
A lower San Pedro river basin groundwater flow model

Item Type text; Technical Report

Authors Whittier, Jonathan Douglas; Maddock, Thomas, III

Publisher Department of Hydrology and Water Resources, University of
Arizona (Tucson, AZ)

Rights Copyright © Arizona Board of Regents

Download date 24/05/2023 20:23:42

Link to Item http://hdl.handle.net/10150/615794

http://hdl.handle.net/10150/615794


HWR No. 04-05 

A LOWER SAN PEDRO 
RIVER BASIN 

GROUNDWATER FLOW 
MODEL 

by 

Jonathan Douglas Whittier 

And 

Thomas Maddock III 

Department of Hydrology and Water Resources 

University of Arizona Research Laoratory for Riparian Studies 

The University of Arizona 

Tucson, Arizona 85718 

SAHRA 



ACKNOWLEDGEMENTS 

This study was jointly funded by the Arizona Chapter of The Nature Conservancy 

and by the Nation Science Foundation's Science and Technology Center for 

Sustainability of semi -Arid Hydrology and Riparian Areas (SAHRA). We would like to 

express our gratitude for the many individuals that assisted us in bring this study to 

fruition. We would like to give a special thanks Jeanmarie Haney and Dave Harris of 

The Nature Consrvancy for their support, and James Lombard for loaning us his 

calibration expertise. For their editorial comments, we would like to thank Dr. Brenda 

Ekwurzel, Dr. Bart Nijssen and Dr Errol Montgomery. Kathryn Baird, Carolyn Dragoo 

Lambert, and Staffan Schorr, were a huge help throughout this study by providing 

feedback and support. 

1 



TABLE OF CONTENTS 

TABLE OF CONTENTS 2 
LIST OF FIGURES 5 
LIST OF TABLES 7 
ABSTRACT 8 

CHAPTER 1: OVERVIEW 9 
1.1 INTRODUCTION 9 
1.2 PURPOSE AND GOALS OF THE MODEL 10 

1.3 PREVIOUS INVESTIGATIONS / MODELS 10 
CHAPTER 2: DESCRIPTION OF STUDY AREA 14 

2.1 LOCATION AND PHYSIOGRAPHY 14 

2.2 CLIMATE 15 

2.3 VEGETATION AND WILDLIFE 15 

2.4 HISTORY AND LAND USE 16 

CHAPTER 3: HYDROGEOLOGY 19 

3.1 HYDROGEOLOGIC UNITS 19 

3.1.1 San Manuel Formation 19 

3.1.2 Regional Aquifer 21 

3.1.3 Floodplain Aquifer 23 
3.2 STREAMFLOW 25 

CHAPTER 4: CONCEPTUAL MODEL 26 
4.1 MODELING METHOD 26 
4.2 MODFLOW INPUTS 26 
4.3 GEOLOGIC BOUNDARIES 28 
4.4 LAYER 1 28 
4.5 LAYER 2 31 

4.6 LAYER 3 31 

4.7 SEASONALITY 32 
CHAPTER 5: NUMERICAL MODEL 33 

5.1 MODELING METHOD 33 
5.2 FLOW MODEL 33 
5.3 FINITE DIFFERENCE GRID 37 
5.4 STREAM -AQUIFER INTERACTION 38 

CHAPTER 6: STREAMS AND DIVERSIONS 43 
6.1 STREAMFLOW 43 

6.1.1 USGS Stream Gages 45 
6.1.2 Gaining versus Losing Reaches 45 

6.2 ESTIMATION OF BASEFLOW 47 
6.2.1 Tributary Baseflow 47 
6.2.2 Seasonal Trends 49 

6.3 SURFACE WATER DIVERSION 50 

2 



TABLE OF CONTENTS - Continued 
CHAPTER 7: MOUNTAIN FRONT RECHARGE 51 

7.1 DESCRIPTION 51 

7.2 BASIN DELINEATION 51 

7.3 SPATIAL ASSIGNATION OF PRECIPITATION 52 
7A QUANTIFICATION 53 

7.5 DISTRIBUTION 54 
7.6 ACCOUNTING FOR BASEFLOW 55 

7.7 ROUTING OF RECHARGE TO MODFLOW CELLS 55 

7.8 SEASONAL RECHARGE DISTRIBUTION 55 

CHAPTER 8: EVAPOTRANSPIRATION 58 
8.1 DESCRIPTION 58 
8.2 RIPARIAN VEGETATION 58 

8.2.1 Phreatophytes 59 
8.2.2 Evapotranspiration Rates 59 

8.3 APPLICATION TO THE NUMERICAL MODEL 61 

8.4 SEASONAL EVAPOTRANSPIRATION 63 

CHAPTER 9: WELL PUMPING 64 
9.1 ARIZONA WELL MANAGEMENT 64 
9.2 WELL SELECTION 65 
9.3 DISTRIBUTION OF WELL PUMPING 69 
9.4 SEASONAL PUMPING 71 

9.5 PUMPING ESTIMATE BY WATER USE 71 

9.5.1 Public Supply Wells 71 

9.5.2 Irrigation Wells 72 
9.5.3 Domestic Wells 73 

9.5.4 Stock Wells 74 
9.5.5 Industrial and Commercial Wells 75 
9.5.6 Mining Wells 76 
9.5.7 Total Pumping 77 

CHAPTER 10: ANTHROPOGENIC AREAL RECHARGE 79 
10.1 AGRICULTURAL RECHARGE 79 
10.2 MINING RECHARGE 82 

CHAPTER 11: CALIBRATION AND SENSITIVITY 85 
11.1 CALIBRATION 85 
11.2 STEADY -STATE MODEL 86 

11.2.1 Water Level Measurements 86 
11.2.2 Streamflow / Gaging Measurements 92 

11.3 STEADY -STATE OSCILLATORY MODEL 93 
11.4 TRANSIENT STATES 95 
11.5 SENSITIVITY 96 

CHAPTER 12: RESULTS AND ANALYSIS 103 

3 



TABLE OF CONTENTS - Continued 
12.1 STREAM CAPTURE AND STORAGE LOSS 103 
12.2 WATER TABLE DECLINE 105 

CHAPTER 13: CONCLUSIONS AND RECOMMENDATIONS 111 
13.1 CONCLUSIONS 111 
13.2 RECOMMENDATIONS 111 

CHAPTER 14: REFERENCES 115 

4 



LIST OF FIGURES 

Figure 1 -1: Location of the Lower San Pedro River Basin within the state of Arizona (ALRIS, 
1999; ADWR, 1999) 12 

Figure 1 -2: Location of Goode's Alternative Futures model in relation to the current study 13 

Figure 3 -1: Geologic Map of the Lower San Pedro River Basin: San Manuel Formation (Ts), 
Basin Fill (Nbf), and Quaternary Alluvium (Qal) (Dickinson et al., 2001) 20 

Figure 3 -2: Facies Distribution within the Quiburis Formation along with surficial extent of the 
San Manuel Formation and Galiuro Volcanics (Bolm et al., 2002) 22 

