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ABSTRACT 

A two-phase study of the Upper Santa Cruz River Basin 

consisting of a hydrologic assessment and the application of a computer 

model to the area is presented. Groundwater occurs in Older and Younger 

Alluvium units, is held under unconfined conditions, and is of good 

quality. The Finite-Difference Three-Dimensional Groundwater Flow Model 

(MODFLOW) is applied to the study area in order to simulate the hydrologic 

system. A water budget and conceptual model is developed to aid in model 

input and calibration. A steady-state analysis for the system is 

performed for 1965 in order to calibrate model parameters and produce 

initial conditions for the transient analysis. A transient analysis is 

performed to verify model response over the period 1965-1980 in which 

stresses to the system are changing. Model-produced trends and water 

levels are consistent with observed data, indicating the model's utility 

for predictive analysis on the system. 
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CHAPTER 1 

INTRODUCTION 

Background 

The Upper Santa Cruz River Basin study area (Figure 2.1) is located 

in Santa Cruz County, Arizona and stretches from the Pima/Santa Cruz 

County line to an area approximately 10 miles north of Nogales. 

The study area has two water-bearing zones: the Younger and Older 

Alluvium which are underlain by impermeable bedrock. Water supply comes 

almost exclusively from shallow groundwater in the Younger Alluvium, with 

approximately 95% of the water pumped used for agricultural purposes. A 

majority of water is returned to the groundwater system through the 

infiltration of stream flows in the Santa Cruz River and to a lesser 

extent by mountain front recharge. Presently, the groundwater system is 

showing a rising trend in water levels throughout the area. Because 

groundwater resources are of good quality and relatively undeveloped, the 

area may be considered a likely target for increased groundwater 

withdrawal. 

Presently, there are no working groundwater flow models being 

applied to the Upper Santa Cruz River Basin. A groundwater flow model in 

this region could be an important management tool in assessing the 

potential groundwater resources of the area, in addition to predicting the 

impacts of future stresses placed upon the system due to increased 

development. 

The development of an effective groundwater flow model, one which 

will accurately simulate the actual conditions of the system, requires 
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collection of pertinent hydrologic data, calibration of model hydrologic 

parameters, and verification of the model to reproduce the known 

hydrologic conditions in the area of interest. After verification of the 

model is determined and its limitations recognized, it may be used as a 

tool for a number of applications. 

The groundwater flow model MODFLOW (McDonald and Harbaugh, 1988) 

was applied to the study area in an effort to replicate the actual 

groundwater system. A steady-state calibration of hydrologic parameters 

and water budgets, in addition to a transient verification/calibration 

analysis, was undertaken in order to assess the model's capability of 

reproducing the actual water levels and trends over the period 1965-1980. 

Purpose and Scope 

The purpose of this study is two-fold: (1) to evaluate the current 

geologic, hydrologic, and water quality conditions in the region from 

published data, and (2) to use the data from the hydrologic assessment to 

apply and verify a groundwater flow model to the study area. 

To accomplish this, a geologic and hydrologic assessment of the 

system was undertaken through a complete review of the technical reports 

and documents pertaining to the geology, hydrology, and water quality of 

the study area. 

Information found in the geologic and hydrologic assessment was used 

in the application of the groundwater flow model to the study area as 

follows: 
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(1) An appropriate period in time was chosen to calibrate 

the model for steady-state conditions; 

(2) A water budget was developed for this steady-state time 

period in order to aid in the development and calibra

tion of the flow model; 

(3) A steady-state calibration of model hydrologic param

eters and water budgets was produced from known water 

level data; 

(4) Using water levels and calibrated hydrologic parameters 

from the steady-state analysis as input, a transient 

verification/calibration run was undertaken in order to 

reproduce known water levels and trends over a certain 

period of time. 

Previous Investigations 

Numerous reports have been written on the geology, hydrology, and 

water resources of the Upper Santa Cruz River Basin. Prior to 1960, only 

a very general discussion of the geology and hydrology was contained in 

the reports on the area. Anderson (1955) reported on the potential 

development of water resources in the Upper Santa Cruz River Basin. His 

paper included estimates on irrigated lands, pumpage, and precipita

tion/runoff relations in Santa Cruz County, along with a broad and general 

discussion on the hydrology of the region. 

After 1960, a number of more indepth reports on the hydrogeology of 

the Upper Santa Cruz River Basin were published. Leonard Halpenny has 
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done a significant amount of work concerning the geology and hydrogeology 

of Santa Cruz County, completing an extensive geophysical and geohydro-

logical investigation of the area in 1965. This report included geology, 

precipitation and stream flow relationships, groundwater resources, 

aquifer parameters, evapotranspiration rates, and water quality. 

Recently, Halpenny (1988) prepared a review of the hydrogeology of the 

Santa Cruz River Basin in the vicinity of the Santa Cruz/Pima County line 

with discussions including geology, pump tests, recharge and discharge, 

and general hydrogeology. 

Other significant publications include work by Harshbarger (1969) 

on the sources, uses, and losses of water in the Upper Santa Cruz Basin 

and by Aldridge and Brown (1971) on stream flow losses in the Santa Cruz 

River and the relation to groundwater recharge. 

Recently, Schmidt (1988) completed a report reviewing the hydrogeo-

logic conditions and water quality in the vicinity of the Nogales Inter

national Waste Water Treatment Plant. The Earth Technology Corporation 

(1988) prepared a report on the Nogales Wash and surrounding areas which 

included discussions on geology, hydrogeology, and water quality. 

Historic well data including water levels, well locations, and types 

of well use have been compiled by the United States Geological Survey's 

well information data base and the Arizona Department of Water Resources' 

well registration reports. 
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CHAPTER 2 

DESCRIPTION OF THE STUDY AREA 

Location 

The Upper Santa Cruz River Basin study Area is situated in central 

Santa Cruz County, Arizona (Figure 2.1). The northern boundary of the 

study area is the Santa Cruz/Pima County line approximately 30 miles south 

of Tucson. The southern study area boundary is located at Rio Rico, 

approximately 10 miles north of the International Border at Nogales. The 

study area is contained in the Tubac, Amado, Pena Blanca Lake, and Rio 

Rico quadrangles of the U.S. Geological Survey 7.5 Minute Topographic 

Series. The study area is completely encompassed in the following 

township and ranges which comprise its boundaries covering 216 Square 

miles. 

T.20S., R.12E. and R.13E. 

T.21S., R.12E. and R.13E. 

T.22S., R.12E. and R.13E. 

Climate 

The climatic characteristics of the study area vary from low 

precipitation and humidity in the river valley areas progressing to 

greater amounts in the higher mountains bordering the valley. The lower 

valley areas are characterized by mild winters and hot summers. 

Temperature records for 47 years indicate a mean annual temperature of 63 

degrees F. ranging from a winter low of about 10 degrees F. to a summer 

maximum of approximately 105 degrees F. (Anderson, 1955). 



R.12E. R.13E. 

VAVAP4I 

Qyl 
Quaternary Younger 
Alluvium 

Qol 
Quaternary Older 
Alluvium 

Tbr 
Tertiary Bedrock 

Figure 2.1. Location of Upper Santa Cruz River Basin Study Area. 
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In general, there are two rainy seasons, one in summer and one in 

winter. Precipitation data for the Nogales and Tumacacori stations 1964-

1983 are presented in Table 2.1. The Nogales station (Elevation 3,800 

feet) receives a mean annual precipitation of about 16 inches, while the 

Tumacacori station (Elevation 3,267) receives approximately 14.5 inches 

of precipitation. The heaviest precipitation, almost 70 percent, occurs 

in the summer months of July-September where violent monsoonal type storms 

cause heavy local precipitation, winds, and flooding. The remaining 30 

percent of precipitation occurs during the winter months of November-March 

and is characterized by low intensity and relatively long duration storm 

events. Pan evaporation at Nogales averages about 95 inches per year, 

while free water surface evaporation is estimated at 67 inches per year 

(Schmidt, 1988). 

Topography 

The Upper Santa Cruz River Basin is a north-south trending valley 

that extends from the International Boundary to the north end of the 

Tucson Basin at the Rillito Narrows. The Santa Cruz River is the 

principal stream in the basin, draining almost 8,600 square miles of arid 

and semiarid lands in southern Arizona and northern Sonora, Mexico. Along 

the reach of the Santa Cruz River within the study area, the valley is 

bounded on the west by the Atascosa and Tumacacori mountains and on the 

east by the San Cayetano and Santa Rita mountains. Major tributaries 

along this reach include Sonoita Creek, Sopori Wash, and, to a lesser 

extent, Agua Fria Canyon. 



.e 2.1 

Year 

1964 
1965 
1966 
1967 
1968 
1969 
1970 
1971 
1972 
1973 
1974 
1975 
1976 
1977 
1978 
1979 
1980 
1981 

16 

Annual Precipitation at Nogales 
and Tumacacori Stations (inches) (1) 

Nogales Station Tumacacori Station 
Precipitation Precipitation 

16.26 21.36 
17.85 18.06 
22.80 19.20 
23.41 19.44 
9.91 12.75 
19.73 14.03 
11.51 9.47 
21.47 16.21 
15.36 15.43 
13.52 11.62 
17.19 19.70 
14.73 11.27 
16.98 12.03 
24.21 15.36 
26.83 23.18 
11.60 12.63 
13.47 11.26 
21.02 20.00 
14.16 13.70 
31.84 29.04 

National Oceanic and Atmospheric 
Administration (1964-1983) 
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The Santa Cruz River has cut an inner valley within the broad valley 

between the mountains. This inner valley ranges in width from approx

imately 0.25 mile to 3 miles at its widest point. The inner valley is 

relatively level, having an average gradient of approximately 20 feet per 

mile; the valley floor lies 20 to 100 feet lower than the truncated edges 

of the bajada slopes. The river channel is incised in the inner valley 

5 to 10 feet, with the width of the river channel ranging from 50 to 150 

feet except in sharp bends, where it can widen to approximately 1,000 feet 

(Halpenny, 1964). 

Elevations in the study area range from about 3,000 feet above sea 

level in the northern study area floodplain to about 3,400 feet above sea 

level in the southern floodplain. Surrounding mountain ranges rise to 

approximately 6,000 feet above sea level in the west to over 9,000 feet 

above sea level in the Santa Rita Mountains to the east. 

Land Use and Water Demand 

A majority of the land use in the study area is devoted to 

undeveloped rangelands and developed agricultural uses with the proportion 

of the two interchanging. The population of the study area in 1985 was 

relatively small, consisting of approximately 1,500 people with population 

centers at Rio Rico, Tubac, and Amado. 

