetric rate of vertical infiltration per unit thickness of the 

riverbed materials, were initially estimated from the channel geometry 

and an assumed vertical hydraulic conductivity of 5 ft/d (1800 acre-
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ft/acre/yr). For simulation purposes, the riverbed thickness for each 

reach was set at 100 ft except at the edges of the valley, where 

simulated thicknesses ranged from 50 to 90 ft. 

ET cells selected with the aid of the 1936 aerial photos were 

restricted primarily to the floodplain of the Salt River (see fig. 12). 

River cells were also simulated as ET cells because of the photographed 

growth of phreatophytes in the river channel. The ET surface, defined 

as the aquifer head altitude above which the ET consumption rate is 

equal to the potential ET rate, was set equal to the altitude of the 

land surface at most ET cells. Within river cells, this surface was 

set 5 ft above the channel floor altitude to account for the perennial 

nature of the river prior to development, as well as the topographic 

relief between the channel floor and banks. The initial simulated ET 

extinction depth, defined as the head altitude below which 

phreatophytes are unable to withdraw ground-water, was 30 ft as 

suggested by the study of salt cedar along the Salt River (Turner and 

Skibitzke, 1951). The maximum consumptive ground-water use rate of 

0.0048 ft/d (1.75 ft/yr) was based on the published annual consumptive 

use by the mixture of phreatophytes observed along the upper Gila River 

(Culler and others, 1982), as well as the difference in growth 

densities between the Gila and Salt River floodplains. 

Estimates of regional upper unit transmissivity were derived 

from Anderson (1968), and Laney and Hahn (1986), and the unit was 

simulated as an isotropic medium. Initial approximations of 

transmissivity in Paradise Valley were derived primarily from Laney and 

Hahn's upper unit contour maps of thickness and percent sand and 

gravel, but these approximations were crude because of the absence of a 
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relation between hydraulic conductivity and percent sand and gravel for 

2 
this unit. Transmissivities ranged from 2,000 to 75,000 ft /d in this 

area. These values were generally higher than values of 2,000 to 

2 
22,000 ft /d published by Anderson (1968) for the southern third of 

Paradise Valley. Transmissivity distribution patterns suggested by 

these two references were very similar; the highest values occurred 

from the interior of Paradise Valley southwesterly towards the Gila 

River, whereas a zone of low transmissivity was situated along the 

northern flanks of the Santan Mountains southeast of Mesa. These 

general patterns were used as a guide for relative changes in 

transmissivity during the calibration process. 

Simulated Steady-State Conditions 

The selection of a final calibrated simulation from trial 

simulations was achieved by comparing simulated heads to the 121 

measured water levels within the active flow region and by comparing 

the simulated and estimated values of the flow components described by 

the ground-water budget. The sensitivity analysis was conducted to 

test the reliability of the calibrated model and to identify model 

aspects that were most .sensitive to the various assumptions and 

calibrated parameter values. 

In many ground-water modeling studies, steady-state and 

transient models are calibrated in a manner that lends more credence to 

independent estimates of the transmissivity distribution and the 

ground-water flow budget than to the observed head distribution. In 

this particular study, the well data provided more information about 

the regional flow system than the transmissivity and budget estimates 



101 

derived from the literature because only depths to water were directly 

measured prior to the rapid dewatering of the upper unit that began 

during the 1940's. Since the transmissivity distribution and the 

budget flow components were only estimates, rather than measured 

values, the model calibration process assumed they were less reliable 

than the measured water-level depths in wells. 

Calibrated Head Distribution 

Simulated water-table altitudes within the Salt River Indian 

Reservation ranged from 1,180 ft to nearly 1,300 ft along the Salt 

River and from 1,180 ft to nearly 1,220 ft in the northwestern quarter 

of the reservation (fig. 14). The water table lay at a depth of about 

200-300 ft along the McDowell Mountains and from depths of less than 10 

ft to about 100 ft along the river. Contours of the water table 

suggest that most ground water within the reservation consisted of 

infiltrated surface flows of the Salt River flowing parallel to the 

base of the McDowell Mountains towards a ground-water trough near the 

northern boundary of the reservation, where flow subsequently followed 

a southwesterly path back to the Salt River in the vicinity of Tempe 

Butte. The simulated flow north of the reservation and along its 

western boundary was derived exclusively from mountain-front recharge. 

The shapes of the contours indicated that mountain-front recharge from 

the McDowell Mountains was a relatively minor source of ground water to 

the reservation. 

The simulated water-table contours indicate that the river was 

a predominantly losing stream in the eastern half of the East Valley 

and a predominantly gaining stream in the western half of the valley, 
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including the western third of its path along the southern boundary of 

the reservation. This result agrees with maps and descriptions given 

by Lee (1905). Heads computed at river cells were generally a few 

tenths of a foot within the specified river stages. The similar heads 

and stages of the river cells, along with the shapes of the contours 

crossing the river, indicate that the river was the dominant hydrologic 

feature of the valley. 

The shapes of*the 1,220-ft and 1,240-ft contours south of the 

Salt River indicated that some of the pre-development riverbed recharge 

flowed southwesterly towards the Gila River, while the remainder 

followed the general path of the river towards Tempe Butte. A ground

water divide was poorly pronounced near Mesa and more clearly defined 

in the extreme eastern and western portions of the East Valley, but its 

presence suggested that the aquifers on each side of the river were 

essentially separate independent ground-water systems related to each 

other only through the presence of the head-dependent fluxes of the 

river. All ground-water originating as mountain-front recharge from 

the Superstition and Goldfield Mountains, as well as underflow from the 

Gila River floodplain in the southeast corner of the model, flowed 

towards the Gila River .in the southwestern corner of the valley. 

Contours in the model region generally compared well with the 

independent estimates of Thomsen and Baldys (1985) and contours derived 

from water-table depth contours shown by Meinzer and Ellis (1915) (see 

fig. 15). The simulated contours were highly discrepant with the scant 

well data in the southeast corner of the model area and in relatively 

good agreement with the published contours. The shapes of the 1,140-ft 

through 1,220-ft simulated and published contours south of the river 
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(particularly the 1,200-ft contours) were noticeably discrepant because 

of simulated transmissivity patterns and the lack of significant well 

data in this area. Simulated zones of high transmissivities extending 

southwesterly from the eastern reaches of the Salt River created less 

curvature of the 1,220-ft and 1,160-foot contours in this area than 

shown by Thomsen and Baldys (1985). 

Differences between simulated and measured water levels (herein 

called residuals) were generally less than + 20 ft at most wells 

throughout the East Valley (fig. 16). Residual magnitudes ranged from 

0 to 96 ft, but only four of the 121 values were greater than + 30 ft. 