Figure 3 -3: Generalized cross -section of the Lower San Pedro River Basin (modified from ADWR, 
1991 and Dickinson, 2002) 23 

Figure 3 -4: Generalized drawing of the floodplain aquifer in relation to other processes taking 
place within the basin (ADWR, 1991) 24 

Figure 4 -1: Areal extent of each layer of the model 30 

Figure 5 -1: Domain D and surface I' (The volume of the figure constitutes D and the surface areas 
- top, bottom and sides constitutes I') (from Goode and Maddock, 2000) 35 

Figure 5 -2: A discretized hypothetical aquifer system (from McDonald and Harbaugh, 1984) 36 

Figure 5 -3: Active grid cells for each layer in the model 37 

Figure 5 -4: Schematic showing the relationships of the variables used in the calculation of 
streambed conductance (from Prudic, 1989) 39 

Figure 6 -1: Areal extent of the San Pedro River, its major tributaries, and one surface water 
diversion along with the locations of the USGS stream gages 44 

Figure 6 -2: Gaining stream reach where water is flowing from the aquifer into the stream 
(modified from ADWR, 1991) 46 

Figure 6 -3: Losing stream reach where water is flowing from the stream into the aquifer 
(modified from ADWR, 1991) 46 

Figure 7 -1: Drainage basins within the Lower San Pedro Basin contributing to mountain front 
recharge 52 

Figure 7 -2: (a) Annual precipitation in the Lower San Pedro Basin 53 

(b) Precipitation clipped to the contributing drainage basins 53 

Figure 7 -3: Volume of mountain front recharge within several drainage basins and the cells the 
recharge was routed into for MODFLOW 57 

Figure 8 -1: Areal extent of the riparian vegetation along the San Pedro 60 
Figure 8 -2: Various riparian vegetation polygons with associated evapotranspiration (ET) cells in 

relation to a stretch of the San Pedro 62 

Figure 9 -1: Location and primary water use for the wells included in the model 68 

Figure 9 -2: Total public supply well pumping for each grouping, active growing and non -growing 
seasons 72 

Figure 9 -3: Total irrigation well pumping for each grouping, active during only the growing 
season 73 

Figure 9 -4: Total domestic well pumping for each grouping, active during both the growing and 
non -growing seasons 74 

Figure 9 -5: Total stock well pumping for each grouping, active both growing and non -growing 
seasons 75 

Figure 9 -6: Total industrial and commercial well pumping for each grouping, active during both 
the growing and non -growing seasons 76 

Figure 9 -7: Total mining well pumping for each grouping, active during both the growing and 
non -growing seasons 77 

Figure 9 -8: Total well pumping by water use during the growing season of each grouping 78 
Figure 9 -9: Total well pumping by water use during the non -growing season of each grouping 78 

5 



LIST OF FIGURES - Continued 
Figure 10 -1: 

Figure 10 -2: 

Figure 10 -3: 

Areal extent of the agricultural and tailings ponds within the Lower San Pedro Basin 
81 

Typical agricultural field polygon with associated agricultural recharge cells and 
pumping wells with respect to a stretch of the San Pedro River 82 

Tailings ponds polygons with associated recharge cells and pumping wells with respect 
to a stretch of the San Pedro River 84 

Figure 11 -1: Location of pre -1947 water level measurements used for calibration 88 

Figure 11 -2: Modeled heads versus observed heads in meters above mean sea level 89 

Figure 11 -3: Residuals versus observed heads in meters above mean sea level 89 

Figure 11 -4: Simulated pre -development streamflow versus stream segment 94 

Figure 11 -5: Location of water level measurements taken from 1940 to 2000 97 

Figure 11 -6: Modeled heads versus observed heads in meters above mean sea 98 

Figure 11 -7: Residuals versus observed heads in meters above mean sea level 98 

Figure 11 -8: Simulated streamflow in 2000 versus stream segment 99 

Figure 11 -9: Sensitivity of streamflow to changes in streambed conductance 100 
Figure 11 -10: Sensitivity of hydraulic head to changes in streambed conductance 101 
Figure 11 -11: Sensitivity of streamflow to changes in floodplain vertical hydraulic conductivity ...102 
Figure 11 -12: Sensitivity of hydraulic head to changes in floodplain vertical hydraulic conductivity 

102 

Figure 12 -1: Changes in the key flux components of the hydrologic system through time 105 
Figure 12 -2: Simulated water levels for pre -development conditions (10 meter contour interval) 106 
Figure 12 -3: Simulated depth to groundwater for pre -development conditions 107 

Figure 12 -4: Simulated water levels for the year 2000 (10 meter contour interval) 108 

Figure 12 -5: Simulated depth to groundwater for the year 2000 109 

Figure 12 -6: Simulated drawdown from 1940 to 2000 (2 meter contour interval) 110 

6 



LIST OF TABLES 

Table 4 -1: Final values for horizontal and vertical hydraulic conductivity used in the model 30 

Table 6 -1: Baseflow estimates for the 5 tributaries (in gray) included in the model 48 
Table 6 -2: Seasonal Baseflow estimates for the 5 tributaries in the model 50 

Table 9 -1: Groupings of stress periods for the different water years in the transient simulation 66 
Table 9 -2: Well use criteria 67 

Table 9 -3: Pumping estimates by water use for each subbasin and the total for the Lower San 
Pedro Basin (from ADWR, 1991) 69 

Table 11 -1: Baseflow estimates for four gages on the San Pedro River using two estimation 
methods and the years of operation for each gage 93 

Table 11 -2: Modeled streamflows at the four stream gages for the steady -state model and the non - 
growing and growing seasons of the steady -state oscillatory model as well as the 
seasonal fluctuations 95 

Table 11 -3: Modeled streamflows at the four stream gages at the end of the growing season for the 
water year listed 99 

7 



ABSTRACT 

Water issues in the Lower San Pedro River basin in southeastern Arizona are 

becoming increasingly contentious as urban development, agriculture, and mining needs 

compete with the needs of the riparian habitat. To better understand the water demands 

in this basin, a new groundwater flow model has been created. 

First, the conceptual model was produced using various Geographic Information 

System (GIS) applications. A new method allocating digital precipitation data to the 

smaller drainages within the watershed was used to estimate mountain front recharge. 

Well data was gathered from both the United States Geological Survey (USGS) and 

Arizona Department of Water Resources (ADWR). Depth to bedrock was interpolated 

from an earlier gravity survey of the area. The current extent of riparian vegetation was 

determined by recent United States Forest Service aerial photography. GIS shapefiles 

were created depicting the data necessary for MODFLOW. 