Approximately 95% of water use in the study area is for irrigation 

purposes on developed agricultural lands. Tables 2.2 and 2.3 show the 

types and amounts of crops grown each year in Santa Cruz County and the 

consumptive use requirements for each. The study area water supply is 



Table 2.2 Types of Crops and Acreage Harvested Per Year 
in Santa Cruz County, Arizona (1) 

Year Crop Type Acreage Harvested 

1965 Alfalfa 
Hays 
Barley 
Cotton 
Misc. 

650 
2500 
300 
1074 
400 

Total 4924 

Year Crop Type Acreage Harvested 

1966 Alfalfa 
Hays 
Barley 
Misc. 

800 
2600 
300 
400 

Total 4100 

Year Crop Type Acreage Harvested 

1967 Alfalfa 
Hays 
Barley 
Sorghum 
Misc. 

800 
1700 
200 
300 
400 

Total 3400 

Year Crop Type Acreage Harvested 

1968 Alfalfa 
Hays 
Barley 
Sorghum 
Misc. 

800 
1100 
200 
200 
400 

Total 2700 



Table 2.2 Continued; Types of Crops and Acreage Harvested 
Per Year in Santa Cruz County, Arizona (1) 

Crop Type Acreage Harvested 

Alfalfa 600 
Hays 1100 
Barley 200 
Sorghum 400 
Wheat 400 
Misc. 400 

Total 3100 

Year Crop Type Acreage Harvested 

1970 Alfalfa 1200 
Hays 1100 
Barley 500 
Wheat 700 
Misc. 400 

Total 3900 

Year Crop Type Acreage Harvested 

1971 Alfalfa 1200 
Hays 1200 
Barley 500 
Sorghum 400 
Misc. 400 

Total 3700 

Year Crop Type Acreage Harvested 

1972 Alfalfa 1000 
Hays 1300 
Misc. 400 

Total 2700 



e 2.2 Continued: Types of Crops and Acreage Harvested 
Per Year in Santa Cruz County, Arizona (1) 

Year Crop Type Acerage Harvested 

1973 Alfalfa 
Hays 
Barley 
Misc. 

1000 
1000 
400 
400 

Total 2800 

Year Crop Type Acreage Harvested 

1974 Alfalfa 
Hays 
Barley 
Misc. 

900 
1000 
300 
400 

Total 2600 

Year Crop Type Acreage Harvested 

1975 Alfalfa 
Hays 
Barley 
Sorghum 
Misc. 

900 
800 
400 
400 
300 

Total 2800 

Year Crop Type Acreage Harvested 

1976 Alfalfa 
Hays 
Barley 
Misc. 

800 
600 
300 
400 

Total 2100 



Table 2.2 Continued: Types of Crops and Acreage Harvested 
Per Year in Santa Cruz County, Arizona (1) 

Year Crop Type Acerage Harvested 

1977 Alfalfa 
Hays 
Barley 
Corn 
Misc. 

900 
700 
600 
300 
1320 

Total 3820 

Year Crop Type Acreage Harvested 

1978 Alfalfa 
Hays 
Barley 
Corn 
Misc. 

1000 
500 
300 
400 
1200 

Total 3400 

Year Crop Type Acreage Harvested 

1979 Alfalfa 
Hays 
Corn 
Misc. 

1200 
400 
400 
550 

Total 2550 

Year Crop Type Acreage Harvested 

1980 Alfalfa 
Hays 
Wheat 
Misc. 

1300 
600 
400 
500 

Total 2800 

1. Source : Arizona Agricultural Statistics Service 
(1965-1980) 



Table 2.3 Consumptive Use Requirements for Crops Grown 
in Santa Cruz County, Arizona (1) 

Consumptive use Requirement 
Crop Type (Acre-Feet/Acre-Year) 

Alfalfa 4.30 
Hays 3.30 
Barley 1.90 
Sorghum 2.70 
Wheat 1.90 
Corn 2.10 
Cotton 3.20 
Misc. 3.00 

1. Source : Harshbarger (1969), Blaney and Criddle (1962) 
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obtained chiefly from wells located within the floor of the Santa Cruz 

River Valley which has affected land use patterns by concentrating 

agricultural and residential facilities along the margins of the valley. 

Native vegetation on the floor of the inner valley consists mostly 

of cottonwood and mesquite trees, desert willow, grasses, and various 

desert shrubs. Fhreatophyte use is considered to be the only non-

beneficial use of water in the study area and is affected by changes in 

water levels in the inner valley. 
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CHAPTER 3 

GEOLOGY 

Introduction 

The study area is located in the Mexican Highland subprovince of the 

Basin and Range geomorphic province of southcentral Arizona. This 

province is characterized by numerous steep, rugged fault-block mountain 

ranges which are separated by deep alluvial valleys. The general 

structural configuration is that of a series of parallel horsts and 

grabens. 

The faulting in the study area consists of minor and mostly inactive 

Tertiary age faults. The Patagonia Mountain Fault, located 10 miles 

northeast of Nogales, is the nearest known active fault (Earth Technology 

Corporation, 1988). 

The study area is characterized by three primary formations: 

Bedrock, Older Alluvium, and Younger Alluvium. The Older and Younger 

Alluvium are the primary water-bearing formations in the study area with 

the underlying bedrock formation considered impermeable. 

I^ithology 

Bedrock 

The bedrock underlying the study area is a complex undifferentiated 

sequence of older sedimentary and igneous crystalline rocks ranging in age 

from Pre-Cambrian to Tertiary. 

The igneous rocks range in age from Pre-Cambrian granite to mid-

Tertiary acidic volcanic rocks. Cretaceous-Paleozoic formations are 
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generally comprised of limestones and dolomites with quartzites occurring 

lower in the section. A Mesozoic section consists of silicic lava and 

tuffs interposed with sandstones, conglomerates, and quartz monzonite 

intrusions (Harshbarger, 1969). Depths to this formation range from a 

minimum of approximately 500 feet below land surface in the southern 

portions of the study area to approximately 5,000 feet below land surface 

in the northern areas. For purposes of this thesis, these complex 

formations are considered as one impermeable and nonwater-bearing basement 

formation. 

Older Alluvium 

A lower alluvium unit unconformably overlies the basement formation 

and has been referred to as "Older Alluvium" (Earth Technology Corp, 1988; 

Halpenny, 1988) or "Alluvial-Fan/Basin Fill Material" (Harshbarger, 1969). 

This unit is comprised of Tertiary- through Quaternary-aged alluvial 

materials eroded from the nearby mountains, transported downgradient 

toward the axis of the valley, and deposited within the valley. These 

extensively developed alluvial fans consist of materials ranging in size 

from clay and silt through progressively larger sands, gravels, and 

cobbles. This Older Alluvium can usually be distinguished by its 

distinctive red color due to iron-oxide cementing (Schmidt, 1988). 

The thickness of this Older Alluvium ranges from a thin veneer of 

a few inches to upwards of 5,000 feet below land surface in the study 

area. However, the water-bearing potential of this formation is limited 

past depths of approximately 1,000 feet. 
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Groundwater accumulates in the material of the Older Alluvium under 

unconfined conditions and, while permeabilities are considered relatively 

low, the total volume stored is thought to be extremely large. Hydraulic 

conductivity of this unit is variable due to the variable nature of its 

sediments. Development of water in the Older Alluvium has been limited 

to a small number of domestic and stock wells. 

Younger Alluvium 

An upper or "younger" alluvial unit conformably overlies the Older 

Alluvium in the center of the study area. The Younger Alluvium is 

generally coarser than the underlying alluvium and differs in depositional 

history. The source of material in the Younger Alluvium is that of 

sediment transport along a through-flowing stream. During wet cycles 

thousands of years ago, desert streams eroded deeply and removed material 

from the Older Alluvium to depths of 100 to 150 feet. These streams then 

redeposited the sediments they were transporting, refilling the troughs 

that had been cut. This Younger Alluvium occurs as floodplain and channel 

deposits comprised of unconsolidated gravel, sand, and silt and averages 

100 feet thick in the study area. The depth of this unit ranges from 0 

to 100 feet below the land surface (Halpenny, 1988). 

Groundwater occurs in the Younger Alluvium under unconfined 

conditions. The Younger Alluvium is characterized by high permeability 

and is the primary groundwater supply source and most productive aquifer 

in the study area. The Younger Alluvium has limited reserves of 

groundwater owing to its relatively small areal extent. 
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CHAPTER 4 

HYDROLOGY 

Introduction 

The Santa Cruz River Valley has been used for its water resources 

for many hundreds of years, starting with Indian settlements in the valley 

and progressing to the present-day agricultural, domestic, and small 

municipal uses. The present-day sources of water are supplied almost 

exclusively from the pumping of shallow groundwater in the valley. 

Surface water in the study area is contained almost entirely in the 

Santa Cruz River which has small perennial flows in some sections and 

flows ephemerally in the remainder. There are no major diversions of 

surface water flow in the study area. 

The water-bearing units in the study area are the alluvial valley 

fill deposits which include in descending stratigraphic order, Younger 

Alluvium and the Older Alluvium. 

The major uses of groundwater in the region are consumptive use by 

crops and phreatophytes. Consumptive use of groundwater by crops is 

considered a "beneficial use", while phreatophyte withdrawals are 

considered a "non-beneficial use" of groundwater. 

Surface Water 

The Santa Cruz River is the main conduit of surface water with an 

average slope of 20 ft per mile in a north-northwesterly direction. 

Unaged tributary flows, in addition to the gaged ephemeral flow in Sonoita 
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Creek near the southern boundary of the study area, contribute to the 

Santa Cruz River surface flows. 

In general, the present-day Santa Cruz River is considered ephemeral 

in its reaches north of Tubac. Ephemeral reaches flow during storm events 

and, in many cases, are quite significant for short durations of time. 

Historical accounts of the flow in the Santa Cruz River compiled by 

Halpenny (1988) indicate that the river was naturally perennial in its 

present-day reaches flowing underground just north of Tubac. Development 

of groundwater resources in the 1930s slowly declined the water table, and 

the river began flowing underground farther south. However, in the early 

1950s, the Nogales International Waste Water Treatment Plant (IWWTP) near 

Rio Rico began operation and has been a source of constant and increasing 

flow to the Santa Cruz River north of Rio Rico. This effluent discharge, 

shown in Table 4.1, has been increasing over the years due to population 

growth in the twin cities of Nogales, Arizona and Nogales, Sonora. Mexico. 

Effluent discharges, in addition to a wetter climatic cycle, has once 

again allowed the Santa Cruz River to flow perennially to an area north 

of Tubac (Halpenny, 1988). 

The primary source of surface water flow in the Santa Cruz River is 

derived from storm runoff, IWWTP releases, and base flow contributions 

originating in its main tributaries and Mexico. The United States 

Geological Survey operates a stream flow gage near Nogales, Arizona. 

Annual discharges at this station for the period 1964-1983 are found in 

Table 4.2. 



Table 4.1 International Waste Water Treatment Plant 
Annual Effluent Flows (1959-1980) 
in Acre-Feet (1) (2) 

Year Effluent 

1959 2,497 
1960 3,470 
1961 2,248 
1962 2,570 
1963 2,299 
1964 2,621 
1965 2,446 
1966 3,543 
1967 2,975 
1968 4,167 
1969 4,508 
1970 4,849 
1971 5,190 
1972 5,531 
1973 5,872 
1974 6,213 
1975 6,554 
1976 6,895 
1977 7,236 
1978 7,577 
1979 7,918 
1980 - 8,259 

1. Source: Harshbarger (1969) for period 1959-1968 
2. Period 1969-1980 estimated from difference of 1968 

and 1987 data reported by Schmidt (1988) 



Table 4.2 Annual Calender Year Surface Water Flows 
at the Nogales Gage 
(acre-feet/year) (1) 

Nogales 
Year Gage 

1964 29,430 
1965 23,940 
1966 51,570 
1967 35,720 
1968 15,740 
1969 13,830 
1970 11,340 
1971 21,100 
1972 3,510 
1973 19,300 
1974 16,460 
1975 20,870 
1976 15,350 
1977 62,620 
1978 61,760 
1979 48,270 
1980 2,230 
1981 10,230 
1982 8,600 
1983 87e620 

64 Year Average 
Discharge 18,980 

1. Source: United States Geological Survey Water Resource 
Data for Arizona (1964-1983) 
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Because of the highly permeable nature of the Santa Cruz River 

Channel and its underlying alluvium, a substantial amount of recharge to 

the Younger Alluvium is derived from perennial flow and storm event 

runoff. 

Groundwater 

Groundwater in the study area is contained in the two principal 

water-bearing formations, the Younger Alluvium and the Older Alluvium, 

These two formations are thought to be hydraulically connected and, based 

upon the topographic trough created by the Santa Cruz River bed, the Older 

Alluvium is probably transmitting water to the Younger Alluvium. The 

amount of water being transferred from the Older Alluvium to the Younger 

Alluvium is of limited quantity based upon relatively •small head 

differences between the two and the low permeability of the older 

formation (Putman and Turner, 1983). 

The Older Alluvium is characterized by low permeability attributable 

to high clay contents of the matrix materials and areas of consolidated 

rock. In some areas, the presence of clays and non-fractured consolidated 

rock may produce locally confined conditions; however, groundwater is 

considered to be held under unconfined conditions regionally in the study 

area. 

A limited amount of hydraulic information on the Older Alluvium is 

known. Halpenny (1988) and Woodward-Clyde Consultants (1987) have 

attempted to quantify the hydraulic characteristics of the Older Alluvium 

based upon recent pumping tests. Halpenny (1988) reported data from well 

tests on 10 wells thought to be producing a majority of their water from 
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the Older Alluvium. His results Indicated well discharges of 24-500 gpm 

(gallons per minute) and specific capacities ranging from 0.6 to 22.1 gpm 

per foot of drawdown. Computed transmissivities were reported from 10,000 

to 22,000 gpd/ft (gallons per day per foot). 

Woodward-Clyde Consultants (1987) obtained average hydraulic 

characteristics of the Older Alluvium from a pumping test reporting an 

approximate transmissivity of 20,000 gpd/ft. Harshbarger (1969) reported 

a specific yield for areas outside the Younger Alluvium of 10 percent, 

while Woodward-Clyde Consultants (1987) pumping test reported a specific 

yield of 4 percent. 