The average absolute value of the residuals was 10 ft, and the standard 

deviation was 15 ft. The root-mean-square average of the residuals was 

also 15 ft. The residual population appeared normally distributed as a 

group (fig. 17), but slight spatial trends were evident. A zone of 

negative residuals lay immediately down-gradient of a zone of positive 

residuals in the Tempe-Mesa area, indicating that the water table in 

this region in 1903 was flatter than the pre-development water table 

because.of the combined effects of drought, land use, and water use. A 

zone of negative residuals along the northwestern corner of the 

reservation lay immediately north of the Arizona Canal, suggesting that 

McDonald and others were correct in their assertion that the water-

levels measured by Meinzer and Ellis (1915) in this area were 

influenced by leakage from the canal. The spatial and temporal 

distribution of head residuals suggest that any temporal trends 

inherent in the assimilation of well data collected over the 72-year 

time period were minimal in comparison to the few spatial trends. 
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Calibrated Ground-Water Flow Components 

The simulated pre-development steady-state ground-water inflow 

to the Salt River Indian Reservation was 29,700 acre-ft/yr, of which 76 

percent occurred as infiltration of Salt River flows and 24 percent 

occurred as mountain-front recharge (Table 7). Approximately 56 

percent of the discharge of ground-water from the reservation occurred 

as subsurface outflow along the southern and western boundaries of the 

reservation, whereas ET and discharge to the bed of the Salt River 

constituted 27 and 17 percent of the discharge, respectively. The net 

flux of 17,700 acre-ft/yr from the river to the aquifer was slightly 

greater than the subsurface outflow from the reservation. 

The simulated regional pre-development ground-water flow 

components indicated that the Salt River was the dominant source of 

recharge to the East Valley aquifer, while ET was the dominant sink. 

The net flux from the river was essentially equal to the value of 

mountain-front recharge and was half the value of the total recharge 

flux from the river. Although the simulated and estimated magnitudes 

of ET were nearly identical, the simulated budget indicated that ET 

along the Salt River was almost 50 percent greater than discharge to 

the Salt River at Tempe Butte, whereas the estimated budget suggested 

ET was 50 percent lower than the discharge to the river. The 

discrepancy between the simulated and estimated values of this 

discharge suggests that the estimated value was corrupted by irrigation 

return flow resulting from canal leakage and irrigation techniques, as 

well as by the absence of a direct measurement of the flow in 1903. 

Simulated annual ET and return flow volumes were 82 and 35 percent 

larger than the total subsurface ouflow, which constituted only 
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Table 7.--Estimated and simulated values of regional ground-water flow 
components 

[Flow in acre-ft/yr] 

Subsurface 
flow component 

Estimated 
flow within 
East Valley 

Simulated 
flow within 
East Valley 

Simulated flow 
within Salt 
River Indian 
Reservation 

INFLOW 
Recharge from Salt River 38,200 19,700 22,700 
Mountain-front recharge 9,500 10,700 7,000 

Total aquifer recharge 47,700 30,400 29,700 

OUTFLOW 
Discharge to Salt River 25,400 9,800 5,000 
Evapotranspiration 14,800 13,300 8,100 
Subsurface outflow 

Total 7,500 7,300 16,600 
At Tempe Butte 1,100 800 
At Gila River 6,400 6,500 

Total aquifer discharge 47,700 30,400 29,700 

NET FLUX FROM SALT RIVER 12,800 9,900 17,700 
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24 percent of the total regional discharge. 

The total mountain-front recharge flux to the valley was 13 

percent greater than the value computed in the steady-state budget from 

the analysis by Freethey and Anderson (1986). The simulated flux along 

the New River and McDowell Mountains was 3,400 acre-ft/yr, a value ten 

percent lower than the literature value. Simulated recharge along the 

Superstition Mountains was 25 percent greater than the value of 5,200 

acre-ft/yr given by Freethey and Anderson (1986). Simulated underflow 

from the Gila River was twice as large as the value of 300 acre-ft/yr 

computed from the geophysical study of the area (Laney and Pankratz, 

1987). 

All other simulated regional ground-water flow components were 

lower than literature-derived estimates. The smallest percentage 

difference between estimated and simulated fluxes was 10 percent for 

the ET component. The largest discrepancy occurred for the return flow 

volume, which was simulated as about 40 percent of the estimated value. 

The simulated net flux from the river to the aquifer was about 25 

percent lower than the predicted value. The simulated budget regime 

was considered more representative of pre-development conditions than 

the estimated budget because of the disturbance of the hydrologic 

regime prior to the collection of all ground-water level data. 

Calibrated Parameters 

Simulated transmissivities within the Salt River Indian 

2 Reservation ranged from 2,000 ft /d along the margins of the aquifer to 

2 
40,000 ft /d in the vicinity of the river (fig. 18). The same range of 

transmissivities was simulated throughout the remainder of the East 
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Valley. Simulated transmissivities exhibited similar spatial trends, 

arid were intermediate in magnitude between those given by Anderson 

(1968) and Laney and Hahn (1986). The simulation displayed a high-

transmissivity zone from central Paradise Valley southwesterly towards 

the Gila River and a zone of low permeability in the vicinity of the 

town of Queen Creek. The transmissivity values initially used during 

the model calibration were estimated from Laney and Hahn's upper unit 

contour maps, but these estimates produced extremely low model-

simulated head gradients south of the Salt River, whereupon Anderson's 

values were applied to this area, yielding much more reasonable 

gradients. The fact that some wells penetrated the middle unit was of 

little consequence in determining the validity of the simulated 

transmissivity distribution, as most of these wells were located near 

the boundaries of the aquifer, where transmissivities are relatively 

low due to reduced thicknesses of each unit (see figs. 6 and 7). 

Initial estimates of riverbed conductance, based on channel 

geometries and an assumed vertical hydraulic conductivity of 5 ft/d, 

yielded an unrealistic distribution of gaining and losing reaches of 

the Salt River, including some reaches in which the vertical flux was 

computed as zero. A reduction of all riverbed conductances by two 

orders of magnitude produced more reasonable distributions of fluxes 

with little change in the total volume of flow exchanged between the 

river and the aquifer. This adjustment reflected adjustments of the 

estimates of channel geometry and vertical hydraulic conductivity that 

were employed in the original computations of this parameter. The 

simulated net river flux of 9,900 acre-ft/yr was equivalent to 0.2 

ft/day, a value one order of magnitude lower than those determined by 
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Brlggs and Werho (1966) and Mann and Rohne (1983). This discrepancy-

reflects the fact that vertical fluxes at each river cell are 

proportional to the difference between river and aquifer heads, a 

difference which was approximately one order of magnitude lower under 

pre-development conditions than the during the past three decades. 