Second, the numerical MODFLOW model was formed using GMS (Groundwater 

Modeling System), a graphical user interface for MODFLOW. GMS was used to create 

the grid, allocate the information from the shapefiles into MODFLOW input files, create 

the MODFLOW numerical model, and calibrate the model. The model results project 

potential impacts to the overall sustainability of groundwater within the basin. In the 

future, the model will be used as an administrative tool to assess alternative land 

management scenarios and their abilities to sustain or improve the riparian habitat along 

the San Pedro River. 
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CHAPTER 1: OVERVIEW 

1.1 INTRODUCTION 

The Lower San Pedro River Basin lies nestled in a long narrow basin to the east to 

Tucson, Arizona in the southwestern United States; and extend from "The Narrows" to 

the confluence of San Pedro River with the Gila River at Winkelman, Arizona (see 

Figure 1 -1). Having no city of Tombstone with its shootout at the O.K. corral, the history 

of the Lower San Pedro River Basin is less colorful than its southern counterpart, the 

Upper San Pedro River Basin. There does exist, however, a problem common to both 

basins: limited water resources. 

In the upper basin, urban development has had a significant impact on 

groundwater levels, with agriculture and mining uses compounding the problem (Goode 

and Maddock, 2000). With less urban development in the lower basin, agriculture and 

mining uses are the primary water consumers. 

Prior to the 1940s, water use in the Lower San Pedro Basin was limited to water 

derived from stream diversions, springs, shallow wells, and artesian wells. After 1940, 

the widespread use of high -powered hydraulic lift pumps allowed for greater amounts of 

water to be withdrawn from both shallow and deep wells for use in farming and mining. 

The increased pumping has lowered water tables impacting the riparian habitat 

along the river and decreasing flows in the river itself (Goode and Maddock, 2000). 

Sections of the river that were once perennial are now intermittent. The riparian habitat 

along the river needs a shallow water table from which the plants can withdraw water for 
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their own survival and thus provide a permanent home for numerous animal and bird 

species as well as a migratory corridor for many other bird species. If water table levels 

continue to decline, the shallow water available for the plants will disappear, threatening 

the survival of the riparian habitat along the San Pedro River. 

1.2 PURPOSE AND GOALS OF THE MODEL 

The current study goals was to better understand the impacts of past groundwater 

withdrawal and surface water diversion on the San Pedro River and the riparian habitat 

along the river. Current information for land surface elevation, geology, hydraulic 

properties, mountain front recharge, groundwater recharge, streamflows, riparian 

evapotranspiration, well locations, well pumping rates, irrigated agricultural fields, and 

mine tailings ponds were compiled to create an extensive Geographic Information 

System (GIS). 

This GIS was then used in the construction of a groundwater flow model that 

simulates the movement of groundwater within the basin prior to 1940 and the impacts of 

withdrawals and diversions on the ground and surface water systems from 1940 to the 

present (2000). The hope is that this model will be used to manage the water for all uses: 

mining, farming, domestic, and riparian. 

1.3 PREVIOUS INVESTIGATIONS / MODELS 

Kraeger -Rovey (1989) modeled the entire San Pedro Basin from the Mexico 

border to the confluence of the San Pedro River with the Gila River. Figure 1 -1 shows 
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the position of the Lower San Pedro River Basin within the state of Arizona as well as the 

location of the San Pedro River in relation to the Gila and Colorado Rivers. Freethey 

(Anderson and Freethey, 1995) modeled the Lower San Pedro Basin from the Narrows 

past the confluence with the Gila River with grid cells ranging from 0.4 to 1 square mile 

(1 to 2.5 million square meters) in area. Several other previous hydrologic models have 

simulated the part of the lower basin from the Narrows to the town of Redington as part 

of larger models simulating the hydrologic conditions within the upper basin. Jahnke 

(1994) simulated conditions from Fairbanks to Redington from 1940 to 1990. Goode 

(Goode and Maddock, 2000) modeled the upper basin from the headwaters in Mexico to 

Redington as part of the Alternative Futures study using varying grid cell sizes with the 

smallest being approximately 300,000 square meters. Figure 1 -2 shows the spatial 

relationship of Goode's model boundary to the model boundary of the current study, 

which uses a constant grid cell size of approximately 300,000 square meters. The grid 

cell size of the current model is significantly smaller than the grid cell sizes of the 

previous studies focusing on the lower basin and is similar to the smallest grid cell size of 

Goode's model of the upper basin. 
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CHAPTER 2: DESCRIPTION OF 
STUDY AREA 

2.1 LOCATION AND PHYSIOGRAPHY 

The San Pedro River flows north from the northern portion of the Mexican State 

of Sonora into southeastern Arizona draining an area of almost 13,500 square kilometers 

(5,200 square miles) (ADWR, 1991). Typically, the San Pedro Basin is divided into two 

sections: the Upper and the Lower San Pedro Basins separated by a granitic rock 

constriction at "The Narrows" (Figure 1 -1). This study focuses on the Lower San Pedro 

River Basin, that section of the watershed located downstream of "The Narrows." 

Several north- northwest trending mountain ranges bound the Lower San Pedro 

Basin. Along the east lie the Winchester and the Galiuro Mountain ranges and along the 

west lie the Rincon, the Santa Catalina, and the Tortilla Mountain ranges. These 

mountains rise to almost 2,800 meters (over 9,000 feet) above mean sea level; the valley 

floor ranges in elevation from approximately 1 ,000 meters (3,300 feet) near the "The 

Narrows" to approximately 580 meters (1,900 feet) near the confluence of the San Pedro 

River with the Gila River at Winkelman, Arizona. 

The headwaters of the San Pedro River are located near the city of Cananea, 

Sonora, Mexico. The river flows north -northwest into southeastern Arizona to its 

confluence with the Gila River near Winkelman over a distance of approximately 290 

kilometers (180 miles). Reaches of the river are perennial while others are intermittent. 

Aravaipa Creek, a principal tributary, is perennial in many sections. Several of the other 
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larger tributaries, while predominantly intermittent, have short perennial reaches. The 

majority of the tributaries are small and ephemeral (ADWR, 1991). 

2.2 CLIMATE 

The San Pedro Basin is typically characterized as semi -arid. Temperatures range 

from below freezing (0 °C /32 °F) during the winter at higher elevations to above 40 °C 

(100 °F) during the summer at lower elevations. The higher elevations tend to be cooler 

and wetter while the lower elevations tend to be hotter and drier. Precipitation generally 

occurs during two periods of the year: a longer winter season and a shorter summer 

monsoon season. The winter storms originate in the North Pacific Ocean producing 

widespread, low- intensity rainfall. The summer monsoon thunderstorms, on the other 

hand, originate in the Gulf of Mexico and the Gulf of California producing localized, 

high- intensity rainfall. Precipitation amounts range from less than 300mm (12 in) per 

year along much of the valley floor to more than 600mm (25 in) atop the Rincon and 

Santa Catalina Mountains, where much of the winter precipitation falls as snow (ADWR, 

1991). 

2.3 VEGETATION AND WILDLIFE 

Vegetation within the San Pedro Basin varies greatly depending upon elevation 

and available water. Coniferous forests of ponderosa pine and Douglas fir are 

predominant at elevations above 2,000 meters (6,500 feet). Woodland vegetation of oak, 

juniper, pinyon pine, and small areas of chaparral exist at elevations between 1,400 and 
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2,000 meters (4,500 and 6,500 feet). Semi -desert grassland with post -Anglo invasion of 

mesquite and juniper occur at elevations of 1,000 to 1,500 meters (3,500 to 5,000) feet on 

basin -fill deposits along the valley slopes. Vegetation occurring below 1,000 meters 

(3,500 feet) elevation, in the Lower San Pedro Valley is classified predominantly as 

Sonoran desertscrub, which includes blue palo verde, ironwood, mesquite, cat claw 

acacia, saguaro, and various species of cholla (ADWR, 1991). 