The main source of recharge to the aquifer system of the Older 

Alluvium is "mountain front recharge", which occurs along the bases of the 

mountains on both sides of the valley. Osterkamp (1973) reported mountain 

front recharge rates of 200-400 acre-feet per mile on the east side of the 

Santa Cruz River Valley in the study area and 100-200 acre-feet on the 

west side of the river valley. The source of mountain front recharge is 

percolation of rain water and snow melt into fractures in the hard rocks 

of the mountains and is not considered great on an annual basis. 

Recharging water slowly follows fractures deeper into the mountain rocks 

and moves into the Older Alluvium at the interface between hydrologic 

bedrock and the alluvium. This water moves slowly downgradient toward the 

axis of the valley along the inner valley of the river. At this point, 

small amounts may move into and become recharge of the Younger Alluvium 

or in areas where the river is perennial contribute to base flow 

(Halpenny, 1988). 
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The Younger Alluvium is highly permeable and has been the major 

source of water supply in the study area for all of this century. A vast 

number of shallow wells have been pumping water from the Younger Alluvium 

for crop irrigation and domestic uses. In addition to these consumptive 

uses, phreatophyte use is concentrated in the inner valley drawing water 

from the Younger Alluvium. While the Younger Alluvium readily transmits 

and releases large volumes of water, its long-term storage potential is 

limited due to its shallow nature and relatively small areal extent. 

Groundwater in the Younger Alluvium occurs under water table or unconfined 

conditions. 

Halpenny (1964) reported aquifer test data for the Younger Alluvium, 

indicating transmissivities ranging from 225,000 gpd/ft to 580,000 gpd/ft, 

with a mean determination from all of his data of 317,000 gpd/ft. 

Halpenny (1964) reported specific yields of 14-20 percent, while Harsh-

barger (1969) used a value of 15 percent. Putman and Turner (1983) 

reported average transmissivity of 413,000 gpd/ft, a specific yield of 17 

percent, and single well yields ranging up to 1,000 gpm for the Younger 

Alluvium. 

The primary source of water for the Younger Alluvium is the 

infiltration of surface water from surface flow in the Santa Cruz River. 

Other sources of water include subsurface inflow across the International 

Boundary at Nogales, tributary surface inflow, irrigation return flow, 

direct infiltration from precipitation and, as stated earlier, some 

quantity of water draining from the Older Alluvium into the Younger 

Alluvium. In addition to these sources of recharge, the International 
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Waste Water Treatment Plant near Rio Rico is discharging treated effluent 

water into the Santa Cruz River Channel. 

Unless the Younger Alluvium is already full, infiltration of surface 

flow in the river is a rapid process. Estimates by Halpenny (1964) 

indicated that the ratio of the horizontal to vertical hydraulic conduc

tivity of the Younger Alluvium is 10 to 1. Unsaturated portions of the 

Younger Alluvium can be rapidly filled by runoff that occurs along the 

river bed. If subsurface flow through the Younger Alluvium is removed by 

way of pumping, water is quickly replaced when surface flow is available. 

The slope of the water table in the Younger Alluvium coincides with 

the slope of the river bed with gradients ranging from about 14 feet per 

mile to about 25 feet per mile. In essence, the Younger Alluvium is a 

line sink/source that transmits water to or from the river channel, 

depending on the height of the water table (Putman and Turner, 1983). 

Discharge from the Younger Alluvium occurs in the form of pumpage 

from wells, subsurface outflow from the study area, evapotranspiration, 

and minor surface evaporation. If heads in the Older Alluvium were 

decreased dramatically, it is possible that the Younger Alluvium could 

drain into the Older Alluvium. At the present time, discharge from the 

Younger Alluvium is in balance with recharge (Halpenny, 1988). 

Water Quality 

Both surface water and groundwater in the region near the study area 

have been of excellent quality historically. Concerns about water quality 

in the study area focus on effluent discharge from the International Waste 
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Water Treatment Plant (IWWTP) at Rio Rico. These effluent discharges 

are released into the Santa Cruz River at the southern end of the study 

area and contribute to the perennial flow of the Santa Cruz River. 

Schmidt (1988) prepared a report characterizing the quality of surface and 

groundwater in the study area and the relationship of water quality to 

effluent discharge from the IWWTP. 

In general, the effluent from the Nogales IWWTP is of excellent 

chemical quality. When stream flow from storm runoff is present in the 

study area, there can be substantial dilution of the effluent with storm 

runoff. The most notable impact of the effluent on chemical quality of 

stream flow is probably for salinity, nitrogen forms, and 1,1,1-TCA 

contents. Electrical conductivity of the effluent is normally several 

hundred micromhos greater than that of local storm runoff. Ammonia-

nitrogen contents (averaging 8 mg/1) , organic nitrogen contents (averaging 

3 mg/1), and nitrate contents (averaging 5 mg/1) were present in the 

stream flow at Rancho Santa Cruz, seven miles downstream of the effluent 

discharge point. 1,1,1-TCA ranged from 0.5 ppb (parts per billion) to 

1.8 ppb in stream flow at Rio Rico, but were not detectable in stream flow 

farther downstream. 

Schmidt (1988) concluded that contents of these constituents and 

salinity in the stream flow are not considered adverse from the view point 

of groundwater quality. 

Schmidt (1988) reported that there is no evidence of high nitrate 

contents in groundwater of the study area due to past effluent releases 

from the Nogales IWWTP. Shallow groundwater near the lagoons at the plant 
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is of excellent chemical quality. Salinity and nitrate content are 

present at low levels, and volatile halocarbons are not detectable. 

Detectable contents of organic nitrogen (0.3 to 0.4 mg/1) were present in 

groundwater within about one mile downgradient of the lagoons. Although 

detectable, Schmidt (1988) concluded these contents to be insignificant. 

Farther downstream of the IWWTP, nitrate contents were well below the MCL 

(Maximum Contaminant Level) for drinking water, except at Tubac where 

there is a small local source of contamination. Contents of other forms 

of nitrogen were insignificant and normally below the detection limits. 

Of the inorganic chemical constituents in the Primary Drinking Water 

Standards other than nitrate, contents were well below the respective MCLs 

from the 23 wells Schmidt (1988) sampled for comprehensive analysis. 

Contents of volatile halocarbons in water from these same wells were not 

detectable. 

The IWWTP is proposing a plant expansion from a present effluent 

release of 9,600 acre-feet per year to approximately 14,800 acre-feet per 

year, resulting in recharge of about 5,000 acre-feet per year of 

additional water in the study area. Schmidt (1988) concluded that there 

would be no adverse impact on groundwater quality from this additional 

recharge effluent, and, in fact, these increased releases would be 

considered a beneficial impact to the study area. 
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CHAPTER 5 

COMPUTER MODEL 

Introduction 

A computer model was used in this study to replicate and simulate 

the groundwater system in the Upper Santa Cruz River Basin. The model 

used for this study was the three-dimensional finite-difference ground

water flow model (MODFLOW) by McDonald and Harbaugh (1988). 

MODFLOW simulates three-dimensional flow with a nonhomogeneous 

parameter set including transmissivity, hydraulic conductivity, storativ-

ity, and conductance. The model allows for irregularly shaped boundaries 

and nonhomogeneous boundary conditions. The model has a modular structure 

consisting of a set of relatively independent subroutines or modules that 

control various options selected by the user. Flow to or from external 

sources such as rivers, wells, and evapotranspiration can be simulated by 

the use of the selected modules. MODFLOW employs two methods of solving 

linear equations; the Strongly Implicit Procedure and the Slice-Successive 

Over-relaxation method. The modules used in this investigation consisted 

of the following packages: Basic, Block-Centered Flow, Well, River, 

Evapotranspiration, General Head Boundary, Output Control, and the 

Strongly Implicit Procedure Solver. 

Each simulation can be broken up into specified time intervals, or 

stress periods, in which all external stresses are constant. Stress 

periods may be subdivided into time periods where model results may be 

reported. At the end of each stress period, the output consists of the 

calculated head distributions and a volumetric water budget. 
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Numerical Analysis 

The three-dimensional movement of groundwater of constant density 

through a porous earth material may be described by the partial"differen

tial equation: 

3/3x(Kxx3h/3x)+3/3y(Kyy9h/3y) (5.1) 

+3/3z(Kzz 3h/9z)-W - Ss9h/3t 

where Kxx, Kyy, and Kzz are values of hydraulic conductivity along the x, 

y, and z coordinate axes, which are assumed to be parallel to the major 

axes of hydraulic conductivity (L/t); h is the potentiometric head (L); 

W is a volumetric flux per unit volume and represents sources and/or sinks 

of water (l/t); Ss is the specific storage of the porous material (l/t); 

and t is time (t). 

Equation (5.1) describes groundwater flow under nonequilibrium 

conditions in a heterogeneous and anisotropic medium, provided the 

principal axes of hydraulic conductivity are aligned with the coordinate 

directions. 

Equation (5.1), together with specifications of flow and/or head 

conditions at the boundaries of an aquifer system and specification of 

initial-head conditions, constitutes a mathematical representation of a 

groundwater flow system. A solution of Equation (5.1), in an analytical 

sense, is an algebraic expression giving h(x,y,z,t) such that, when the 

derivatives of h with respect to space and time are substituted into 

Equation (5.1), the equation and its initial and boundary conditions are 
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satisfied. A time-varying head distribution of this nature characterizes 

the flow system in that it measures both the energy of flow and the volume 

of water in storage and can be used to calculated directions and rates of 

movement. 

Finite-Difference Equation 

Because analytic solutions of Equation (5.1) are rarely possible, 

the model uses a finite-difference method to obtain an approximate 

solution. The continuous system described by Equation (5.1) is replaced 

by a finite set of discrete points in space and time, and the partial 

derivatives are replaced by terms calculated from the difference in head 

values at these points. This process leads to systems of simultaneous 

linear algebraic difference equations; their solutions yield values of 

head at specific points and times (McDonald and Harbaugh, 1988). 

Before this method can be applied, the aquifer must be discretized 

into flow cells. Each cell represents a prism of porous material with 

uniform hydrologic properties. A finite-difference approximation of the 

derivatives in Equation (5.1) is then written for each node in a scheme 

referred to as a block-centered finite-difference approach. 

The finite-difference method is based on the continuity equation 

which specifies that, assuming the density of groundwater to be constant, 

the sum of all flow into or out of a cell must be equal to the rate of 

change in storage within the cell. Figure 5.1 shows two adjacent aquifer 

cells, i,j,k and i,j-l,k. Based upon Darcy's law, assuming the hydraulic 

conductivity is isotropic and heterogeneous, and cell dimensions and 



Call i,H,k Call i.j. k 
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Figure 5.1. Flow into Cell i,j,k from Cell i,j-l,l. (McDonald 
and Harbaugh, 1988). 



41 

hydraulic conductivity remain constant during the solution process, the 

following equation can be written for flow into the cell i,j,k from cell 

1.j-l,k: 

Qi»j"l/2,k - (Ci,j-l/2,k)*(hi, j-l,k - hi.j.k) (5.2) 

where: 

hi,j,k, is the head at node i,j,k (L); 

hi,j-l,k is the head at node i,j-l,k (L); 

Qi,j-l/2, k is the volumetric fluid discharge through the face 

between cell i,j,k and i,j-l,k (L3/t); 

Ci,j-l/2,k is the conductance between nodes i,j,k and i,j-l,k 

(L7t) . 

Conductance is the product of hydraulic conductivity and the cross-

sectional area of flow divided by the length of the flow path (in this 

case, the distance between nodes) and is given by: 

Ci,j-1/2,k - Ki,j-1/2,kAciAvk/Arj-1/2 (5.3) 

where: 

Kl,j-l/2,k - hydraulic conductivity between nodes (L/t); 

AciAvk is the area of the cell faces normal to the flow 

direction (L); and 

Arj-1/2 is the distance between nodes (L). 
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Similar equations can be written for the flow through the other 

faces of cell i,j,k. The resulting equation for cell i,j,k without 

accounting for external sources or sinks is: 

Ci,j-l/2fk(hi,j-l,k - hi,j,k) + Ci,j+l/2,k(hi,j+lfk - hi.j.k) + 

Ci-1/2,j,k(hi-l,j,k - hi,j,k) + Ci+1/2,j,k(hi+l,j,k - hi.j.k) + 

Ci,j,k-l/2(hi,j,k-l - hi,j,k) + Ci,j,k+1/2(hi,j,k+1 - hi,j,k) -

Ssi,j,k( j i k) ( hi,j,k/ t) (5.4) 

Flow into or out of a cell from an external source is added to or 

subtracted from the righthand side of Equation (5.4) and is of two types: 

flow independent of head in a cell such as well recharge or discharge, or 

flow dependent on the head in a cell such as river leakage or evapotrans-

piration (McDonald and Harbaugh, 1988). 