Intial estimates of ET parameters produced close agreement 

between simulated and estimated ET fluxes along the Salt River 

floodplain. Since these parameters were derived from several detailed 

literature studies of phreatophyte consumptive use patterns in the 

nearby Upper Gila River watershed, the initial estimates of these 

parameters were considered to be the calibrated values. 

Model Sensitivity 

The sensitivity analysis, the principal means of assessing the 

credibility of the calibrated model, was designed to illustrate the 

varying degrees of changes in flow budgets and head profiles with 

variations of model parameter values. The analysis was conducted by 

performing a series of simulations in which all parameter values except 

one were equal to their calibrated values. Perturbed parameters were 

varied over broad ranges of values that were considered reasonable for 

the corresponding physical processes. The transmissivity, mountain-

front recharge, riverbed conductance, ET extinction depths, and maximum 

ET consumption rates were all studied independently. Plots of the 

values of the head-dependent fluxes, ET fluxes, and subsurface outflows 

were constructed for each sensitivity simulation, and simulated heads 

within the Salt River Indian Reservation were evaluated in each 

sensitivity simulation by constructing head profiles along a line 
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through the middle of the reservation extending from the base of the 

McDowell Mountains westerly and southwesterly towards the Salt River 

(see fig. 12). This profile represented the head distribution along a 

streamline in the calibrated model but was not necessarily a streamline 

in the sensitivity runs. The average absolute values and root-mean-

square head residuals of each simulation were compared in order to 

assess the sensitivity of heads throughout: the valley. A complete list 

of the parameter perturbations is given in Table 8, which also 

tabulates the values of these two residual statistics for each 

simulation. 

Sensitivity of Heads 

Heads along the reservation streamline were sensitive to all 

parameters except the two ET parameters. Head changes were negatively 

correlated to changes in transmissivity along the eastern 7 mi of the 

profile, insensitive along a 3-mi reach above the river, and positively 

correlated to transmissivity changes at Tempe Butte (see figs. 19 and 

20). The latter property was observed because nearby outflow cells 

were modeled as constant-head boundaries. Heads were generally 

insensitive to riverbed conductance values greater than the calibrated 

values, and lower conductances flattened the head gradient noticeably 

(fig. 21). Changes in head were positively correlated to changes in 

simulated boundary flux values, the degree of sensitivity decreasing 

steadily downgradient towards Tempe Butte, where heads in the lower 

4 mi of the profile were insensitive to boundary flux changes (figs. 22 

and 23). The greatest sensitivities of heads were to transmissivity 

decreases and boundary flux increases, heads along the eastern reaches 
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Table 8.--Sensitivity of head residual statistics to model parameters 

Percent change Percent change 
Multiplier of in average in root-mean-

Flow component calibrated value absolute value square value 

Transmissivity 0. 50 387 416 
Transmissivity 0 75 104 111 
Transmissivity * 1. 00 0 0 
Transmissivity 1. 25 31 18 
Transmiss ivity 1. 50 73 63 
Transmissivity 2. 00 137 133 
ET extinction depth 0. 33 0 0 
ET extinction depth 0. 67 0 0 
ET extinction depth * 1. 00 0 0 
ET extinction depth 1. 33 0 0 
ET extinction depth 1. 67 0 0 
Maximum ET rate 0. 20 0 0 
Maximum ET rate 0. 50 0 0 
Maximum ET rate * 1. 00 0 0 
Maximum ET rate 1. 50 0 0 
Maximum ET rate 2. 00 0 0 
Riverbed conductance 0. 01 -5 -3 
Riverbed conductance 0. 10 -1 0 
Riverbed conductance * 1. 00 0 0 
Riverbed conductance 10. 00 0 0 
Riverbed conductance 100. 00 0 0 
Mountain-front recharge 0. 50 138 133 
Mountain-front recharge 0. 75 46 33 
Mountain-front recharge 0. 90 7 -1 
Mountain-front recharge * 1. 00 0 0 
Mountain-front recharge 1. 10 19 22 
Mountain-front recharge 1. 25 72 77 
Mountain-front recharge 1. 50 174 185 
Mountain-front recharge 2. 00 391 418 

* Calibrated value 
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of the profile rising as much as 20 ft above the calibrated head 

values. Heads along the entire profile changed less than two feet in 

response to changes in the values of the ET parameters (figs. 24 and 

25). 

The head residual statistics followed the same general 

sensitivity trends as the head profile, except decreases in riverbed 

conductance had little influence on the residuals in comparison to the 

noticeable influence on the slope of the profile (Table 8), The head 

residual statistics were insensitive to variations in most parameters 

because they were descriptions of residual values throughout the entire 

East Valley, whereas the sensitivity of the head profile resulted from 

its representation of a streamline within the reservation. The 

statistics suggested that lower riverbed conductances might have 

improved simulated heads throughout the region, but the degree of 

improvement appeared negligible and was probably influenced by the 

uniform and regional variation of parameters for each sensitivity 

simulation. 

Sensitivity of Ground-Water Flow Budget 

Fluctuations in the values of the regional ground-water flow 

components during the sensitivity analysis indicated that all 

parameters except ET parameters exerted their greatest influence on 

flow components other than those with which they were directly 

associated (figs. 26-30). Transmissivity exerted the greatest 

influence on the ground-water budget, whereas riverbed conductance had 

little impact on most flow components. 
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The net flux from the Salt River to the aquifer was insensitive 

to changes in riverbed conductance, but highly sensitive to changes in 

mountain-front recharge fluxes and ET parameters (extinction depth and 

maximum ground-water withdrawal rate). The net flux was negatively 

correlated to changes in boundary fluxes along this bases of the 

mountains and positively correlated to changes in the ET parameters. 

Variations in transmissivity induced variations in the net river flux 

that appeared as equivalent changes in subsurface outflow, the ET 

budget completely unresponsive to changes in net river flux that were 

induced by transmissivity changes alone. Net river flux changes 

induced by ET parameter variations appeared as equivalent changes in 

the ET component, the subsurface outflow completely insensitive to net 

river flux changes induced by variations in ET parameters. Riverbed 

conductance exerted little influence on net river fiux, subsurface 

outflow, and ET, while variations in mountain-front recharge were 

strongly negatively correlated to net river flux and only slightly 

positively correlated to subsurface outflow and ET. 