At any elevation, if enough water is readily available, riparian communities have 

developed. These riparian communities include such phreatophytes as cottonwood, 

Goodding willow, seepwillow, mesquite, and tamarisk (or saltcedar). Phreatophytes are 

plants with roots drawing water from the aquifer below, in contrast to the other 

vegetation types that use precipitation as their principal source of water (ADWR, 1991). 

For this reason, only the phreatophytes are considered as water consumers in this study. 

The San Pedro Basin wildlife consists of an estimated 390 species of birds, 83 

species of mammals, and 47 species of amphibians and reptiles. The riparian habitat 

along the San Pedro River also acts as a primary migratory corridor for several million 

songbirds (Goode and Maddock, 2000). 

2.4 HISTORY AND LAND USE 

Humans have occupied the San Pedro River Valley for more than thirteen 

thousand years. Mammoth bones and spear points found in Aravaipa Canyon and in the 

Upper San Pedro Basin near Sierra Vista date back to as early as 11,000 B.C. The 

Cochise tribes occupied the eastern portion of the basin from about 5,000 B.C. to about 
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1,000 A.D. The Hohokam tribes dwelled along the middle San Pedro Valley from about 

500 A.D. to about 1,400 A.D., diverting water from the San Pedro River for agriculture 

(ADWR, 1991). 

Apache Indians moved south into the area sometime during the 1600s (ADWR, 

1991). In the mid- 1850s, a small group of Apaches settled in Aravaipa Canyon. Fort 

Aravaypa was established in 1860 at the confluence of Aravaipa Creek and the San Pedro 

River to attempt to control the Indians in the area. The fort went through several name 

changes and periods of abandonment. The Apaches thought they were responsible for 

one particular period of abandonment during the Civil War encouraging them to increase 

their attacks on the white man. Tucson was the only settlement in the area to survive the 

increased attacks. In 1870, an estimated 10,000 Apache Indians occupied the area, many 

of whom went onto reservations in 1871. However, occasional attacks occurred up 

through the 1880s by roving bands refusing to go onto reservations. In 1875, a traveler 

through the Lower San Pedro Valley reported not one single resident, only ruins 

(Muffley, 1938). 

In 1877 and 1878, land was surveyed and opened for homesteading. Mining of 

gold, silver, and later molybdenum started in the area in the late 1870s. During the 

1880s, small communities developed in the basin, primarily along the river. The 

communities of Redington, Mesaville, and Dudleyville were composed mostly of 

farmers, while American Flag and Mammoth depended on local mining. The town of 

Oracle survived on business from travelers and those seeking health care at a local ranch. 
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From 1890 to 1904, the area thrived on agriculture, cattle, and mining. During 

this period, the Lower San Pedro Basin boasted its largest population. After 1904, many 

people left the area being unable to make a living. Heavy cattle grazing along the slopes 

of the valley all but eliminated the grass, resulting in large amounts of erosion and heavy 

flooding after summer storms. Small farms were consolidated into single large farms. 

Mining interests were also consolidated into large mining companies (Muffley, 1938). 

Within the last twenty years, interest has shifted from development to 

preservation of the natural habitat within the valley. The Bureau of Land Management 

(BLM) began acquiring private land in 1986. In 1988, through executive order, the 

United State's first national riparian reserve was established along the San Pedro River 

(ADWR, 1991). The Nature Conservancy currently has six preserves within upper and 

lower San Pedro River Valley: Aravaipa Canyon Preserve, Muleshoe Ranch Preserve, 

Ramsey Canyon Preserve, Buehman Canyon Preserve, Bingham Cienega Natural 

Preserve, and San Pedro River Preserve. These preserves are operated primarily for the 

conservation of natural habitats. 
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CHAPTER 3: HYDROGEOLOGY 

3.1 HYDROGEOLOGIC UNITS 

The San Pedro Basin is part of the Basin and Range Physiographic Province. 

Precambrian to early Tertiary aged rocks were deformed during the Late Cretaceous to 

middle Tertiary into the mountain ranges bounding the trough through which the river 

runs. Well lithified metamorphic, igneous, and sedimentary rock compose these 

surrounding mountain ranges and the basement rock underlying the alluvium in the San 

Pedro trough (Dickinson, 1991). For the purposes of this study, these well -lithified rocks 

are termed the "Bedrock Complex" and considered impermeable; the Bedrock Complex 

is not considered as a water -bearing unit due to its low permeability and small porosity. 

Figure 3 -1 is a geologic map of the Lower San Pedro Basin. 

3.1.1 San Manuel Formation 

Consolidated to semi -consolidated sedimentary rock deposited prior to the early 

Miocene deformation forms the lowest hydrogeologic unit considered for this study 

(Dickinson, 1991). The heavily fractured San Manuel Formation is described as reddish - 

brown to brown gravelly sandstone to conglomerate grading and interbedded with 

mudstone and siltstone (Roeske and Werrell, 1973). In addition to occuring at depth 

below 300 meters (1000 feet) within the study area, the San Manuel Formation crops out 

at the surface in several places within the model boundary (Dickinson, 1991). Figure 3 -1 
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shows the locations of the outcrops of San Manuel Formation in the basin while Figure 3- 

2 shows the locations of the outcrops within the model domain. 
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Figure 3 -1: Geologic Map of the Lower San Pedro River Basin: San Manuel Formation (Ts), 
Basin Fill (NW), and Quaternary Alluvium (Qal) (Dickinson et al., 2001) 
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3.1.2 Regional Aquifer 

The basin -fill deposits comprise the regional aquifer in the San Pedro River 

Basin; this aquifer is composed of two parts: upper basin fill and lower basin fill. In the 

Lower San Pedro Basin, much of the upper basin fill has been removed by erosion. The 

Quiburis Formation represents the lower basin fill. 

From the mid -Miocene to the mid -Pliocene, sediments filled the trough created 

during the earlier deformational processes. These sediments were deposited in a 

lacustrine environment forming three distinct facies: conglomeratic, sandflat, and 

lacustrine facies (Figure 3 -2). The boundaries between facies lie at an almost vertical 

angle (Figure 3 -3) (Dickinson, 2003). Unconsolidated deposits within the San Pedro 

Basin have a maximum thickness of approximately 300 meters (1,000 feet) (Roeske and 

Werrell, 1973) in the central portions of the basin decreasing toward the mountain fronts 

with decreasing depth to bedrock (Halvorson, 1984). Along the mountain fronts, 

conglomeratic facies grade from boulders to pebbles with increasing distance from the 

mountain front. Still farther from the mountain fronts, one to two meter thick sandstone 

beds interbed to form the sandflat facies. Finally, thinly laminated claystones and 

siltstones form the lacustrine facies deposited within a shallow playa lake near the 

northern end of the valley (Dickinson, 2003). 