Block-Centered Flow Package 

The Block-Centered Flow Package computes the conductance components 

of the finite-difference equation. It also computes the terms that 

determine the rate of water to and from storage. The horizontal con

ductance is calculated by Equation (5.3), where hydraulic conductivity is 

the product of transmissivity divided by the saturated thickness of the 

model layer. This approach, combined with a term for vertical leakage 

between layers, allows the model to produce a quasi-three-dimensional 

approximation of groundwater flow. 
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The vertical conductance terms are Incorporated within the model 

using data from an input array which incorporates both thickness and 

vertical hydraulic conductivity in a single term, in addition to using 

horizontal areas calculated from cell dimensions. The term Vcont is used 

as input in the model to account for vertical conductance and is assigned 

for each layer except the bottom. Figure 5.2 shows a situation where 

Vcont is calculated between two nodes located at the midpoints of 

vertically adjacent geohydrologic units and is given by: 

Vcont i, j , k+1/2 -,J' ' Kz i,j,k Kz i,j ,k 
(5.5) 

k+1 

where: 

Vk+1 is the thickness of model layer K+1 (L); 

Kz i,j,k is the vertical hydraulic conductivity of the upper 

layer in cell i,j,k (L/t); and 

Kz i,j,k is the vertical hydraulic conductivity of the lower 

layer in cell i,j,k+l (L/t). 

Basic Package 

The Basic Package handles a number of administrative tasks for the 

model. It reads data on the number of rows, columns, layers, and stress 

periods, on the major options to be used, and on the location of input 

data for those options. It allocates space in computer memory for model 

arrays; it reads data specifying initial and boundary conditions; it reads 
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Figure 5.2. Diagram for Calculation of Vertical Leakance, 
Vcont, Between Two Nodes Located at the Midpoints 
of Vertically Adjacent Geohydrologic Units. 
(McDonald and Harbaugh, 1988). 
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and implements data establishing the discretization of time; it sets up 

the starting head arrays for each time step; it calculates an overall 

water budget; and, finally, it controls model output according to user 

specifications (McDonald and Harbaugh, 1988). 

Well Package 

The Well Package is designed to simulate features such as wells 

which withdraw or add water to or from the aquifer at a specified rate 

during a given stress period. Rate is independent of both the cell area 

and the head in the cell. Wells are assigned locations which include the 

column and row of a specific node to be pumped, in addition to the layer 

where well stress is desired. 

River Package 

Rivers and streams contribute water to the groundwater system or 

drain water from it depending on the head gradient between the stream and 

the groundwater system. The purpose of the river package is to simulate 

the effects of flow between surface water features and groundwater 

systems. 

Figure 5.3 shows a stream divided into reaches so that each reach 

is completely contained in a single cell. Stream aquifer seepage is 

simulated between each reach and the model cell which contains that reach. 

For the purposes of this study, two mechanisms for stream aquifer 

interaction were simulated. Figure 5.4a illustrates the first mechanism 

in which the open water of a stream is separated from the groundwater 
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Figure 5.3. Discretization of a Stream into Reaches. 
(McDonald and Harbaugh, 1988). 
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Figure 5.4. Cross Sections Showing the Relation Between Head at 
the Bottom of the Saturated Layer and Head in the 
Cell. Head in the Cell is Equal to the Water Table 
Elevation. (McDonald and Harbaugh, 1988). 
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system by a layer of low-permeability stream bed material. In this 

system, stream-aquifer interconnection is represented as a simple 

conductance through which one-dimensional flow occurs. Figure 5.4b shows 

this system where head in the cell is lower than the river bottom 

elevation, and an unsaturated zone occurs between the river bottom and the 

water table. Stream bed conductance is given as: 

CRIV - K L W / M (5.6) 

where: 

K is the hydraulic conductivity of the streambed material 

(L/t); 

L is the length of the stream reach in a cell (L); 

W is the width of the stream reach (L); and 

M is the thickness of the streambed layer (L). 

Stream leakage into or out of a cell is then given as: 

QRIV - CRIV (HRIV - h), h > RfiOT (5.7) 

QRIV - CRIV (HRIV - RBOT), h < RBOT 

where: 

QRIV - Flow between the stream and the aquifer (V/t); 

CRIV - Hydraulic conductance of the stream-aquifer connection 

(L2/t); 
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HRIV - Head in the stream (L); 

RBOT — Bottom of the saturated streambed layer (L); and 

h - Head at the node in the underlying stream reach (L). 

In the second stream leakage mechanism, seepage from a stream 

increases as the local water table elevation declines, eventually reaching 

a limiting condition where only a narrow saturated connection exists. 

Figure 5.5 shows that once this limiting condition is reached, further 

lowering of the water table will not increase leakage from the stream, and 

seepage will be independent of further head decline in the aquifer. 

Equation (5.7) describes the leakage for this mechanism where RBOT is 

taken as the aquifer elevation where limiting seepage is expected. Figure 

5.6 shows the leakage through a riverbed into an aquifer as a function of 

head in the aquifer for both stream leakage mechanisms (McDonald and 

Harbaugh, 1988). 

Evapotranspiration Package 

The Evapotranspiration Package simulates the effects of plant 

transpiration and direct evaporation in removing water from the saturated 

groundwater regime. This approach is based upon the following assump

tions: When the water table is at or above a specified elevation, termed 

the "ET Surface", evapotranspiration loss from the water table occurs at 

a maximum rate; when the depth of the water table below the ET surface 

elevation exceeds a specified interval, termed the "extinction depth", 

evapotranspiration from the water table ceases; between these limits, 
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Figure 5.5. Limiting Seepage from a Stream at Unit Hydraulic 
Gradient. (McDonald and Harbaugh, 1988). 
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Figure 5.6. Plot of Flow, QRIV, from a Stream into a Cell 
as a Function of Head, h, for Stream Leakage 
Scenarios 1 and 2. RBOT is the Elevation of 
the Bottom of the Stream bed and Hriv is the 
Head in the Stream. 
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evapotranspiration from the water table varies linearly with water table 

elevation. 

The volumetric rate of evapotranspiration loss from a given cell is 

given as: 

where: 

Ret is the rate of loss per unit surface area of water table 

due to evapotranspiration (L/t); and 

DELR, DELC are the cell length and width (L). 

Figure 5.7 shows a graph of evapotranspiration loss (Qet) versus 

head in a cell. Equation (5.9) describes this process as: 

Qet - Qetm h > hs 

Qet - Ret (DELR) (DE1C) (5.8) 

Qet — 0 h < hs - d (5.9) 

Qet — Qetm (h-(hs-d)/d) (hs - d) < h < hs 

where: 

Qetm is the maximum possible value of evapotranspiration loss 

(L3/t); 

h is the head or water table elevation in a cell (L); 

hs is ET surface elevation (L); and 

d is the extinction depth (L). 
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Figure 5.7. Plot of Volumetric Evapotranspiration, QET, as a 
Function of Head, h, in a Cell where d is the Cutoff 
Depth and hg is the ET Surface Elevation. (McDonald 
and Harbaugh, 1988). 
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General Head Boundary Package 

The function of the General Head Boundary Package is mathematically 

similar to the River and Evapotranspiration packages, in that flow into 

or out of a cell i,j,k from an external source is provided in proportion 

to the difference between the head in the cell hi, j ,k and the head 

assigned to the external source hbi,j,k. A linear relationship between 

flow into the cell and head in the cell is described as follows: 

Qbi,j,k - Cbi,j,k (hbi.j.k - hi,j,k) (5.10) 

where: 

Qbi,j,k is the flow into cell i,j,k for the source (L3/t) ; 

Cbi,j,k is the conductance between the external source and 

cell ij.k (La/t); 

hbi,j,k is the head assigned to the external source (L); and 

hi,j,k is the head in the cell i,j,k (L). 

A graph of Qbi,j,k versus hi,j,k as given by Equation (5.10) is 

shown in Figure 5.8. In contrast to the River and Evapotranspiration 

packages, the General Head Boundary Package provides no limiting value of 

flow to bound the linear function in either direction; as the head 

difference between cell i,j,k and the source increases, flow into or out 

of the cell continues to increase without limit (McDonald and Harbaugh, 

1988). 
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Figure 5.8. Plot of Flow, Qb, from a General-Head Boundary 
Source Into a Cell as a Function of Head, h, in 
the Cell where h. is the Source Head. (McDonald 
and Harbaugh, 1988). 
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Strongly Implicit Procedure Package 

SIP is a method for solving a large system of simultaneous linear 

equations by iteration. Because of the sheer size of these equations, 

only a general discussion of the SIP method is given here. The reader may 

find a more indepth discussion of the SIP method in Chapter 12 of McDonald 

and Harbaugh (1988). 

One equation, similar to Equation (5.4), is written for each cell 

in the finite-difference grid expressing the relationship among heads at 

a node and at each of the six adjacent nodes at the end of a time step. 

Because each equation may involve up to seven unknown values of head, and 

because the set of unknown head values changes from one equation to the 

next through the grid, the equations for the entire grid must be solved 

simultaneously at each time step. The solution consists of one value of 

head for each node, for the end of each time step. 
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CHAPTER 6 

WATER BUDGET 

Introduction 

A water budget for the Upper Santa Cruz River Basin study area was 

formulated for this investigation. In general, the water budget is a 

useful tool in the modeling process to quantify the input and output of 

the system. The water budget for this investigation was used to 

approximate and verify model inputs and to aid in the calibration of model 

parameters. 

Harshbarger (1969) and Aldridge and Brown (1971) formulated a water 

budget including the study area for the year 1965. Based upon their work 

and using my own estimations for certain inputs and outputs to the system, 

a water budget for the year 1965 was formulated. A schematic of the water 

budget for this year can be seen in Figure 6.1. 

The water budget was based upon an average annual condition; that 

is, seasonal fluctuations of inputs and outputs were not considered. 

Inputs to the system included underflow into the model area, mountain 

front recharge, and stream flow infiltration. Outputs from the system 

consisted of underflow from the modeled area, agricultural pumpage, 

miscellaneous use, and use by phreatophytes. 

System Output 

Withdrawal from the system via pumpage for agricultural uses was 

estimated from crop surveys reported by the Arizona Agricultural 
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Statistics Service (1965-1982). These numbers were then checked against 

Harshbarger's (1969) estimates for the study area. 

Tables 6.1 and 6.2 show examples of agricultural pumpage estimates 

for the year 1965. Columns 1 and 2 show the types of crops and the amount 

of each crop grown per year reported by the Arizona Agricultural 

Statistics Service for all of Santa Cruz County. The modeled area 

accounts for approximately 85 percent of the total agricultural output for 

Santa Cruz County. These acreage amounts are then multiplied by the 

consumptive use factors for each crop as reported by Blaney and Criddle 

(1962) and Rait (1988). Column 4 then shows the "crop water need" for the 

specific crop in that year. Adding the values in column 4 gives the total 

"crop water need" for all crops in that year. However, due to inefficien

cies in irrigation methods, excess water must be withdrawn and applied to 

meet total crop water needs. Rait (1988) indicated an average value of 

60 percent irrigation efficiency for the Tucson AMA. This infers that 40 

percent more water must be pumped to meet crop water demands due to losses 

to percolation and evaporation. In the context of this model, losses to 

percolation are just returned to the modeled groundwater system and, 

therefore, never leave and need not be counted as output. 

Ross (1977) reported the soils in the study area as predominately 

sandy to light loam which drain freely and have good water-holding 

capacity. Blaney and Criddle (1962) reported for these types of soils 60 

percent of the water applied reaches the crops, 35 percent is returned to 

deep percolation, and 5 percent is lost to surface runoff and evaporation. 



Table 6.1 Agricultural Pumping Estimates For Santa Cruz 
County, Arizona 1965 

Consumptive Crop 
Use Water 

Acres Factor Need 
Crop Harvested Acre-ft/Acre-yr Acre-ft/yr 

Alfalfa 
Hays 
Barley 
Cotton 
Misc. 