The total recharge from the river and the total discharge to 

the river near Tempe Butte exhibited strong positive correlations to 

transmissivity changes, whereas these fluxes were sensitive to 

decreases and insensitive to increases in riverbed conductances. 

Increases in extinction depths and maximum consumption rates inhibited 

the return flow while increasing the total flux of Salt River water to 

the aquifer, thereby causing the great sensitivity of the net flux. 

The individual river fluxes were negatively correlated to changes in 

boundary flux magnitudes, resulting in the strong negative correlation 

of net flux to this parameter. 
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The budget sensitivity results are compatible with the head 

sensitivity results, suggesting that the simulated pre-development 

scenario was reasonable and that the emphasis placed on the well data 

during the calibration process was appropriate. Net vertical flux on 

the river channel floor and ET along the floodplain had little 

influence on regional head configurations outside the floodplain, as 

suggested by the insensitivity of the head profile and head residuals 

to most variations in ET parameters and riverbed conductance. These 

head configurations were most sensitive to changes in boundary fluxes 

and regional variations in transmissivity. Mountain-front recharge 

fluxes exerted great and minimal influences on the subsurface outflow 

budget and the streamline profile, repsectively, because of the 

significantly smaller subsurface outflow at Tempe Butte than in the 

Gila River region. The dominant influence of the river stage, the 

regional transmissivity distribution, and the constant-head boundaries 

upon the regional head configuration were magnified by the 

simultaneously large variations in budget components and 

insensitivities of the head profile resulting from manipulation of 

parameters describing processes along the Salt River floodplain. 
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CONSIDERATIONS FOR FURTHER STUDY 

This study represents the first comprehensive compilation of 

numerous literature references describing the hydrologic processes that 

impacted the nature and use of the water resources of the East Salt 

River Valley at the time of its settlement. The scope of the study 

prohibited full exploration of several aspects of the hydrologic system 

prior to 1900 because of a lack, of substantial data. Future studies 

that examine certain aspects of this work may include the following 

obj ectives: 

1. To delineate sufficient time to search for remote archived 

records of land and water use patterns in the valley, 

particularly on the reservation where records were probably 

limited to unpublished notes by Indian agents or anyone 

involved in agricultural issues on the reservation. 

2. To construct a multi-layer model that accounts for the 

presence of the middle unit, which probably exchanged flow 

with the upper unit in localized areas. Good initial 

estimates of the transmissivity distribution are available 

for the midle unit, and these could be used as a guide to 

estimate hydraulic properties in the upper unit. Such a 

simulation would allow for closer examination of the 

processes along the Salt River floodplain because it would 

eliminate the effects of simulated vertically-averaged 

heads at each node in the grid. 
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3. To construct a transient model that directly accounts for 

the presence of the canals and the irrigated farmland. The 

pre-development water table could be estimated as lying 

some depth below or above that suggested by Lee's well 

data. 

4. To explore the relation between the pre-development 

scenario suggested by historic data and a scenario 

suggested by prehistoric data from the Hohokam era. Recent 

excavations have revealed morpholgies of canals, small 

storage systems, and irrigation practices of these Indians. 

Simulation of the ground-water system under the influence 

of prehistoric water distribution networks may provide 

evidence to verify results obtained from this and other 

studies. 
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SUMMARY 
i 

A study of the pre•development hydrologic regime of the Salt 

River Indian Reservation, which lies in the East Salt River Valley of 

central Arizona, was performed for the purpose of identifying and 

evaluating the regional surface-water and ground-water flow conditions 

prior to 1871, when land and water resources were first used by 

settlers and Pima Indians alike. The emphasis of the study was the 

construction of a ground-water flow model simulating the representative 

virgin flow regime and water-table configuration of the large 

unconfined aquifer within the valley. The reliability of the model was 

assessed by evaluating changes in regional head profiles and ground

water flow components resulting from changes in the calibrated values 

of the model parameters. 

The first historical settlement of the East Salt River Valley 

probably began during the mid-1800's with the migration of Pima Indians 

from lands along the Gila River to the present portions of the Salt 

River Indian Reservation that lie along the Salt River. Extensive 

prehistoric settlements and canal systems were abandoned around 1450 

A.D., and little settlement took place in the valley for the next 400 

years. The first known use of water by non-Indian settlers in the East 

Valley occurred in 1871 with the completion of the Tempe Canal, which 

diverted perennial flows of the Salt River to cultivated lands along 

the south bank. Earlier small diversions may have occurred, as 

diversions began in the West Salt River Valley in 1867. By 1903, all 

but the highest seasonal flows of the Salt River were diverted into 
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major canal systems and applied to cultivated fields in often 

inefficient manners. 

The completion of Roosevelt Dam in 1911 represented the first 

control of the temporal distribution of canal deliveries, allowing the 

valley's population and economy to grow rapidly. Prior to the 1940's, 

surface waters served virtually all agricultural and municipal needs 

except in years of drought. The ensuing large regional ground-water 

withdrawals, along with the storage and diversion of surface waters at 

and above the eastern edge of the valley, have resulted in the 

dewatering of the uppermost 200-300 ft of the permeable sedimentary 

materials constituting the regional aquifer. This continual pumping 

has reduced the estimated volume of recoverable ground-water within the 

Salt River Indian Reservation from about 5 million to 4 million acre-

ft. 

Streamflow gage records within the Salt-Verde watershed 

upstream of the valley date to 1889, but most records before 1910 are 

considered unreliable because of inconsistent gaging sites and methods. 

Records compiled since 1910 were corrupted by reservoir evaporation 

losses that increased as five more storage dams were constructed over 

the next 35 years. Streamflow records were also affected by increasing 

diversions of surface flow for agricultural uses upstream of the 

reservoirs. Mean and median annual streamflow are 1.25 and 0.90 

million acre-ft/yr as determined from gage data above and at Granite 

Reef Dam. Tree-ring samples taken throughout the watershed suggest 

that the mean annual flow impacting the valley from 1580 to 1979 was 

approximately one million acre-ft, and the drought of 1898-1904 

contained the lowest flows of the 400-year period of reconstruction. 
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Cave Creek and Queen Creek, the largest ephemeral streams in the East 

Valley, have limited gage records and probably contribute less than 

10,000 acre-ft of flow to the water resources of the valley annually. 

The initial regional water-table configuration was obtained 

from well data collected between 1.895 and 1966 for wells that 

penetrated the upper and middle lithologic units that served as the 

principal aquifers of the valley. The individual wells were selected 

on the assumption that they reflected near-virgin local water-level 

altitudes at the time they were first measured. Most of the earliest 

ground-water data came from wells that may have been used to alleviate 

water-logging lands, as well as to provide water for other purposes. 