Region of confinement exists within the Quiburis Formation. The principal 

region of confinement extends southward from the town of Mammoth (Figure 1 -1) along 

the San Pedro River giving rise to artesian conditions in wells in this region (Dickinson, 

1991). 
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Figure 3 -2: Facies Distribution within the Quiburis Formation along with surficial extent of the 
San Manuel Formation and Galiuro Volcanics (Boim et al., 2002) 

22 



SANTA CATALINA 
MOUNTAINS 

ì 

V, 

MOUNTAIN FRONT 
RECHARGE AREA 

NOT TO SCALE 

SAN PEDRO RIVER 

FLOODPLAIN 
._. ALLUVIUM 

0 , a 

COMJLOA/BRATfC a 
rACIBS 

9 9 0 
0 

LACi'S'FI.Vc" 
FAC¡RS 

/.' /{ 

1I 

r 

\\\ ` 
CONSOI.IDATFA 
BEDROCK 

GALRIRO 
MOUNTAINS 

/ 

SEMI -CONSOLIDATED 
SAN MANUEL FORMATION 
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1991 and Dickinson, 2002) 

3.1.3 Floodplain Aquifer 

Incised within the Quiburis Formation are 25 to 75 meters of Quaternary deposits 

laid down by Holocene stream activity (Dickinson, 1991). These deposits consist chiefly 

of uncemented sand and gravel with high permeability and porosity (Roeske and Werrell, 

1973). Figure 3-4 shows a generalized drawing of the floodplain alluvium aquifer in 

relation to the regional aquifer, the water table, and the San Pedro River. Also shown on 

the drawing are generalized locations of other processes taking place within the basin: 

mountain front recharge, well pumping for irrigation, agricultural fields, and riparian 

vegetation. 
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Figure 3-4: Generalized drawing of the floodplain aquifer in relation to other processes taking 
place within the basin (ADWR, 1991) 
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3.2 STREAMFLOW 

The San Pedro River in the lower basin lies in an entrenched channel, which tends 

to be wider and less sinuous than its upper basin counterpart. At many locations in the 

lower basin, the channel is braided with point bars composed of pebbles and cobbles. 

Most of the tributaries in the lower basin are short and steep depositing coarse -grained 

deposits in the San Pedro River channel. The average gradient of the San Pedro's 

streambed increases northward from 3 m/km (18 ft /mi) between the Narrows and 

Redington to 4 m /km (22 ft/mi) between Redington and Winkelman (Huckleberry, 1996). 

Streamflow in the river varies both spatially and temporally. In 1991, Arizona 

Department of Water Resources published the Hydrologic Survey Report for The San 

Pedro River Watershed. One diagram in that report shows that prior to development, the 

lower San Pedro River flowed perennially in four sections: from the Narrows to slightly 

north of Redington, a short section between Redington and Mammoth, another short 

section just south of Mammoth, and from slightly south of the confluence with Aravaipa 

Creek to the confluence with the Gila River (ADWR, 1991). The remainder of the river 

had intermittent flow. In 1991, only one perennial section south of Redington remained 

(ADWR, 1991). 
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CHAPTER 4: CONCEPTUAL MODEL 

4.1 MODELING METHOD 

The conceptual model was created using ArcView, ArcINFO, ArcGIS, and 

ArcScene. These are Geographic Information System (GIS) software packages produced 

by Environmental Systems Research Institute, Inc. (ESRI) and used to view spatially 

related data in the form of shapefiles (or coverages). Each shapefile depicts a group of 

points, lines, or polygons with applicable attribute data. For example, a shapefile 

containing well data would be a point shapefile containing information such as the well's 

location, drilled depth, screened interval, pumping estimates, and other relative data the 

user may want to include. Also used in this study were digital elevation models (DEMs) 

with resolutions of both ten and thirty meters. The shapefiles and DEMs were in the 

Universal Transverse Mercator (UTM) projection using the North American Datum 

(NAD) 1927 with units of meters. 

4.2 MODFLOW INPUTS 

The first step in the creation of the conceptual model was to identify all the data 

and parameter estimates that would be needed by MODFLOW to run the numerical 

model phase of the project. MODFLOW is a Modular three- dimensional Finite - 

Difference Groundwater Flow Model code used to simulate groundwater flow in three 

dimensions (McDonald and Harbaugh, 1988). Three layers were chosen to represent the 

layer geometry of the basin within the model. Necessary input for the geometry of the 
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three layers includes top elevation of layer 1 and bottom elevations of layers 1, 2, and 3. 

The inputs for hydrologic parameters include horizontal hydraulic conductivity, vertical 

hydraulic conductivity, specific yield, and specific storage for various zones within each 

layer. The specific inputs for modeling the layer geometry and for the hydrologic 

parameters used for layers 1 through 3 are described in detail in sections 4.4 through 4.6 

respectively. 

Recharge to the pre -development phase analysis includes groundwater inflow 

from the Upper San Pedro Basin and Aravaipa Basin, surface water inflow from the San 

Pedro River in the Upper Basin and the various tributaries, and mountain front recharge. 

Little or no infiltration is assumed to take place on the valley floor from direct 

precipitation due to evaporation or evapotranspiration. Discharges for the pre - 

development phase analysis include groundwater outflow from the Lower San Pedro 

Basin to the Gila River Basin, surface water outflow from the San Pedro River to the Gila 

River, and evapotranspiration removing water through the riparian vegetation within the 

model domain. 

For the transient model phase, pumping from water production wells was added 

along with the subsequent recharge back to the system from deep infiltration from 

irrigation and from infiltration water from tailings ponds. Figure 3 -4 shows a generalized 

drawing of various hydrogeologic processes in relation to the floodplain aquifer and the 

basin fill. Streams and diversions, mountain front recharge, evapotranspiration, pumping 

from water production well, and recharge from irrigation and tailing ponds will be 
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described from their conceptual model phase to their numerical model phase in Chapters 

6 through 10 respectively. 

4.3 GEOLOGIC BOUNDARIES 

The lateral boundaries of the alluvium in the Lower San Pedro Basin were 

identified from a geologic map compiled by Dickinson (1991) and digitized by 

Hirschberg (2002). The GIS coverage designated the different rock types within the 

basin (Figure 3 -1). The areal extent of the active model domain was initially determined 

by the extent of the San Manuel Formation, the Galiuro Volcanics, the Quiburis 

Formation and alluvial deposits versus crystalline rocks. This extent was later 

constrained to areas of sufficient saturated thickness of the regional aquifer to maintain 

model stability. 

4.4 LAYER 1 

Layer 1 contains the floodplain alluvium aquifer and the upper part of the 

Quiburis Formation to the lateral extent of the active model domain. The top elevation of 

layer 1 is the land surface elevation determined from Digital Elevation Models (DEMs) 

with thirty -meter resolution. The input of surface elevation to a MODFLOW model is a 

new requirement with MODFLOW 2000 that was unnecessary with MODFLOW 96. 