650 
2500 
300 
1074 
400 

X 
X 
X 
X 
X 

4.30 
3.30 
1.90 
3.20 
3.00 

2,795 
8,250 
570 
3,439 
1,200 

Total 
Acres 4,924 

Total Crop 
Water Need 16,254 

Table 6.2 Total Pupmage Required for Model Based Upon 
Total Crop Water Need 1965 

1965 
Pumpage 
For Crops 

5 percent 
Evaporation 
Losses 

Percentage 
In Study 
Area 

Total 
Model 
Pumpage 

16,254 + 815.8 85 14,500 
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Agricultural pumpage for the study area in 1965 becomes total "crop 

water need" plus 5 percent extra for irrigation losses from the model 

(surface runoff and evaporation), times 85 percent to account for the 

amount of acreage grown within the study area (Table 6.2). 

Using the above method for the year 1965, agricultural pumpage 

estimates from crop surveys indicated 14,500 acre/ft-year withdrawn from 

the model. Harshbarger (1969) estimated total withdrawal from the study 

area for crop irrigation to be 21,000 acre/ft. Using a figure of 35 

percent of this total returned to the system via deep percolation, total 

withdrawal of water from the modeled system using Harshbarger's figures 

for crop irrigation is calculated to be 13,650 acre/ft-year. 

Phreatophyte growth was estimated by the Department of Water 

Resources to be approximately 15,000 acre/ft-year in 1988 and by 

Harshbarger (1969) and Aldridge and Brown (1971) to be 4,000 acre/feet-

year. An average value of 9,500 acre/feet-year was chosen as an estimate 

of phreatophyte withdrawal from the model. 

Harshbarger (1969) estimated 500 acre/feet-year as miscellaneous 

withdrawal from the system due to domestic uses. This figure was added 

to the 14,500 acre/feet-year for agricultural uses, combining for a total 

of 15,000 acre/feet-year of water withdrawn from the model due to pumpage 

in 1965. 

Underflow out of the model on the northern boundary was considered 

as the total of underflow into the model on the southern boundary (500 

acre-feet/year), plus 8,100 acre-feet/year of mountain front recharge. 
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Combining the two gave a total of 8,600 acre-feet/year leaving the modeled 

area via underflow. 

System Input 

Infiltration of surface flows in the Santa Cruz River Channel is the 

principal source of recharge water in the modeled area. It is assumed 

that all water withdrawn by way of pumping activity and phreatophyte use 

is replenished by infiltration of stream flow, with the remainder of 

stream flow leaving the study area as surface flow. Surface flow is made 

up of natural flows, due to precipitation, and anthropogenic sources, due 

to releases by the IWWTP on the southern boundary of the study area. 

Total infiltration into the model from the river is the sum of 

agricultural and miscellaneous pumpage (15,000 acre/feet-year) plus 

phreatophyte uses (9,500 acre/feet-year). A figure of 24,500 acre/feet-

year was assigned to river leakage for the water budget. 

Annual mountain front recharge was reported by Osterkamp (1973) as 

200-400 acre-feet/mile on the eastern margin of the study area and 100-

200 acre-feet/mile on the western margin of the study area. Average 

figures of 300 acre-feet/mile and 150 acre-feet/mile were assumed. Based 

upon these averages, a total of 8,100 acre-feet/year was calculated for 

the water budget. Mountain front recharge was considered to be added to 

the model at great depths and, as such, was considered to be leaving the 

study area as sub flow on the northern boundary. 

Underflow into the modeled area is not well known; however, Aldridge 

and Brown (1971) and Harshbarger (1969) estimated a figure of 500 

acre/feet-year of underflow based upon their water budget estimates. 
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CHAPTER 7 

MODEL STRATEGY AND CONCEPTUALIZATION 

Introduction 

In order to produce a meaningful simulation of the groundwater 

conditions in the Upper Santa Cruz River Basin, it is important to relate 

the known hydrological data of the system with that required for the 

groundwater flow model. A groundwater flow model uses certain assumptions 

to predict groundwater conditions based upon the equations and relation

ships of flow in the model. The modeler must be aware of these relation

ships and how data are to be prepared and introduced into the model if the 

modeling process is to be successful. The modeler hopes to have a 

complete set of data to satisfy model requirements; however, some 

assumptions of the actual groundwater system may need to be made. In this 

investigation, assumptions and approximations were made at times when data 

were limited and relationships in the system were not altogether clear. 

This modeler attempted to "replicate" the actual system in the context of 

the model and, where assumptions or estimation of data were made, every 

attempt was undertaken to describe and justify these approximations. 

Model Layering 

As was described earlier, the Upper Santa Cruz River Basin is 

divided into two water-bearing units, the Older and Younger Alluvium. 

These two units are considered as two separate layers for modeling 

purposes, with flow between them controlled by the Vcont term in MOD FLOW. 

The Younger Alluvium (layer 1) overlies the Older Alluvium (layer 2) and 
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was assigned an average thickness of 100 feet relative to the average 

ground surface in the nodes of occurrence. The Older Alluvium layer 

underlies the Younger Alluvium layer in all nodes where the Younger 

Alluvium occurs; elsewhere, the Older Alluvium is considered to extend to 

the ground surface. Based upon work by Cooly (1973), the water-bearing 

thickness of the Older alluvium is varied, with the east, west, and south 

margins being the shallowest at approximately 300-400 feet and the north 

central area being the deepest at approximately 900-1,000 feet. 

Finite-Difference Grid 

The finite-difference grid for the groundwater flow model can be 

seen in Figure 7.1. Because of the north/south trend of the Santa Cruz 

River Basin, the grid was laid out in a rectangular fashion, with the 

longest north/south dimension being 18 miles long (18 blocks at 5280 feet 

each) and the shorter east/west dimension being 12 miles wide (24 blocks 

at 2,640 feet each). The entire grid comprises 432 nodes with 55 active 

in the layer 1 and 238 active nodes in layer 2. Nodes outside the modeled 

area are considered inactive and do not contribute in any way to the 

modeling results. 

Aquifer Hvdrologic Parameters 

The Younger Alluvium (layer 1) behaves as an unconfined aquifer. 

The aquifer parameters used to model an unconfined aquifer are hydraulic 

conductivity and specific yield. Halpenny (1964) and Putman and Turner 

(1983) reported transmissivity values in the range of 30,000 to 78,000 
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Cruz River Basin Study Area. 
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ft2/day. An estimate of 42,300 ft2/day was used as an initial value of 

transmissivity for the model based upon average values reported by 

Halpenny (1964). Hydraulic conductivity for layer 1 was then computed as: 

K - T/b (7.1) 

where: 

T - transmissivity (L2/t) ; and 

b - saturated thickness of the layer (L). 

The saturated thickness of layer 1 was computed as: 

b - WTE - (GSE - 100) (7.2) 

where: 

WTE - water table elevation in a particular node (L); and 

GSE - ground elevation of a particular node (L). 

Using Equations (7.1) and (7.2), initial estimates of hydraulic 

conductivity for layer 1 ranged from 400-900 ft/day. Halpenny (1964) 

reported vertical conductivities to be 10 percent of horizontal values and 

specific yields ranging from 14-20 percent, while Harshbarger (1969) 

reported specific yields in the range of 15-17 percent. A value of 17 

percent was chosen as an initial value of specific yield for layer 1. 
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The Older Alluvium was designated as a confined/unconfined system 

requiring inputs of transmissivity, hydraulic conductivity, specific 

yield, and storage coefficient. Halpenny (1988) and Woodward-Clyde 

Consultants (1987) reported transmissivity values ranging from 1,300 

ft2/day to 3,000 fts/day. An estimate of 1,738 ft2/day was used as an 

initial value of transmissivity for the model based upon average values 

reported by Halpenny (1988). Hydraulic conductivity for layer 2, in areas 

where layer 1 was not present, was calculated using equation (1) where 

saturated thickness is given as: 

b - WTE - Botl2 (7.3) 

where: 

WTE - water table elevation at a particular node; and 

Botl2 - elevation of bottom of layer 2. 

In areas where layer 1 overlies layer 2, saturated thickness is given as: 

b - Botll - Botl2 (7.4) 

where: 

Botll - elevation of bottom of layer 1. 

Using Equations (7.1), (7.2), and (7.3), initial hydraulic 

conductivities for layer 2 ranged from 1.5 to 9.0 ft/day, with vertical 
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conductivities being 10 percent of the horizontal values. Harshbarger 

(1969) and Woodward-Clyde Consultants (1987) estimated specific yields of 

4-10 percent for layer 2. An average value of 7 percent was used as an 

initial value of specific yield for layer 2. Initial storage coefficients 

for areas where layer 2 is modeled as a confined aquifer were estimated 

at 0.001. 

River Leakage 

River leakage is simulated in the M0DFL0W model for a subset of the 

grid nodes designated as river reaches. The model assumes that the 

conditions of flow in a river reach do not vary significantly during a 

given stress period; for example, the stream does not go dry or overflow 

its banks. This can prove to be a problem in a desert river system where 

seasonal fluctuations in precipitation cause rivers to flow ephemerally. 

The Upper Santa Cruz River is considered an ephemeral river in some of its 

reaches in the modeled area. Therefore, a manipulation must be performed 

where the river is considered perennial in all of its reaches with a very 

low flow. This can be accounted for if the modeler considers river flow 

on an average annual basis. This approximation is valid for this study 

because changes in the groundwater system of less than a year were not 

simulated. 

Currently, the United States Geological Survey is preparing a desert 

stream package for MODFLOW which will simulate ephemeral river flows due 

to seasonal precipitation fluctuations. If and when this package becomes 
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available, it could be incorporated into this model, with modifications, 

to simulate seasonal fluctuations in stream flow and groundwater levels. 

A river leakage process occurs between the Upper Santa Cruz River 

and the Younger Alluvium; however, the exact nature of this river leakage 

process in the study area is not known. Two modeling approaches were 

undertaken to better understand the process of river leakage to layer 1. 

The first approach is illustrated in Figures 5.4a and 5.4b. A 

stream node is considered to have a discrete stream bed layer and is 

either hydraulically "connected" or "disconnected", depending on the 

elevation of the surrounding water table. Figure 5.4a illustrates a 

connected process where the head in the water table is equal or greater 

than the head in the stream. In this case, head at the bottom of the 

stream bed becomes equal to the head in the cell of the surrounding water 

table, and flow into or out or the cell is a function of the conductance 

of the stream bed layer, the water table head, and the head of the stream 

in that cell. 

Figure 5.4b illustrates a disconnected process where the head at the 

bottom of the stream bed is equal to the elevation of the bottom of the 

stream bed layer. In this case, an unsaturated interval occurs between 

the bottom of the stream bed layer and the water table in the cell. Flow 

into the cell from the stream then becomes constant and is simply a 

function of the head in the stream and the conductance of the stream bed. 

Stream bed conductance (CRIV) is given by Equation (5.6) which 

considers length, width, thickness, and hydraulic conductivity of the 

stream bed. In general, the hydraulic conductivity of the stream bed in 
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this connected/disconnected case is governed by a semipervious stream bed 

or clogging layer and may be one to three orders of magnitude lower than 

the horizontal conductivity of the surrounding aquifer. This low-

permeability silt and clay layer tends to impede infiltration rates in 

loosing streams and may contribute to the creation of a hydraulically 

disconnected waterway (Peterson 1984). 

For this model, streambed conductance was not well known, and a 

further study of streambed characteristics for the Santa Cruz River would 

be beneficial to the better understanding of stream bed conductance in the 

study area. In attempting to simulate stream leakage for this first 

scenario, an effort was made to approximate initial values of conductance 

through a "pre-calibration" outside of the actual model. 

As was shown in the Water Budget Chapter of this report, an amount 

of river leakage for the year 1965 was known. Based upon this quantity, 

it was possible to back out a value for stream bed conductance. Equation 

5.7 given by McDonald and Harbaugh (1988) was input into a spreadsheet. 

Using the known water table elevation for 1965, assuming a value of 2 ft 

of constant river stage for each node, and knowing the value of river 

leakage desired, conductances were varied until the desired leakage was 

obtained. Using this method, an initial stream bed conductance of 17,000 

ft2/day was calculated. 