Little well data within the Salt River Indian Reservation were 

described in the earliest studies of the regional aquifer, and it is 

not known if additional wells actually were present because the 

earliest reports did not discuss land and water use patterns &n the 

reservation. 

The reliability of the well data in describing instantaneous 

conditions at the time of measurement was generally indeterminable. 

The most prominent hydrologic factors that may have affected the well 

data were the water-logging problem, which resulted from deep 

percolation below unlined canals and irrigated fields, and a severe 

drought which lasted from 1898 through 1904. Archived records of the 

Salt River Project Indicate that the water-logging problem in the 

Tempe-Mesa area probably began shortly after the construction of the 

canals, but the problem apparently peaked in severity around 1920. 

Lee, who studied the ground-water resources of this area in 1905, never 

mentioned the existence of water-logged lands, and his report Indicates 
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that the owners of virtually all 300 shallow wells near Mesa had 

observed declining water levels during the preceding years, a decline 

which Lee attributed to the drought rather than to any regional 

withdrawals. Artificial factors that may have affected the 

interpretation of water-table altitudes in this and other studies 

include a change in the National Geodetic Vertical Datum in 1927, 

several vague well location descriptions, and the failure of most of 

these reports to tabulate well uses at the times of the measurements. 

The aquifer was in a long-term steady-state condition prior to 

1871. Prior to development, the major sources of recharge to the 

aquifer were the Salt River and infiltration along mountain pediments 

bordering the valley to the north and east. Ground-water discharge 

occurred primarily as return flow to the Salt River at Tempe Butte and 

ET within the Salt River floodplain, subsurface outflows representing 

only a small portion of the total aquifer discharge. From 1871 until 

1911, the spatial distribution of surface waters within the East Valley 

was significantly altered by canals that completely dried up the Salt 

River during the low-flow months of the year. 

Numerous literature references were used to derive an estimate 

of the pre-development ground-water flow budget. Mountain-front 

recharge contributed about 4,000 acre-ft/yr to Paradise Valley, 

primarily within and below the channel of Cave Creek. Mountain-front 

recharge fluxes of about 5,200 acre-ft/yr along the Superstition 

Mountains were derived primarily from runoff in the channel of Queen 

2 Creek. Aerial photos taken in 1936 indicated that about 29 mi of 

phreatophyte growth lay along the floodplain of the Salt River. 

Studies of the consumptive use of ground-water by phreatophytes within 
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the Upper Gila River watershed and comparisons of relative growth 

densities in 1936 along the Salt and Gila Rivers resulted in a ground

water withdrawal estimate of 0.8 ft/yr (or 14,800 acre-ft/yr) along the 

Salt River for evapotranspiration processes. Subsurface outflows, 

estimated from published transmissivities and regional estimated pre-

development head gradient maps, yielded subsurface outflows at Tempe 

Butte and to the Gila River floodplain of 1,100 and 6,400 acre-ft/yr, 

respectively. The net regional recharge from the river, a residual in 

the steady-state ground-water flow budget, was computed as 12,800 acre-

ft/yr. Return flow from the aquifer to the Salt River at Tempe Butte 

was estimated primarily from an observed, but apparently unmeasured, 

value of 35 cfs (25,400 acre-ft/yr) by Lee, who observed the river at a 

time when canal diversions in the upstream reaches of the valley dried 

up the riverbed downstream to a point about five miles above Tempe 

Butte. Recent studies of river infiltration patterns suggest that the 

current potential recharge rate is 1-2 ft/d. 

The simulation of the pre-development ground-water regime was 

performed using the Modular Three-Dimensional Finite-Difference Ground-

Water Flow Model of the U.S. Geological Survey. The simulated flow 

2 region covered an area of about 950 mi . The model used mixed boundary 

conditions, employing constant head boundaries at the outflow areas and 

constant flux boundaries along the portions of the mountain-fronts for 

which recharge was simulated. The river and evapotranspiration 

packages were used to simulate the hydrologic processes impacting the 

aquifer in the vicinity of the Salt River. Initial head distributions 

were obtained from the early well data and from a literature 

interpretation of representative pre-development head contours based on 
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that data. The calibration was performed by leaving the mountain-front 

recharge volumes constant and- changing all other parameters to achieve 

the most reasonable flow budget and head gradient configuration. 

The simulated pre-development head distribution generally 

agreed with estimates made in previous studies. Heads within the Salt 

River Indian Reservation ranged from 1180 to 1300 ft above mean sea 

level, representing depths of as little as 10 ft along the Salt River 

to 300 ft at the mountain pediments. Head residuals, differences 

between measured and simulated heads, at the 121 wells within the 

simulated flow region averaged ±10 ft. The residuals were normally 

distributed as a group but showed spatial trends in areas near canals 

and irrigated lands. 

The calibrated simulation indicated ground-water inflows to the 

Salt River Indian Reservation occurred primarily as infiltration of 

Salt River flows. Mountain-front recharge contributed only 24 percent 

of the total inflow of 29,700 acre-ft/yr to the reservation. 

Subsurface outflows at the southern and western reservation boundaries 

constituted 56 percent of the total discharge from the reservation, 

whereas evapotranspiration and discharge to the riverbed comprised 27 

and 17 percent, respectively. The net vertical flux through the 

riverbed was 17,700 acre-ft/yr. 

Regional simulated aquifer flow components throughout the 

entire East Salt River Valley were generally less than the estimated 

values. The close agreement of the simulated and literature-derived 

estimates of the net river flux indicated that the magnitude of this 

flow component was about 10,000 acre-ft/yr under pre-development 

conditions. The simulated and estimated values of evapotransipration 
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agreed to within 10 percent, but the simulated budget indicated that 

evapotranspiration was 50 percent greater than the return flow, whereas 

the estimated budget, based on Lee's reported value, indicated that the 

return flow was twice as large as the evapotranspiration. The largest 

discrepancy occurred for the discharge from the aquifer to the Salt 

River, which was simulated as 5,000 acre-ft/yr (7 cfs), rather than the 

25,400 acre-ft/yr (35 cfs) reported by Lee. This large difference 

suggests that if the estimated, but unmeasured, value was the true 

return flow rate at that time, then it was probably influenced by deep 

percolation resulting from canal leakage and widespread irrigation of 

farmland. 

The simulated scenario of pre-development ground-water 

conditions is reasonable because the calibrated values of the model 

parameters were generally in agreement with literature estimates. 