The floodplain alluvium aquifer portion of layer 1 was given a constant thickness of 

approximately 35 meters (100 feet) (Goode and Maddock, 2000). 
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The gravel -rich floodplain alluvium aquifer was assigned a constant hydraulic 

conductivity of 50 m/day. This value agrees with the Goode model (Goode and 

Maddock, 2000) and was verified during the calibration process (Chapter 11). Within the 

surrounding Quiburis Formation, zones of hydraulic conductivity were determined from 

the facies descriptions and the geologic map compiled by Dickinson (2003). The final 

values of horizontal and vertical hydraulic conductivity were determined during the 

calibration process. Values for horizontal hydraulic conductivity ranged from 0.4 m/day 

to 4.0 m /day within the unconsolidated facies. Values for vertical hydraulic conductivity 

were uniformly two orders of magnitude lower than the horizontal hydraulic conductivity 

for a particular zone within the Quiburis formation. The assigned ratio of horizontal to 

vertical hydraulic conductivity provided simulation of the effect of clay lenses found 

within the Quiburis Formation. Clay lenses would not significantly retard horizontal 

groundwater flow but would inhibit the vertical flow of groundwaterwater. The final 

values used for horizontal and vertical hydraulic conductivity in layers 1 and 2 based on 

the facies description are given in Table 4 -1. Zones corresponding to outcrops of the 

San Manuel Formation and Galiuro Volcanics were assigned lower hydraulic 

conductivity values of 0.25 and 0.001 m/day respectively. 

The floodplain aquifer was given a specific yield of 0.25, slightly higher than the 

regional aquifer value of 0.15. A constant specific storage of 0.0001 was assigned to 

layer 1. The values for specific yield and specific storage are consistent with the study by 

Goode and Maddock (2000) and values in Freeze and Cherry (1979). Figure 4 -1 shows 
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the lateral extent of each layer within the Lower San Pedro Basin along with the spatial 

extent of the floodplain aquifer within layer 1. 

Table 4 -1: Final values for horizontal and vertical hydraulic conductivity used in the model 
(outcrop patterns of hydrogeologic units are shown in Figure 3 -1) 

Hydrogeologic Unit 
Horizontal Hydraulic 

Conductivity 
(m /day) 

Vertical Hydraulic 
Conductivity 

(m /day) 
Floodplain Aquifer (Qal) 50 0.5 
Quiburis Formation: 

Conglomeratic Facies(QTqc) 0.4 to1.5 0.004 to 0.015 
Sand Flat Facies(QTqs) 2.0 to 4.0 0.02 to 0.04 

Lacustrine Facies(QTgl) 1.0 0.01 
San Manuel Formation(Ts) 0.15 to 0.25 0.015 to 0.025 
Galiuro Volcanics(Kcg) 0.001 0.0001 

Stream Alluvium 
Layer Extent 

I Watershed Boundary 

Figure 4 -1: Areal extent of each layer of the model 
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4.7 SEASONALITY 

To better understand the water demands on this basin during active pumping for 

irrigation purposes, the modeling analysis was divided into two six -month seasons for 

each year: growing and non -growing. The growing season extends from April 1 to 

September 30. The non -growing season extends from October 1 to March 31. The two 

seasons together, October 1 to September 30 of the following year form one water year. 

For example, water year 1980 started on October 1, 1979 and ended September 30, 1980. 

Irrigation well pumping, agriculture field recharge, and riparian tree evapotranspiration 

were assumed to be active during the growing season, but not during the non -growing 

season. 
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CHAPTER 5: NUMERICAL MODEL 

5.1 MODELING METHOD 

The numerical model evolved from the conceptual model through the use of 

Groundwater Modeling System (GMS) developed by the Department of Defense (GMS, 

1999). GMS is a graphical user interface for several hydrologic computer models 

including MODFLOW, MT3D, RT3D, MODPATH, SEEP2D, and FEMWATER. In 

GMS, the various shapefiles of the conceptual model can be imported through the map 

module. GMS then converts the shapefiles into a format readable by MODFLOW. The 

three- dimensional grid module is used for interaction with the various MODFLOW 

packages. GMS also allows the creation of the grid, generates head contours, and allows 

representation of the model in real -world coordinates consistent with the GIS applications 

used in the conceptual model. 

5.2 FLOW MODEL 

The governing partial differential equation for three- dimensional flow of constant 

density groundwater through a saturated, heterogeneous, anisotropic porous media of 

spatial domain D is (McDonald and Harbaugh, 1988): 

y [K(z) Oh(.z, t)] = Ss (z) 
Oh(2, 

t) +W (h, z, t) (1) 

being subject to the initial conditions, 

h(z,0) = Ho (z) (2) 
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within domain D, and the boundary conditions, 

[KVhh -cb(Hb -h)-Qb1 r = 0 

along the boundary Tof domain D, and where 

K is the hydraulic conductivity tensor [L /T], 

(3) 

z is (x,y,z), the three- dimensional coordinate directions and are assumed parallel 
to the principal coordinate directions of hydraulic conductivity [L], 

h is the hydraulic head [L], 

t is the time [T], 

SS is the specific storage of the aquifer material [L"1], 

W represents sources and sinks as a volumetric flux per unit volume [T "1], 

ñ is the normal vector pointing outward from the boundary T [L], 

Ho is the hydraulic head value at time 1=0, 

cb is a coefficient that controls the quantity of stress -induced flow across the 
boundary T [TT1], 

1. if cb = 0 , there is no stress -induced flow from the boundary, the 
boundary is a prescribed boundary, and the natural recharge and 
discharge through the boundary are unaffected by pumpage, 

2. if cb = oo , there is a prescribed head condition on T, and 

3. if cb is otherwise, the boundary is a head -dependent boundary; 

Qb is a prescribed flow per unit surface area on the boundary T [LT"1], and 

Hb is the prescribed head [L] on the boundary T. 

Figure 5 -1 shows a schematic representation of the domain D and the boundary T 
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Figure 5 -1: Domain D and surface I' (The volume of the figure constitutes D and the surface areas 
- top, bottom and sides constitutes I') (from Goode and Maddock, 2000) 

Only under the simplest aquifer conditions are analytical solutions possible with 

heterogeneities, stress distribution, and boundary shape irregularity leading to 

complexities in equations (1) through (3). Mathematical models, therefore, require 

numerical methods to approximate solutions of more complex groundwater conditions. 

Application of finite- difference methods to the system, replacing the continuous spatial 

and time domains with a set of discrete points in time and space, allows for a numerical 

solution to be obtained by solving for the head values at these points. 

This study uses the Modular three- dimensional Finite -Difference Groundwater 

Flow Model (MODFLOW) developed by McDonald and Harbaugh (1988), which applies 

a finite -difference scheme to equations (1) through (3), replacing the continuous 

formulation with a finite set of discrete points in time and space (Figure 5 -2). 

MODFLOW divides the aquifer system up into three- dimensional blocks called cells. 
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The system is described in terms of layers, rows, and columns. At the center of every cell 

is a node for which MODFLOW will calculate the head. 

Stress periods represent time in the simulation. All the hydraulic parameters in 

the model remain constant during a stress period, but can and may change for the next. 