Average desert river bed values of 100 ft for width and 10 ft for 

river bed thickness were assumed. A length of 5,280 ft (one cell length) 

and a conductance of 17,000 ft2/day produced a vertical hydraulic conduc

tivity for the river bed of 0.322 ft/day. This value of vertical 
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hydraulic conductivity of the streambed layer is three orders of magnitude 

lower than the horizontal conductivity for the alluvial aquifer. 

The second modeling approach uses the same river leakage Equation 

(5.7); however, the conceptualization of the leakage process is a 

variation on the previously described approach. 

In this second approach, river leakage is far more dependent on 

aquifer head. Previous studies of the Upper Santa Cruz River in the study 

area suggest that seepage from the river increases as the local water 

table elevation declines, but will reach the limiting condition as 

described in Chapter 5. 

During this second modeling approach, the river bottom term (RBOT) 

was chosen as 40 feet below land surface in the river nodes. Using the 

same "pre-calibration" method as described previously, a stream bed 

conductance was found from known 1965 water levels, a constant 2 ft river 

stage, and desired river leakage. An initial river bed conductance value 

of 4,900 ft2/day was calculated. Again, assuming a 100-foot river width, 

a 5280-foot length, and a 40-foot river bed thickness, a vertical 

hydraulic conductivity of .380 ft/day was found. 

Because the river bed is so thick in this second scenario, the 

vertical hydraulic conductivity of the river bed should be essentially 

that of the aquifer; however, the river bed vertical hydraulic conduc

tivity is two orders of magnitude lower than the reported values of 

Halpenny (1964). This is probably due to the fact that the model is 

simulating average annual conditions; that is, a constant small flow over 

the entire year. Actual conditions indicate that, when the river flows 
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due to storm events, there is rapid infiltration of storm runoff 

(indicating a large vertical conductivity). Thus, the average annual 

condition produces constant leakage at low rates, while actual conditions 

indicate fluctuating leakage at very high rates. Rate control for river 

leakage in the model is directly controlled by river bed conductance and 

in turn vertical hydraulic conductivity of the river bed. Therefore, to 

simulate average annual conditions for this scenario, stream bed vertical 

conductivity must be artificially low to retard flow. 

Actual conditions indicate that a combination of the two modeling 

scenarios is probably influencing river leakage in the study area; at some 

locations, river leakage is being affected by water table elevations while 

at others, river leakage is behaving as a "disconnected" process with a 

discrete low-permeability stream bed layer. The two scenarios for river 

leakage were undertaken during the modeling processes to find out which 

one was the better fit for the entire flow system. 

Evapotranspiration 

In general, phreatophyte growth in the Upper Santa Cruz River Basin 

is limited to the inner valley sections of the study area where depths to 

water from the land surface can support their growth. Evapotranspiration 

was simulated in all nodes where the younger alluvium layer 1 was present 

and was always drawn from this layer. 

Although phreatophyte growth is undoubtedly more prolific in areas 

directly adjacent to the river channel, all nodes containing the younger 

alluvial unit were initially assigned the same values for evapotranspira-
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tion due to a lack of information on the aerial distribution of growth. 

Predominate phreatophyte plant types were reported by Harshbarger 

(1969), Putman and Turner (1983), and Halpenny (1988) as Cottonwood and 

Mesquite and, to a lesser extent, Willow. The evapotranspiration rate for 

model input was based on work by Gatewood (1950) in the Safford Valley. 

He reported an evapotranspiration rate of .0080 ft/day for Cottonwood and 

Mesquite based upon an annual study in the Safford Valley assuming 100% 

growth density. Harshbarger (1969) estimated a total coverage of 

approximately 20% in the model area and, based upon this, a value of .0016 

ft/day was assigned for the evapotranspiration rate per node. 

Evapotranspiration from phreatophyte growth is directly linked to 

water table elevation. As such, MODFLOW requires certain evapotranspira

tion inputs to the model to take into account the water table elevation. 

These inputs include extinction depth and evapotranspiration surface. 

The evapotranspiration surface was considered to be the average land 

surface elevation of a node as recommended by McDonald and Harbaugh 

(1988). Harshbarger (1969) estimated that, at water table depths of 20 

feet or less below land surface, Cottonwood and Mesquite growth flourishes 

and, once established, will survive at water table depths of up to 50 

feet. For model input, an extinction depth for phreatophyte growth was 

set at 40 feet below land surface. 

Pumping Demands 

Water demands in the modeled area due to pumpage come almost 

exclusively from agricultural users. Pumpage estimates were, therefore, 
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based almost entirely upon agricultural demands with a small amount added 

on to account for miscellaneous uses. 

Pumpage in the study area is limited to numerous small wells tapping 

the Younger Alluvium layer 1. Because the exact numbers or use from each 

well is not known for the modeled area, total estimated pumpage described 

in the Water Budget Chapter for each year was divided up between all of 

the layer one nodes. Each node was then pumped at the same constant rate. 

Mountain Front Recharge 

Mountain front recharge contributes water exclusively to the Older 

Alluvium (layer 2) . Because of the lack of good head control on the east 

and west margins of the modeled area, it was decided to forego constant 

head nodes here and instead simulate mountain front recharge using 

recharging wells to layer 2. Initial rates of recharge per node were 

calculated from values of mountain front recharge reported in the Water 

Budget Chapter and were assigned rates of 17,900 ft3/day for the nodes on 

the western boundary and 35,000 ft3/day for nodes on the eastern boundary. 

Mountain front recharge was assumed to be equal and constant from year to 

year. 
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CHAPTER 8 

STEADY-STATE ANALYSIS 

Introduction 

The purpose of the steady-state analysis is to calibrate aquifer 

parameters for the modeled system and produce an initial head configura

tion for input into a transient analysis. Calibration consists of 

adjusting the aquifer parameters and adjusting certain inflows and 

outflows of the system to match the known water levels and water budget 

for a certain period. 

A system is considered to be in steady state*if water levels, water 

budgets, and stresses show no significant trends or changes over a period 

previous to the time when the steady-state analysis is to be performed. 

For this model, the year 1965 was considered for steady-state analysis. 

Selected well hydrographs scattered throughout the study area for 

the period 1955-1965 are contained in Appendix A. These hydrographs show 

no trends in water levels, indicating that the groundwater flow system is 

in a quasi-steady-state configuration. There may be years where water 

levels have fallen, but these are balanced by wet years when water levels 

rise. The steady-state calibration process was conducted in two stages. 

In the first stage, nodes on the southern model boundary row 18 (inflow) 

and on the northern model boundary row 1 (outflow) were set to constant 

head. Aquifer parameters and certain water budget terms were adjusted to 

match the known 1965 head and water budget data by trial and error. The 

second stage steady-state run consisted of replacing the constant head 

nodes with variable head constant flux nodes. 
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Steady-State Calibration 

Initial head configurations for the year 1965 were used in the 

MODFLOW model developed from the hydraulic head data and water level maps 

reported in Harshbarger (1969), Matlock, Shwalen, and Shaw (1965), and 

United States Geological Survey water level data, and were used to produce 

the initial head configuration shown in Figures 8.1 and 8.2. Data for the 

Younger Alluvium (layer 1) were quite good, and the head configuration in 

this layer is considered quite accurate. Data for the Older Alluvium 

(layer 2) were also considered good in areas near the center of the study 

area. Near the margins of the modeled area, layer 2 water level data are 

inadequate or non-existent, and future investigations of water levels in 

these areas are needed. In areas of inadequate water level data, contour 

lines of equal head from known data were extended to the margins of the 

modeled area. It is the opinion of the author that head gradients near 

these margins are probably steeper than actually shown; however, without 

actual data to support this hypothesis, it was thought that the non

radical extension of known head contours was the most reasonable approach 

to approximate initial head configurations in these regions. 

Model inputs for the steady-state analysis are those described as 

"initial" values in Chapter 7 of this report. Certain water budget 

parameter values were not adjusted in the steady-state model calibration. 

These parameters included pumpage from the model and mountain front 

recharge. 

Pumpage values for the year 1965 were set to a constant rate of 

42,622 ftJ/day for every node in layer 1 based upon the values derived in 
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Figure 8.2. 1965 Observed and Calibrated Steady-State Water 
Levels Layer 2, Upper Santa Cruz River Basin 
Study Area. 
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the water budget section. Mountain front recharge was simulated using 

recharging wells into the boundary nodes on the eastern and western 

margins, essentially creating constant flux margins. Mountain front 

recharge was spread 4 nodes deep on each margin to more effectively 

simulate the actual processes of deep percolation of mountain front 

recharge water to layer 2. Rates of recharge were assigned a value of 

4,475 ft3/day per node on the western margin and 8,750 ft3/day on the 

eastern margin. 

River leakage was simulated using the two differing mechanisms as 

described in Chapters 5 and 7. Stream bed conductances were varied during 

the calibration processes to produce the desired amount of leakage 

calculated from the water budget. 

The evapotranspiration rate was varied to produce the desired amount 

of evapotranspiration calculated from the water budget. The evapotrans-

piration rate was considered to be derived from a good foundation of data 

and, therefore, an effort was made to adjust these rates as little as 

possible and to keep them relatively constant between nodes. 

The aquifer parameter hydraulic conductivity was also adjusted 

during the steady-state calibration. While adjusting hydraulic conduc

tivity, an effort was made to stay within the limits of values reported 

in the Hydrology Chapter of this report. 

Steady-State Results 

Two steady-state models were run with each being identical except 

for the differing river leakage mechanisms as described in Chapter 7. 
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Each steady-state model run was a two-stage process. In the first stage, 

the trial and error adjustments were made to produce a calibrated head and 

water budget utilizing constant head nodes at the south (inflow) boundary 

and north (outflow) boundary. In the second stage, these boundaries were 

changed to variable head constant flux. Model output from the first stage 

produced flux terms for each node on the boundary; these fluxes were then 

simulated using wells on the boundary for the second stage. Minor 

redistribution of flux between nodes was made on these boundaries, but the 

total amount of inflow and outflow remained equal to that produced by the 

model with constant head boundaries. 

A goodness-of-fit was determined from the absolute difference of 

final computed heads and the starting values. Negative head difference 

values indicated a higher simulated water table than the known initial 

values, while positive head difference values indicate a simulated water 

table which was lower than the initial known values. The trial-and-error 

process of adjusting hydraulic conductivity and water budget terms was 

continued until there was a maximum absolute difference of less then 15 

feet. Figures 8.1 and 8.2 show the initial and final water level contours 

in layers 1 and 2 for both steady-state constant flux boundary model runs 

for the year 1965. 

In general, the head difference at a majority of the nodes was much 

less than the goodness-of-fit criteria of 15 feet. In the Younger 

Alluvium (layer 1), 93 percent of the nodes had an absolute head 

difference of less then 10 feet, and 60 percent were less then 5 feet. 

The maximum absolute head difference in layer 1 was 14.77 feet, while the 
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minimum absolute head difference was 0.13 feet. In the Older Alluvium 

(layer 2) , 82 percent of the nodes had an absolute head difference of less 

than 10 feet, and 42 percent were less then 5 feet. A majority of the 

nodes with a head difference of greater then 10 feet occurred on the 

margins of layer 2, where initial water levels were not well known. 

Initially, hydraulic conductivities in layers 1 and 2 were adjusted 

to produce the desired goodness-of-fit. Adjustments of hydraulic 

conductivity resulted in only minor changes to the final head distribu

tions as compared to water budget manipulations. Hydraulic conductivities 

on the margins of layer 2 were raised to help simulate the water-level 

conditions on these margins. With a better understanding of the actual 

water levels on these margins, a somewhat revised distribution of 

hydraulic conductivity would be expected. 

As an additional tool for aiding in calibration, water budgets 

produced by the model were compared to those formulated by the author for 

the study area. Table 8.1 shows the comparison of these water budgets. 

The two water budgets compare quite well including total evapotranspira

tion and river leakage for both steady-state scenarios. Underflow into 

the model was higher than expected from water budgets developed by 

Harshbarger (1969), while underflow out of the model equaled underflow 

into the model plus that amount added to the model by mountain front 

recharge. While the model produced higher than expected inflow numbers, 

outflow reacted exactly as expected, given the greater inflow values. 