Regional simulated transmissivity distributions and magnitudes of 

2 
2,000-40,000 ft /d were within the range of published values for the 

upper lithologic unit. Initial estimates of the maximum ground-water 

withdrawal rate and the extinction depth for the evapotranspiration 

package of the modular model were determined to be the best parameter 

values for the calibrated model. Riverbed conductances were lowered 

two orders of magnitudes from their initial estimates, but the net 

vertical flux of 0.2 ft/d was reasonable in comparison to more recent 

estimates of 1-2 ft/d because of the substantial alteration of the 

water resources since 1871. 

Profiles of a streamline generated by the calibrated model 

within the central portion of the Salt River Indian Reservation were 

completely insensitive to changes in the evapotranspiration parameters, 
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even though the lower portions of the streamline were within an area of 

simulated phreatophyte growth. All other parameters affected the slope 

of the profile noticeably, the transmissivity and mountain-front 

recharge fluxes changing heads by as much as 25 ft away from the Salt 

River. Two statistics of the head residuals (the average absolute 

value and the root-mean-square value) were insensitive to the riverbed 

conductance and the evapotranspiration parameters and highly sensitive 

to the transmissivity and the mountain-front recharge values. The 

calibrated transmissivity and mountain-front recharge values generated 

the smallest statistics in comparison to those generated with perturbed 

parameter values. 

The net river flux was positively correlated to changes in the 

evapotranspiration parameters, negatively correlated to changes in the 

boundary flux values, and relatively insensitive to the transmissivity 

and riverbed conductance values. A strong relationship was observed 

involving the influence of transmissivity and evapotranspiration 

parameters on net river flux, evapotranspiration, and subsurface 

outflow. The individual components describing the river-aquifer 

interaction were most sensitive to changes in transmissivity and 

mountain-front recharge values. Riverbed conductances had little 

effect on flow components when raised and only moderate effects when 

lowered. The evapotranspiration parameters (extinction depth and 

maximum rate) affected all components except the subsurface outflow. 

Subsurface outflows were only moderately sensitive to transmissivity 

and mountain-front recharge flux values, and they were insensitive to 

all other parameters. 
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Future studies may search for additional well data on the 

reservation in remote archived records, particularly since Indian 

agents may have kept notes that would provide additional information 

describing the history of land and water-resource development. Future 

modeling efforts may include construction of a multi-layer model 

accounting for flow in the middle unit and deep percolation from canals 

and irrigated fields. Simulation of flow in prehistoric canals, 

storage basins, and cultivated fields may be accomplished with the aid 

of recent detailed archaeological data. 



143 

APPENDIX A: WELL NUMBERING SYSTEM IN ARIZONA 
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APPENDIX B: CONVERSION FACTORS 

For readers who prefer to use metric units, conversion factors for the 

terms in this report are listed below: 

Multiply 

inch (in.) 

foot >(ft) 

mile (mi) 

mile per hour 

(mi/hr) 

square mile 

(mi2) 

acre-foot 

(acre-ft) 

cubic foot per second 

( f t 3 / s )  

gallon per minute 

(gal/min) 

foot squared per day 

(ft2/d) 

foot per mile 

(ft/mi) 

degree Fahrenheit (°F) 

By 

25.40 

0.3048 

1.609 

1.609 

2.590 

0.001233 

0.02832 

0.06309 

0.0929 

0.1894 

(temp °F-32)/l.8 

To obtain 

millimeter (mm) 

meter (m) 

kilometer (km) 

kilometer per hour 

(km/hr) 

square kilometer 

(km2 ) 

cubic hectometer 

(hm3) 

cubic meter per 

second (ra3/s) 

liter per second 

(L/s) 

meter squared per day 

(m2/d) 

meter per kilometer 

(m/km) 

degree Celsius (°C) 
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Miner's Inch: The exact value of the flow rate designated as a miner's 

inch varies among each state in the western United States. In Arizona, 

1 miner's inch equals 0.025 cubic feet per second. 

Sea level: In this report "sea level" refers to the National Geodetic 

Vertical Datura of 1929 (NGVD of 1929—a geodetic datum derived from a 

general adjustment of the first-order level nets of both the United 

States and Canada, formerly called Mean Sea Level Datum of 1929. 



146 

REFERENCES 

Anderson, T.W., 1968, Electrical-analog analysis of ground-water 
depletion in central Arizona: U.S. Geological Survey Water-
Supply Paper 1860, 21 p. 

; 1986, Geohydrology of the Southwest Alluvial Basins, 
Arizona, in Anderson. T.W.and Johnson, A.I., editors, 
Regional Aquifer Systems of the United States, Southwest 
Alluvial Basins of Arizona: American Water Resources 
Association Monograph Series Number 7, p. 99-111. 

Babcock, H.M., and Halpenny, L.C., 1942, Records of wells, well logs, 
water analyses, and map showing locations of wells, Queen 
Creek area, Maricopa and Pinal counties, Arizona: U.S. 
Geological Survey open-file report (unnumbered), 39 p. 

Bancroft, H.H., 1889, History of Arizona and Mew Mexico. 1530-1888: 
San'Francisco, California, The History Company, 829 p. 

Briggs, P.C. , and Werho, L.L. , 1966, Infiltration and recharge from the 
flow of April 1965 in the Salt River near Phoenix, Arizona: 
Arizona State Land Department Water-Resources Report 29, 12 
P-

Bryan, Kirk, 1925, The Papago Country, Arizona--A geographic, geologic, 
and hydrologic reconnaissance with a guide to desert watering 
places: U.S. Geological Survey Water-Supply Paper 499, 436 
P-

Cooley, M.E., 1973, Map showing distribution and estimated thickness of 
alluvial deposits in the Phoenix area, Arizona: U.S. 
Geological Survey Miscellaneous Investigations Series Map I-
845-C, 1 sheet. 

Culler, R.C., Hanson, R.L., Myrick, R.M., Turner, R.M., 1982, 
Evapotranspiration before and after clearing phreatophytes, 
Gila River flood plain, Graham County, Arizona: U.S. 
Geological Survey Professional Paper 655-P, 67 p. 

Davis, A.P., 1897a, Irrigation near Phoenix, Arizona: U.S. Geological 
Survey Water-Supply Paper 2, 98 p. 

1897b, Report on the irrigation investigation for the 
benefit of the Pima and other Indians on the Gila River 
Indian Reservation, Arizona: Fifty-fourth Congress, second 
session, Senate Document 27, 56 p. 

1903, Water storage on Salt River, Arizona: U.S. 
Geological Survey Water-Supply Paper 73, 54 p. 



147 

Elliot, W.R., Murphy, D.W. , and Code, W.H., 1919, Drainage report--Salt 
River Valley Water Users' Association, 1919: Phoenix, Salt 
River Project Archives, 15 p. 