For the present investigation, each stress period represents a season, either growing or 

non -growing, and is further sub -divided into time steps for use in the processing of the 

simulation. The transient run for this investigation represents sixty -one years with two 

seasons each for a total of 122 stress periods. MODFLOW computes the head and a 

mass balance for each node at the end of each time step. MODFLOW was designed with 

a modular structure incorporating different packages, each package representing a 

different input or output to the groundwater system including evapotranspiration, 

recharge, well pumping, and stream- aquifer interaction (McDonald and Harbaugh, 1988). 

Columns (J) 

1 2 3 a 5 6 T 6 9 lOi 
Aows (I) 2000000 0.00000.0 

54 .`'. // 
1 , 1 
2 %%%%%///.%%%/ %' 

Layers (Kt 3 RENEE 
4 N S RE. 

EM E E 
c1 

IvK 

Figure 5 -2: A discretized hypothetical aquifer system (from McDonald and Harbaugh, 1984) 
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5.3 FINITE DIFFERENCE GRID 

The finite difference grid for the model domain was created within GMS. The 

grid is oriented in a north- northwest direction to parallel the predominant orientation of 

the San Pedro River. Laterally, the model domain is divided into a uniform grid 

containing 199 rows and 37 columns with each cell being 550 meters wide by 540 meters 

long and having an area of approximately 300,000 square meters. Vertically, the model 

domain is separated into three layers. Figure 5 -3 shows the lateral extent of the active 

cells in each of the three layers. 

Figure 5 -3: Location of active cells for each layer in the model 
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5.4 STREAM- AQUIFER INTERACTION 

The Streamflow- Routing (STR) package (Prudic, 1989), designed for use within 

MODFLOW (McDonald and Harbaugh, 1988), simulated the interaction between the 

streams and the aquifer. Complex systems with tributaries and surface water diversions 

can be simulated with this package. The package tracks the flow of water in the various 

streams as well as the flow of water between each stream and a hydraulically connected 

aquifer. It calculates the stream stage, or water level in the stream, allowing for the 

simulation of streams going dry (Prudic, 1989) and limits aquifer recharge to the 

availability of water in the stream (Goode and Maddock, 2000). 

To calculate leakage to or from each stream reach, the Streamflow- Routing 

Package uses Darcy's Law (Prudic, 1989), 

Q=KM 
LW 

(HS-Ha) (4) 

where, Q is the leakage to or from the aquifer through streambed [L3 /T], 

K is the streambed vertical hydraulic conductivity [L /T], 

W is the width of the stream [L], 

L is the length of the stream reach [L], 

Mis the thickness of the streambed [L], 

HS is the stage elevation of the stream [L], and 

Ha is the hydraulic head in the aquifer beneath the streambed [L]. 
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Figure 5 -4 shows the schematic relationship of the variables involved in the 

computation. The term 
KM 

in Equation (4) is often referred to as the streambed 

conductance (CsrR), 

Stream stage Cheao; -7 

MydrauliC ConducIly- e- TM Thickness o 

ty of streambed (K) ~(W', streambed 
Width of stream 

Aquifer 

Not to scale 

Figure 5 -4: Schematic showing the relationships of the variables used in the calculation of 
streambed conductance (from Prudic, 1989) 

The Streamflow- Routing Package assumes that the streambed conductance (CSTR) 

remains constant during each stress period of the model run. For this study, the 

streambed conductance was assumed to remain constant through the entire study time 

(Prudic, 1989). In addition, CSTR is not directly entered into GMS. GMS calculates CSTR 
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by multiplying the conductance term entered by the user and the length of each stream in 

each cell calculated in GMS in the process of creating the stream -aquifer file (GMS, 

1999). 

To calculate the stage in each reach of the stream, the package uses the Manning 

equation (Prudic, 1989), 

Q = 
C1 ARZi3Svz - 
n 

where QS is the stream discharge [L3 /T], 

Cf is the conversion factor [L1'3 /T] (1.0 for cubic meters per second), 

n is the Manning roughness coefficient [dimensionless], 

Sis the slope of the stream channel [L /L], 

W is the width of the stream [L], 

d is the depth of the stream [L], 

A is the cross -sectional area of the stream, A = Wd [L2], and 

R is the hydraulic radius, R = Wd [L]. 
W + 2d 

(6) 

The Manning equation assumes incompressible steady flow in the stream at constant 

depth and a rectangular stream channel. Assuming the depth of the stream to be much 

less than the width, substituting in the equation for cross -sectional area (A) and hydraulic 

radius (R) from above, and solving for the depth of water in the stream (d) results in the 

final equation given by Ozbilgin and Dickerman (Prudic, 1989): 
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d= 

3 

5 

(7) 

Values for Manning's roughness coefficient (n) are based on the geomorphology 

and vegetation cover of each stream channel or canal. Table 5 -1 lists the widths, 

roughness coefficients, bed thicknesses, and conductance values used for the various 

surface water features in the model. The areal extent of and flow in these features is 

discussed in Chapter 6. The values for streambed width and thickness are consistent with 

the values used within the Goode model of the Upper San Pedro River Basin (Goode and 

Maddock, 2000). The values for roughness coefficient were selected from tabulated 

ranges in Open Channel Hydraulics (Chow, 1959). The values for streambed 

conductance were derived as part of the calibration process. 

Table 5 -1: Values used in the Streamflow- Routin . Packa ' e 

Width of Manning's n Thickness of Streambed 
Stream Name Stream Streambed Conductance 

Channel (m) (m2 /day /m) 
(m) 

San Pedro 
River 

9.1 0.033 - 0.043 1.5 6 

Aravaipa 
Creek 

5.0 0.033 1.0 5 

Other 
Tributaries 

3.5 0.04 0.6 1 

Bayless Ditch 1.8 0.03 0.3 0.5 

Each stream in the model is divided into segments with the ends of each segment 

represented by two nodes, each having an elevation value for the top of the streambed 

and the bottom of the streambed. The initial elevation of the top of streambed was 
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determined from a 10 meter DEM of the area. These initial values were then lowered by 

3.0 meters when cells through which the river flowed were flooding in MODFLOW. 

Each segment is further divided into reaches with each grid cell containing one reach. 

The length and slope for each reach was calculated within GMS. GMS interpolated 

between the nodes of each segment, using a sinuosity term (the length along the stream / 

the length of the straight line between nodes) entered by the user to account for the 

meandering of the stream channels (GMS, 1999). 
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CHAPTER 6: STREAMS AND 
DIVERSIONS 

6.1 STREAMFLOW 

Streams included in the model are the San Pedro River and 5 major tributaries: 

Aravaipa Creek, Redfield Canyon, Buehman Canyon, Hot Springs Canyon, and Paige 

Creek. There is also one major surface water diversion, the Bayless Ditch, removing 

surface water from the San Pedro River. Figure 6 -1 shows the locations of the streams 

and the Bayless Ditch. This investigation only considers the lower section of Aravaipa 

Creek; that part of the stream located west of the Galiuro Mountains. It does not include 

the Aravaipa watershed. 