River bed conductance values were varied in addition to small 

changes in the evapo transpiration rate to produce the desired water budget 



Table 8.1 Steady State Hater Budget Comparisons; 
Conceptualized Versus Model Generated 
for River Leakage Scenarios 1 and 2 
(Acre-feet/year) 

Inflow 

Conceputalized 
Budget 

Model Generated 
Scenario 1 Scenario 2 

Underflow 

Stream 
Leakage 

500 

24,500 

6,332 

23,627 

6,330 

23,966 

Mountian 
Front 
Recharge 8,100 8,100 8,100 

Total 
Inflow 33,100 38,059 38,396 

Outflow 

Underflow 8,600 13,857 14,203 

Pumpage 15,000 15,000 15,000 

Evapo- 9,500 9,202 9,200 
Transpiration 

Total 
Outflow 33,100 38,059 38,403 

Inflow 
Minus 
Outflow 00 00 -7.0 
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and head configurations. Initial values of river bed conductances were 

17,000 ft2/day and 4,900 ft2/day for the first and second river leakage 

approaches, respectively. Final calibrated values of river bed conduct

ances for the first river leakage approach ranged from 5,000 fta/day to 

23,000 ft3/<lay» while values for the second river leakage approach ranged 

from 4,900 fta/day to 9,000 ft2/day. 

The initial evapotranspiration rate of .0016 ft/day was varied 

during model calibration. The final values for the evapotranspiration 

rate ranged from .001 ft/day to .0019 ft/day, indicating densities of 

phreatophyte growth to be slightly lower then originally estimated. 
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CHAPTER 9 

TRANSIENT ANALYSIS 

Introduction 

The purpose of the transient analysis is to verify the model 

response against known data over a period of time in which stresses to the 

model area are changing. A calibration is performed during the transient 

analysis period by varying the storage terms and boundary conditions of 

the model. Once a transient calibration is completed, the model may be 

applied to a study area in order make predictions on the response of the 

hydrologic system to future stresses. 

For this analysis, the period 1965-1980 was chosen as the transient 

verification/calibration time frame. The starting year, 1965, had been 

calibrated in steady state with the resulting model produced heads serving 

as the initial heads in the transient run. Each year between 1965 and 

1980 was considered one stress period, giving a total of 16 periods for 

the entire man. Pumping stresses were varied for each stress period based 

upon the agricultural and miscellaneous water demands calculated for each 

year. Both river leakage scenarios were run through the transient 

analysis with identical inputs, except for the differing river leakage 

processes. 

Transient Calibration 

The transient calibration consisted of running the model over the 

entire time period and then comparing model-generated water levels and 

trends to those reported for certain wells in the study area (Appendix B). 
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Initially, the constant flux boundaries for the steady-state model 

were imposed for the transient run during each stress period. Initial 

parameters representing storage were chosen from those values reported in 

Chapter 4. Specific yield was assigned a value of .17 and .07 for the 

Younger Alluvium (layer 1) and the Older Alluvium (layer 2) , respectively. 

The confined storage coefficient for layer 2 was assigned a value of .001 

based on values reported by Halpenny (1964). Variations of the storage 

terms within the reported ranges resulted in only minor changes in model-

reported head distributions. 

After the initial run, water levels on the north outflow boundary 

were much higher than observed levels. It was decided that, due to 

pumping effects north of the study area, a general head boundary would be 

imposed on the outflow boundary allowing for variable fluxes. A value of 

head 50 feet less than the head at the model boundary was assigned as the 

general head boundary based on known water levels 2 miles north of the 

model boundary. Using a value of flux from the steady-state run and the 

water levels on the model boundary in 1965, a conductance term for each 

cell was calculated from Equation (5.10). Increasing water level declines 

north of the study area during the transient period necessitated the 

lowering of the general head boundary water levels during the simulation. 

Heads were lowered an additional 7 feet for the 1971-1975 period and again 

for the 1976-1980 period. 

Effluent discharges from the IWWTP near the southern model boundary 

have continually increased during the period 1965-1980. To account for 
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these increases, river stages were raised by 1 foot during the 1965-1970, 

1971-1975, and 1976-1980 periods in all river reaches. 

Pumping demands for each year were calculated for agricultural and 

miscellaneous uses and can be seen in Table 9.1. Miscellaneous uses 

estimated by Harshbarger (1969) were increased 250 acre/feet-year for the 

period 1971-1976 and again during the 1976-1980 period to account for 

small increases in population growth. 

Transient Analysis Results 

Well hydrographs shown in Appendix B list observed water level data 

reported by the United States Geological Survey versus those generated by 

model. Every attempt was made to report observed versus model-generated 

data as consistently as possible both temporally and spatially. However, 

due to the sporadic nature of the observed data, certain locations and 

periods of time have less data than others. The model-generated heads 

consistently showed the same trends and were within 10 feet of observed 

water levels throughout the study area. 

In general, there has been a recovery of the water table throughout 

the study area due to decreased agricultural demands and increased 

effluent releases. Areas in the northern part of the study area showed 

smaller increases in the water table over time due to increased pumping 

demands outside the study area to the north. Observed data from Well # 

2 hydrograph on the northern boundary showed the only declining trend in 

water levels throughout the model area, with leakage scenario 2 following 

this trend to a lesser degree. This trend is probably due to the overall 



Table 9.1 Pumping Demands (Agricultural and Miscellaneous) 
For Years 1965 - 1980 (Acre-ft/Year) 

Year Miscellaneous Agricultrual Total 
Pumpage Pumpage Pumpage 

1965 500 14.500 15,000 
1966 500 12,307 12,807 
1967 500 10,210 10,710 
1968 500 8,202 8,702 
1969 500 8,594 9,094 
1970 500 10,103 10,603 
1971 750 11,022 11,772 
1972 750 8,737 9,487 
1973 750 8,532 9,282 
1974 750 8,940 9,690 
1975 750 7,978 8,728 
1976 1000 6,417 7,417 
1977 1000 10,576 11,576 
1978 1000 9,781 10,781 
1979 1000 8,005 9,005 
1980 1000 8,907 9,907 
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lowering of the water table north of the study area combined with unknown 

localized stresses. 

Appendix C shows that river leakage scenario 1 water levels were 

consistently higher than those generated for scenario 2 throughout the 

study area. This result was to be expected due to greater dependence on 

aquifer head driving leakage in scenario 2 in combination with a rise in 

the water table. Both leakage scenarios showed good correlation with the 

observed water level trends, indicating that the river leakage process is 

probably a combination of both mechanisms. 



CHAPTER 10 

SUMMARY AND CONCLUSIONS 

There were two phases to the hydrologic study in this report. The 

first phase described the current geologic, hydrologic, and water quality 

conditions in the study area. In the second phase, a water budget and 

flow model were developed and verified based upon historic data. Model 

results were compared against data for a certain period of time in order 

to assess the model's ability to reproduce the known hydrologic condi

tions . 

Groundwater in the Santa Cruz River Basin study area occurs in the 

basin fill and stream bed alluvium comprising two distinct units underlain 

by impermeable bedrock. The basin fill, or Older Alluvium, is of lower 

permeability and larger areal extent than the overlying stream bed 

alluvium, or Younger Alluvium. The water-bearing portion of the Older 

Alluvium ranges from 0 to 1,000 feet thick and covers the entire basin to 

the margins where it contacts the impermeable bedrock. The Younger 

Alluvium occurs in the axis of the basin and is approximately 1.5 miles 

wide and 100 feet thick. A majority of the wells in the study area draw 

water from this Younger Alluvium. Both the Younger and Older Alluvial 

units contain groundwater under unconfined conditions. 

The Santa Cruz River is the main conduit of surface water in the 

study area, with flow derived from storm runoff, IWWTP effluent releases, 

and base flow contributions. The Santa Cruz River is considered to be 

perennial in the southern portions of the study area and ephemeral in the 

northern portions. Since the mid-1950s, declining agricultural develop
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ment and increased IWWTP effluent releases have moved the perennial 

reaches of the river farther north in the study area. 

Groundwater is recharged to the Younger Alluvium by seepage from the 

Santa Cruz River and to the Older Alluvium by deep percolation of mountain 

front recharge. The two formations are in hydraulic connection, with a 

small quantity of water transferred from the Older to the Younger 

Alluvium. Seepage from the Santa Cruz River to the Younger Alluvium is 

the principal source of recharge to this unit, with leakage rates 

influenced to some degree by water table elevations. 

Groundwater and surface water in the study area has been of good 

quality historically. Past and future effluent releases from the Nogales 

IWWTP near Rio Rico have raised concerns about water quality in the study 

area. In general, effluent releases from the IWWTP are of excellent 

quality. Schmidt (1988) reported a small presence of nitrogen forms, 

1,1,1-TCA, and increased salinity in the stream flow as a direct result 

of IWWTP releases and concluded that these constituents are not considered 

adverse from the view point of groundwater quality. 

Shallow groundwater near the lagoons at the plant is of excellent 

quality, with inorganic and organic chemical constituents either non-

detectable or well below their respective MCLs (Maximum Contaminant 

Levels) for drinking water. Schmidt (1988) projected that additional 

releases from the plant of 5,000 acre-feet/year due to expansion will have 

no adverse impact on groundwater quality in the area. 

The Finite-Difference Three-Dimensional Groundwater Flow Model 

(MODFLOW) by McDonald and Harbaugh (1988) was used to simulate the 
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hydrologic conditions in the study area. MODFLOW uses a finite-difference 

method to obtain an approximate solution to the groundwater flow equation. 

Because of the model's modular construction, the user selects desired 

modules depending on the modeling objectives. For this study, the Basic, 

Block-Centered Flow, River, Well, Evapotranspiration, General Head 

Boundary, and Strongly Implicit procedures were chosen. 

A water budget for the study area was formulated in order to 

approximate and verify model inputs and to aid in the calibration of model 

parameters. The water budget was based upon the average annual conditions 

for the year 1965. Output from the system included pumpage, phreatophyte 

uses, and underflow from the northern model boundary. Agricultural 

pumpage was estimated from crop reports and consumptive use factors for 

certain crops. Pumpage estimates were then calculated for each year 

showing a decline from the period 1965-1980. Miscellaneous pumpage for 

domestic uses was added to the agricultural pumpage giving a total 

withdrawal for each year. System inputs included leakage from the Santa 

Cruz River surface flows, mountain front recharge, and underflow on the 

southern model boundary. 

A conceptual model of the hydrologic system in the study area was 

formulated in order to better understand the actual system and to aid in 

the computer modeling strategy. A finite-difference grid was constructed 

for the study area involving a two-layer system for the Younger and Older 

Alluvia. Hydraulic parameters for the computer model were estimated from 

the average of reported values for these layers in the study area. 
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Two river leakage processes were conceptualized for the system. The 

first process involves a discrete stream bed layer in which river leakage 

is considered disconnected from the aquifer, except when the water table 

elevations are near the surface. In the second process, river leakage is 

affected to a greater degree by the water table elevation. In these 

processes, the river bottom is not considered as a discrete layer, and the 

river bottom is taken much deeper into the aquifer. Actual conditions 

indicate a combination of the two processes, and each was simulated in 

order to test model response for each scenario. 

Evapotranspiration was estimated from reported values and from 

calculations involving water use factors, evapotranspiration rates, and 

extinction depths for various plants found in the study area, density of 

growth, and water table elevations. Mountain front recharge was simulated 

with recharging wells to the Older Alluvium and held constant throughout 

the simulations. 

A steady-state analysis of the system for the year 1965 was 

undertaken in order to calibrate aquifer parameters and produce an initial 

head configuration for the transient analysis. Well hydrographs showed 

the system to be in a quasi-steady state for the period 1955-1965. A 

known head configuration and water budget for the year 1965 was used to 

calibrate aquifer parameters, river leakage, and evapotranspiration rates. 

Head data for the margins of the study area in layer 2 were not available 

and were estimated by extending known water level contours. 

Two steady-state model runs were calibrated with each being 

identical except for the differing river leakage processes. Each steady-
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state model run was a two-stage process; the first with constant head 

boundaries and the second with constant flux boundaries. Constant flux 

boundaries were simulated using wells on the north and south boundaries, 

with recharging or discharging rates determined by the model from the 

constant head runs. The model was considered calibrated for steady state 

when a goodness-of-fit of +/- 15 feet between the known head and model 

produced head configuration was achieved. In general, the calibrated 

model produced a goodness-of-fit of much less then +/- 15 feet. In areas 

of good water-level control, the model produced heads quite close to 

observed values, with the greatest head differences at the margins where 

initial heads were estimated. 

The known water budget for the study area compared quite favorably 

to the model-produced water budget. River bed conductances were varied 

in each scenario to produce the desired leakage into the aquifer. 