Freethey, G.W., and Anderson, T.W., 1986, Predevelopraent hydrologic 
conditions in the alluvial basins of Arizona and adjacent 
parts of California and New Mexico: U.S. Geological Survey 
Hydrologic Investigations Atlas 664, 3 sheets. 

Freethey, G.W., Pool, D.R., Anderson, T.W., and Tucci, P., 1986, 
Description and generalized distribution of aquifer materials 
in the alluvial basins of Arizona and adjacent parts of 
California and New Mexico: U.S. Geological Survey Hydrologic 
Investigations Atlas 663, 4 sheets. 

Fritts, H.C., 1976, Tree rings and climate: London, Academic Press, 
567 p. 

Fritts, H.C. , Lofgren, G.R., and Gordon, G.A,, 1979, Variations in 
climate since 1602 as reconstructed from tree rings: 
Seattle, Washington, University of Washington, Quaternary 
Research, v. 12, p. 18-46. 

Gatewood, J.S., Robinson, T.W., Colby, B.R., Hem, J.D., and Halpenny, 
L.C., 1950, Use of water by bottom-land vegetation in lower 
Safford Valley, Arizona: U.S. Geological Survey Water-Supply 
Paper 1103, 210 p. 

Graybill, D.A., 1988, The reconstruction of prehistoric Salt River 
streamflow, in Heathington, C.A., and Gregory, D.A., eds., 
The 1982-1984 excavations at Las Colinas--Environment and 
subsistence: Tucson, University of Arizona, Arizona State 
Museum, Archaeological Series 162, v. 5, p. 25-38. 

Hardt, W.F., and Cattany, R.E., 1965, Description and analysis of the 
geohydrologic system in western Pinal County, Arizona: U.S. 
Geological Survey open-file report, 92 p. 

Hodge, H.C., 1877, Arizona as it is: or the comlnp country: New York, 
Hurd and Houghton, 272 p. 

Hoyt, J.C., 1904, Report of progress of stream measurements for the 
calendar year 1903: U.S. Geological Survey Water-Supply 
Paper 100, 533 p. 

Introcaso, D., 1986, Water development on the Gila River--The 
construction of Coolidge Dam: Phoenix, Salt River Project 
Archives, Historical American Engineering Record AZ-7, 257 p. 

Lamb, T.J., 1977, Indian-Government relations on water utilization in 
the Salt and Gila River Valleys of Southern Arizona, 1902-
1914: The Indian Historian, v. 10, no. 3, p. 38-45. 



148 

R.L., and Hahn, M.E., 1986, Hydrogeology of the eastern part of 
the Salt River Valley area, Maricopa and Pinal counties, 
Arizona: U.S. Geological Survey Water-Resources 
Investigations Report 86-4147, 4 sheets. 

R.L., and Fankratz, L.W., 1987, Investigations of land 
subsidence and earth fissures near the Salt-Gila aqueduct, 
Maricopa and Pinal counties, Arizona--Altitudes of the tops 
of the consolidated rocks, surficial geology, and land 
subsidence in the Florence quadrangle: U.S. Geological 
Survey Miscellaneous Investigations Map I-1892-A, 1 sheet. 

Lee, W.T. , 1903-04, Original field notes, Salt River Valley: Denver, 
Colorado, U.S. Geological Survey Field Records, Accession 
numbers 4182-4185, 4 volumes. 

1904, The underground waters of Gila Valley, Arizona: U.S. 
Geological Survey Water-Supply Paper 104, 196 p. 

1905, Underground waters of Salt River Valley, Arizona: 
U.S. Geological Survey Water-Supply Paper 136, 196 p. 

Littin, G.R., 1979, Maps showing ground-water conditions in the New 
River-Cave Greek area, Maricopa and Yavapai counties, 
Arizona--1977: U.S. Geological Survey Open-File Report 79-
1068, 2 sheets. 

Mann, L.J., and Rohne, P.B., Jr., 1983, Streamflow losses and changes 
in ground-water levels along the Salt and Gila Rivers near 
Phoenix, Arizona--February 1978 to June 1980: U.S. 
Geological Survey Water-Resources Investigation Report 83-
4043, 11 p. 

M.G., and Harbaugh, A.W., 1988, A modular three-dimensional 
finite-difference ground-water flow model: U.S. Geological 
Survey Techniques of Water-Resources Investigations, Book 6, 
Chapter Al, 586 p. 

H'.R. , and Padgett H.D. , Jr., 1945, Geology and ground-water 
resources of the Verde River Valley near Fort McDowell, 
Arizona: U.S. Geological Survey open-file report, 99 p. 

H.R. , Wolcott,, H.N., and Hem, J.D. , 1947, Geology and 
ground-water resources of the Salt River Valley area, 
Maricopa and Pinal counties, Arizona: U.S. Geological Survey 
open-file report, 45 p. 

Laney, 

Laney, 

McDonald, 

McDonald, 

McDonald, 

Masse, W.B., 1981, Prehistoric irrigation systems, in the Salt River 
Valley: Science, v. 214, p. 408-414. 



149 

Masse, W.B., ed., 1987, Archaeological Investigations of portions of 
the Las Acequias-Los Muertos irrigation system—Testing and 
partial-data recovery within the Tempe section of the Outer 
Loop Freeway System, Maricopa County, Arizona: Tucson, 
University of Arizona, Arizona State Museum Archaeological 
Series 176, 214 p. 

Masse, W.B., and Layhe, R.W., 1987, Testing and data recovery at La 
Cuenca del Sedimento, Arizona U:9:68 (ASM), JLTJ Masse, W.B., 
ed. , 1987, Archaeological investigations of portions of the 
Las Acequias-Los Muertos irrigation system—Testing and 
partial-data recovery within the Tempe section of the Outer 
Loop Freeway System, Maricopa County, Arizona: Tucson, 
University of Arizona, Arizona State Museum Archaeological 
Series 176, 214 p. 

Meinzer, O.E., and Ellis, A.J., 1915, Ground water for irrigation in 
the Sacramento Valley, California: U.S. Geological Survey 
Water-Supply Paper 375-B, 49 p. 

Murphy, D.W., 1920, Drainage report: Salt River Valley Water Users' 
Association, 1920: Phoenix, Salt River Project Archives, 
18 p. 

Nials, F.L., and Gregory, D.A., 1988, Irrigation systems in the lower 
Salt River Valley, in Heathington, C.A., and Gregory, D.A., 
eds,, The 1982-1984 excavations at Las Colinas--Environment 
and subsistence: Tucson, University of Arizona, Arizona 
State Museum, Archaeological Series 162, v. 5, p. 25-38. 