Evapotranspiration rates for the final calibrated model were slightly 

lower than initial estimates, indicating lower densities of growth for the 

study area than were first estimated. 

A transient analysis was performed in order to verify the model 

response over a known period time in which stresses to the system were 

changing. The period 1965-1980 was chosen as the verification period 

using both river leakage scenarios. The model produced head configura

tions and boundary fluxes from the steady-state run were used as the 

initial input into the model for the transient analysis. Pumpage for each 

year was varied according to the various crop and miscellaneous demands. 
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River stage was increased throughout the period to account for increasing 

IWWTP effluent releases south of the study area. 

After the initial transient run, it was found that groundwater flux 

out of the study area needed to be increased due to increasing water table 

declines north of the study area. A general head boundary was constructed 

for the northern model boundary replacing the previous constant flux 

boundary. The gradient for the general head boundary was increased to 

account for continual water level declines north of the modeled area. 

Observed water levels throughout the study area showed an overall 

increasing trend which was duplicated by both transient analysis runs. 

The model-produced water levels showed an almost constant increase in 

water levels, while observed data tended to have minor fluctuations of 

increase and decrease. These fluctuations are probably the cause of 

localized stresses not accounted for in this type of regional model. 

The general trend of increasing water levels is due to the 

combination of decreased agricultural demand and increased IWWTP effluent 

releases. In regions north of the model area, water levels are contin

ually decreasing due to increased pumping demands. These decreasing water 

levels are affecting the water levels on the northern boundary of the 

study area where water level increases are not as pronounced, and even 

falling in some locations, with respect to the rest of the modeled area. 

Both river leakage scenarios produced trends similar to observed 

data, with the some locations giving a better fit than others for each 

scenario. In general, the discrete stream bed processes produced higher 

water-level configurations than did the processes where leakage was driven 
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by water table elevation. These results indicate that river leakage in 

the modeled area is a combination of both scenarios. However, if the 

water table were to continue rising, both scenarios would eventually yield 

the same quantity of leakage to the aquifer. 

In general, the model-produced water levels and trends show good 

correlation with the observed data. More water level data are needed on 

the east and west model boundaries to better simulate the actual 

conditions in this area. It is the opinion of the author that this model 

could be used to predict the effects of future stresses to the system on 

an annualized bases in those areas where good control of water-level 

elevation is known. 

Recommendations 

This study was based upon data and reports available to the author 

who made every attempt to locate all pertinent references related to the 

study area at the time of authorship. During the course of the study, no 

new field data were collected or reports released. The results of the 

modeling process and the hydrologic assessment are then subject to update 

as new information on the region becomes available. 

The computer model developed for this investigation is a powerful 

tool to the better understanding of the dynamics of the hydrologic system 

in the study area. The model may be used as a guide to better inform one 

on what additional types of data are needed and where one may focus 

efforts in followup field investigations and modeling efforts. 
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The conceptualized water budget in this report assumed sub-flow into 

and out of the system as reported by Harshbarger (1969). His reported 

values of 500 Acre-feet/year into the study area on its southern boundary 

conflict with calibrated model values of 6,300 Acre-feet/year. Further 

investigation of sub-flows into and out of the study region are needed to 

determine actual sub-flow values. 

Evapotransplration rates reported by Gatewood (1950) in the Safford 

Valley in addition to the areal surveys of growth densities by Harshbarger 

(1969), Futman and Turner (1983), and Halpenny (1988) may be outdated. 

Additional field investigations of growth densities and evapotransplration 

rates in the study area would prove useful, given the link between 

evapotransplration growth and water table elevation. 

Water-level elevation and hydraulic parameter data for the Older 

Alluvium (layer 2) are of limited quantity. Further field investigations 

focusing on water levels on the margins of the study area in the Older 

Alluvium, in addition to hydraulic parameter data for this unit, would be 

beneficial to the better understanding of the dynamics of flow in the 

Older Alluvium. 



APPENDIX A 

WELL HYDROGRAPHS 1955-1965 
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APPENDIX B 

WELL HYDROGRAPHS SHOWING OBSERVED AND 

MODEL-GENERATED DATA 1965-1980 
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APPENDIX C 

GRAPHS SHOWING RIVER LEAKAGE IN SELECTED 

NODES: SCENARIOS 1 AND 2 



118 

River Leokaqe at Node (13,3) 
1965 - 1980 

£ 2000 -

o 1500-

o> 

Model Generated Leakage (Scenario 1 
Model Generated Leakage (Scenario 2 

1000 
1977 1974 1980 1971 1965 1968 

Year 



119 

2500 -i 

River Leakage at Node 
1965 - 198 P 4.6) 

a 
<o 

£ 2000 
I 
£ 
o 
< 

a) 
«*-

3 
(X 
< 

O 1500-

V 
o> 
a 
o 
<u 

a> 
> 

1000 
1 

Model Generated Leakage (Scenario 1) 
M o d e l  G e n e r a t e d  L e a k a g e  ( S c e n a r i o  2 )  

965 1968 1971 1974 1977 1980 
Year 



120 

River Leakage at Node (15,9) 
1965 - 1980 

3000 

L. 

2500-

L. 

2 2000 -

o> 

Model Generated Leakage (Scenario 1 
Model Generated Leakage (Scenario 2 

1500 
1965 1968 1971 1974 1977 1980 

Year 



121 

River Leakage at Node 
1965 - 198 

2000-1 

2 1500 -

1000-

XT 

Model Generated Leakage (Scenario 1 
Model Generated Leakage (Scenario 2 

1980 1965 1968 1971 1974 1977 
Year 



122 

2500-1 

Rivier Leakage at Node (20,17) 
1965 - 1980 

.2000-
o 
® 
>s 

2 1500 

a> 
It: 

|-1000-i 

a> 
a> 

I 500 H 

a> > 
cc 

Model Generated Leakage (Scenario 1) 
Model Generated Leakage (Scenario 2; 

u —|—i—i—i—i—i—j—i—i—i— 
1965 1968 1971 1974 

Year 
1977 1980 



123 

LIST OF REFERENCES 

Aldridge, B.N., and S.G. Brown, 1971, Streamflow Losses in the Santa Cruz 
River and Ground-Water Recharge, International Boundary to Cortaro, 
Arizona; International Boundary and Water Commission United States and 
Mexico, El Paso, Texas. 

Anderson, C.A., 1955, Potential Development of Water Resources of the 
Upper Santa Cruz River Basin in Santa Cruz County, Arizona, and in Sonora, 
Mexico; State of Arizona Land Department, Phoenix, Arizona. 

Arizona Office of Economic Planning and Development, 1960-1980, Nogales, 
Arizona Community Profile; Office of the Governor, Phoenix, Arizona. 

Arizona Department of Water Resources, 1989, Well Registration Reports; 
Arizona Department of Water Resources Computer Printout Easytrieve Plus-
5.2D, Phoenix and Tucson AMA, Arizona. 

Blaney, H.F., and W.D. Criddle, 1962, Determining Consumptive Use and 
Irrigation Water Requirements; United States Department of Agriculture, 
Agricultural Research Service Technical Bulletin 1275, Washington, D.C. 
pp. 22-27. 

Cooley, M.E., 1973, Map Showing Distribution and Estimated Thickness of 
Alluvial Deposits in the Tucson Area, Arizona; United States Geological 
Survey Map I-844-C, Denver, Colorado. 

Department of the Army, 1988, Santa Cruz County Groundwater Recharge 
Assessment; United States Amy Corps of Engineers Los Angeles District 
Office, California. 

Department of the Army, 1987, Nogales Wash and Tributaries Draft 
Feasibility Report and Environmental Assessment; United States Army Corps 
of Engineers Los Angeles District Office, California. 

Drews, H., 1980, Tectonic Map of Southeast Arizona; United States 
Geological Survey Miscellaneous Investigations Series 1-1109, Denver, 
Colorado. 

Earth Technology Corporation, 1988, Final Summary Report Task Assignment 
E-3 Nogales Wash Area, Nogales, Arizona; Arizona Department of Environmen
tal Quality, Phoenix, Arizona. 

Freethey, G.W., 1982, Hydrologic Analysis of the Upper San Pedro Basin 
from the Mexico-United States International Boundary to Fairbank, Arizona; 
United States Geologic Survey Open-file Report 82-752, Denver, Colorado. 

Gatewood, J.S., 1950, Use of Water by Bottom-Land Vegetation in Lower 
Safford Valley Arizona; United States Geological Survey Water-Supply Paper 
1103, Denver, Colorado. 



124 

Halpenny, L.C., 1964, Geophysical and Geohydrological Investigation of 
Santa Cruz River Valley, Arizona, International Boundary to the Mouth of 
Sonoita Creek; Water Development Corporation, Tucson, Arizona. 

Halpenny, L.C., 1988, Review of the Hydrogeology of the Santa Cruz Basin 
in the Vicinity of the Santa Cruz-Pima County Line; Water Development 
Corporation, Tucson, Arizona. 

Harshbarger and Associates, 1969, Sources, Uses, and Losses of Water in 
the Upper Santa Cruz Basin Pima and Santa Cruz Counties, Arizona; 
International Boundary and Water Commission United States and Mexico, El 
Paso, Texas. 

Maddock III, T., 1987, An Investigation of the Effects of Proposed Pumping 
in the Lower Rio Grande Declared Basin; Elephant Butte Irrigation 
District, Dona Ana County, New Mexico. 

Matlock, W.G., Shwalen, H.C., and R.J. Shaw, 1965, Progress Report on 
Study of Water in the Santa Cruz River Valley, Arizona; University of 
Arizona Agricultural Experiment Station Report #233, Tucson, Arizona. 

McDonald, M.G., and A.W. Harbaugh, 1988, A Modular Three-Dimensional 
Finite-Difference Ground-Water Flow Model; United States Geological Survey 
Open-file Report 83-875, Denver, Colorado. 

Murphy, B.A. and J.D. Hedley, 1982, Maps Showing Groundwater Conditions 
in the Upper Santa Cruz Basin Area, Pima, Santa Cruz, Pinal, and Cochise 
Counties, Arizona--1982; Arizona Department of Water Resources Basic Data 
Section, Phoenix, Arizona. 

Osterkamp, W.R., 1973, Ground-Water Recharge in the Tucson Area, Arizona; 
United States Geological Survey Map I-844-E, Denver, Colorado. 

Osterkamp, W.R., 1973, Map Showing Depth to Water in Wells in the Tucson 
Area, Arizona, 1972; United States Geological Survey Map I-844-D, Denver, 
Colorado. 

Perry, T., Personal Communication; Arizona Department of Water Resources, 
Phoenix, Arizona. 

Peterson, D.M., 1984, Quasi Three-Dimensional Modeling of Groundwater Flow 
in the Mesilla Bolson, New Mexico and Texas; New Mexico Water Resources 
Research Institute Report 178, New Mexico State University, Las Cruces, 
New Mexico. 

Putman, F., and T. Turner, 1983, Report on the Hydrology of the Buena 
Vista Area, Santa Cruz County, Arizona; Arizona Department of Water 
Resources Hydrology Division, Phoenix, Arizona. 



125 

Rait, K.A., 1988, Equitable Groundwater Management in the Tucson Active 
Management Area; Department of Agricultural Economics, University of 
Arizona, Tucson, Arizona. 

Ross, P.P., 1977, Arability Map of the Tucson Area, Arizona; United 
States Geological Survey Map I-844-N, Denver, Colorado. 

Schmidt, K.D., 1988, Hydrologic Conditions in the Vicinity and Downstream 
of the Nogales International Wastewater Treatment Plant; Kenneth D. 
Schmidt and Associates, Phoenix, Arizona. 

Todd, D.K., 1980, Groundwater Hydrology; John Wiley and Sons, New York, 
New York. 

Travers, B.C., and P.A. Mock, 1984, Groundwater Modeling Study of the 
Upper Santa Cruz Basin and Avra Valley in Pima, Pinal, and Santa Cruz 
Counties, Southeastern Arizona; Arizona Department of Water Resources 
Hydrology Division, Phoenix, Arizona. 

United States Department of the Interior, 1988, Well Information Printout 
for Santa Cruz County, Arizona; United States Geological Survey National 
Water Information System, Tucson, Arizona. 

United States Department of the Interior, 1965-1983, Water-Resources Data 
for Arizona; United States Geological Survey, Tucson, Arizona. 