Olberg, C.R., 1919, Report on the San Carlos Irrigation Project--
Indians of the U.S.: Hearing before the House of 
Representatives: 66th Congress, 1st session, v. 2, appendix 
A, p. 1-102. 

Oppenheimer, J.M., and Sumner, J.S., 1980, Gravity modeling of the 
basins in the Basin and Range province, Arizona: Arizona 
Geological Society Digest, v. 13, p. 111-115. 

Reeter, R.W., and Remick, W.H., 1986, Maps showing ground-water 
conditions in the West Salt River, East Salt River, Lake 
Pleasant, Carefree and Fountain Hills subbasins of the 
Phoenix Active Management area, Maricopa, Pinal and Yavapai 
counties, Arizona--1983: Arizona Department of Water 
Resources Hydrologic Map Series Report 12, maps. 

Robinson, T.W., 1965, Introduction, spread and areal extent of 
saltcedar (Tamarlx) in the western States: U.S. Geological 
Survey Professional Paper 491-A, 11 p. 



150 

Rogers, J.J., 1973, Design of a system for predicting effects of 
vegetation manipulation on water yield in the Salt-Verde 
basins: Tucson, Arizona, University of Arizona, Ph.D. 
dissertation, 444 p. 

Ross, P.P., 1980, Simulated effects of a proposed well field on the 
ground-water system in the Salt River Indian Reservation, 
Maricopa County, Arizona: U.S. Geological Survey Open-File 
Report 80-503-W, 22 p. 

Rott, E.H., Jr., 1936, Report on the geology and water resources of the 
Gila River Indian Reservation: U.S. Department of 
Agriculture, Soil Conservation Service unpublished report, 91 
P-

Salt River Project, 1980, A valley reborn--The storv of the Salt River 
Project: Phoenix, Salt River Project, 24 p. 

Sellers, W.D., and Hill, R.H., 1974, Arizona Climate. 1931-1972: 
University of Arizona Press, 616 p. 

Sellers, W.D., Hill, R.H., and Sanderson-Rae, Margaret, eds., 1985, 
Arizona climate--The first hundred years: Tucson, Arizona, 
University of Arizona Press, 80 p. 

Skibitzke, H.E., Bennett, R.R., da Costa, J.A., Lewis, D.D., and 
Maddock, Thomas, Jr., 1961, Symposium on history of water-
supply in an arid area in southwestern United States--Salt 
River Valley, Arizona: International Association of 
Scientific Hydrology Publication 57, p. 706-742. 

Smith, K.L., 1986, The magnificent experiment--Buildlnp the Salt River 
Reclamation Project: Tucson, University of Arizona, 200 p. 

Smith, L.P., 1981, Long-term strearaflow histories of the Salt and Verde 
Rivers, Arizona, as reconstructed from tree-rings: Los 
Angeles, California, U.S. Army Corps of Engineers contract 
report DACW-09-80-C-0071, 129 p. 

Smith, L.P., and Stockton, C.W., 1981, Reconstructed streamflow for the 
Salt and Verde Rivers from tree-ring data; Water Resources 
Bulletin.-v. 17, no. 6, p. 939-947. 

Teague, L.S., and Crown, P.L., eds., 1983, Hohokam archaeology along 
the Salt-Gila aqueduct, Central Arizona Project—Specialized 
activity sites: Tucson, University of Arizona, Arizona State 
Museum, Archaeological Series 150, v. 3, part 4, 674 p. 

Thomsen, B.W., and Baldys, S. Ill, 1985, Ground-water conditions in and 
near the Gila River Indian Reservation, south-central 
Arizona: U.S. Geological Survey Water-Resources 
Investigations Report 85-4073, 2 sheets. 



151 

Turner, R.M., 1974, Quantitative and historical evidence of vegetation 
changes along the upper Gila River, Arizona: U.S. Geological 
Survey Professional Paper 655-H, 20 p. 

Turner, S.F., and Skibitzke, H.E., 1952, Use of water by phreatophytes 
in a 2,000 foot channel between Granite Reef and Gillespie 
Dams, Maricopa County, Arizona: American Geophysical Union 
Transactions, v. 33, no. 1, 6 p. 

Turner, S.F., McDonald, H.R., and Cushman, R.L., 1945, Safe yield of 
the ground-water reservoirs in the drainage basins of the 
Gila and Salt Rivers near Phoenix, Arizona: U.S. Geological 
Survey open-file report, 15 p. 

University of Arizona, 1965, Normal annual precipitation, normal 
precipitation, 1931-1960--State of Arizona: Tucson, Arizona, 
University of Arizona map report, scale 1:500,000. 

U.S. Geological Survey, 1890, Tenth annual report of the U.S. 
Geological Survey, 1888-89: U.S. Geological Survey, 774 p. 
and 123 p., 2 parts. 

1891, Eleventh annual report of the U.S. Geological Survey, 
1889-1890: U.S. Geological Survey, 757 p. and 395 p., 2 
parts, 

1892, Twelfth annual report of the U.S. Geological Survey, 
1890-1891: U.S. Geological Survey, 675 p. and 576 p., 2 
parts. 

1954, Compilation of records of surface waters of the 
United States through September 1950, Part 9, Colorado River 
basin: U.S. Geological Survey Water-Supply Paper, 1313, 749 
P-

1964, Compilation of records of surface waters of the 
United States, October 1950 to September 1960, Part 9, 
Colorado River basin: U.S. Geological Survey Water-Supply 
Paper, 1733, 586 p. 

1970, Surface-water supply of the United States, 1961-65, 
Part 9, Colorado River basin: U.S. Geological Survey 
Water-Supply Paper, 1926, 586 p. 

1975, Surface-water supply of the United States, 1966-70, 
Part 9, Colorado River basin: U.S. Geological Survey 
Water-Supply Paper, 2126, 681' p. 

1986, Annual summary of ground-water conditions in Arizona, 
spring 1984 to spring 1985: U.S. Geological Survey Open-File 
Report 86-422W, 2 sheets. 



152 

Williams, G.R., and Crawford, L.C., 1940, Maximum discharges at 
stream-measurement stations through December 31, 1937, with a 
supplement including additions and changes through September 
30, 1983, by U.S. Eisenlohr, Jr.: U.S. Geological Survey 
Water-Supply Paper 847, 272 p. 

Wilson, R.P., and Garrett, W.B., 1988, Water Resources data, Arizona, 
water year 1986: U.S. Geological Survey Annual 
Water-Resources Data Report AZ-86-1, published annually. 