The primary drainage for the San Pedro Basin is the San Pedro River. Flow in the 

river is composed of two parts: surface runoff and baseflow. Surface runoff is that 

component of streamflow resulting from individual precipitation events where the water 

flows overland to the stream channels and then flows in the stream channels until it 

leaves the basin. Baseflow is that component of streamflow resulting from groundwater 

discharge to the stream channels and is representative of low flows showing little daily 

variation. Only the baseflow is considered in this model; it is assumed that storm runoff 

quickly flows out of the system having little or no impact on the basin aquifer (Goode 

and Maddock, 2000). 
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Figure 6 -1: Areal extent of the San Pedro River, its major tributaries, and one surface water 
diversion along with the locations of the USGS stream gages 
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6.1.1 USGS Stream Gages 

Several United States Geological Survey (USGS) stream gages are located in the 

Lower San Pedro Basin (USGS, 2002) (Figure 6 -1). The longest operating gage in the 

basin is on Aravaipa Creek having a record from 1931 to 2000 with only a couple minor 

breaks. There are four gages on the San Pedro River with long enough records to be 

considered representative of the system. The first gage, at the Narrows, was in operation 

from 1966 to 1976. The second gage, near the town of Redington (slightly downstream 

from the Bayless Ditch), was in operation from 1943 to 1998 when it was moved north to 

the town of Redington and was still in operation as of 2000. The third gage, near the 

town of Mammoth, was in operation from 1931 to 1941. Finally, the fourth gage, 3.4 

kilometers (2.1 miles) upstream of the town of Dudleyville, was in operation from 1962 

to 1965 when it was moved one kilometer (0.6 miles) downstream of the town of 

Dudleyville, where operation continued until 1978 (USGS, 2002). 

6.1.2 Gaining versus Losing Reaches 

In those areas where streamflow is present, either groundwater is discharging to 

the stream from the ground, or streamflow is infiltrating the aquifer through the 

streambed. In those areas where the groundwater level in the aquifer is higher than the 

water level in the stream, groundwater discharges to the stream channel and augments the 

streamflow; these areas are termed gaining reaches (Figure 6 -2). In semi -arid regions, 

geologic conditions where low permeability rocks impede downstream groundwater 

movement are sometimes the cause of the gaining stream reaches. 
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STREAM 

Figure 6 -2: Gaining stream conditions where groundwater moves from the aquifer into the stream 
and augments streamflow (modified from ADWR, 1991) 

In those areas where the groundwater level in the aquifer is lower than the water 

level in the stream, water infiltrates from the stream to the aquifer and the amount of 

streamflow decreases. These stream reaches are called losing reaches (Figure 6 -3). 
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Figure 6 -3: Losing stream reach where surface water moves from the stream into the aquifer 
(modified from ADWR, 1991) 

If infiltration from streamflow to an aquifer is sufficient, a dry reach may occur 

downstream from a losing stream reach. During the growing season, two processes may 

contribute to an absence surface water flow in a stream: (1) withdrawal of groundwater 

by phreatophytes along the river channel consuming groundwater for evapotranspiration 

and (2) withdrawal of groundwater through pumping from wells. Both processes cause 
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groundwater level decline that may be sufficiently large that flow in the stream 

disappears. 

6.2 ESTIMATION OF BASEFLOW 

Streamflow records from the stream gages with recording periods long enough to 

be considered representative of the system can be used to estimate baseflow. Annual 

baseflow for this investigation was estimated from the 7 -day low flow, which was 

calculated for each year and then averaged over the years of streamflow records (USGS, 

2002). The gage located at The Narrows was used to estimate the baseflow entering the 

Lower San Pedro Basin. The resulting annual baseflow estimate for the San Pedro River 

in the model area is 0.0 m3 /day. 

6.2.1 Tributary Baseflow 

The largest tributary in the Lower San Pedro Basin is Aravaipa Creek flowing 

into the San Pedro River south of the town of Feldman (Figure 6 -1). The creek is 

perennial where the gage is located due to a shallow depth to bedrock. Shortly after 

passing beyond the Galiuro Mountain front, the thickness of the floodplain alluvium 

aquifer along Aravaipa Creek increases (Halvorson, 1984) and flow becomes intermittent 

(ADWR, 1991). The resulting annual baseflow estimate for Aravaipa Creek was 17,400 

m3 /day (7.12 cfs). 

The other large tributaries in the basin include the following: Redfield Canyon 

and Buehman Canyon flowing into the San Pedro River near the town of Redington, and 
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Hot Springs Canyon and Paige Creek flowing into the San Pedro River near the town of 

Cascabel (Figure 6 -1). Annual baseflow estimates for these tributaries were calculated 

using the Drainage Area Ratio Method described in the Handbook of Hydrology 

(Stedinger et al., 1992). This method estimates the baseflow for an ungaged stream based 

on a comparison of the contributing drainage areas of the gaged and ungaged streams. 

The method in equation format is 

yp = 
(A \ 

Y 

Ax / 
(8) 

where yp is the low -flow quantile, or baseflow, for an ungaged stream, 

Ay is the drainage area for the ungaged basin, 

Ax is the drainage area for the gaged basin, and 

xp is the baseflow for the gaged stream 

(Stendinger et al., 1992). 

Garden Canyon, located in the Upper San Pedro Basin and out of this 

investigation's study area (see Goode and Maddock, 2000), is the only other gaged 

tributary in the San Pedro Basin with more than several years of records (USGS, 2002). 

For comparison, estimates for the four ungaged tributaries were calculated based on 

comparisons with both Aravaipa Creek and Garden Canyon. The Aravaipa Creek and 

Garden Canyon estimates proved to be similar so the average of the two was used as the 

annual baseflow estimate for each of the four tributaries. Table 6 -1 shows the estimated 

baseflow for each tributary based on Aravaipa Creek, Garden Canyon, and the resulting 

average used in the model. 

Table 6 -1: Baseflow estimates for the 5 tributaries (in gray) included in the model 
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Stream 
Name 

GAGED SITES 
ravaipa 
arden 

UNGAGED SITES 
Hotsprings 
est. from Aravaipa 

est. from Garden 
average 

Paige 
est. from Aravaipa 

est. from Garden 
average 

Redfield 
est. from Aravaipa 

est. from Garden 
average 

Buehman 
est. from Aravaipa 

est. from Garden 
average 

Area 

(m2) 

1,390,806,000 
21,704,000 

(cfs) 

7.1 

0.1 

Baseflow 
(m3/dy) (m3/yr) 

17,400 6,359,00 
300 

278, 509, 000 
1.4 3,500 
1.4 3,400 
1.4 3,400 1,251,00 

131, 350, 000 
0.7 1,600 
0.7 1,600 
0.7 1,600 590,00 

135, 889, 000 
0.7 1,700 
0.7 1,600 
0.7 1,700 610,00 

85,790,000 
0.4 1,100 
0.4 1,000 
0.4 1,100 385,00 

6.2.2 Seasonal Trends 

The baseflow values for each of the various tributaries to be used in the steady - 

state oscillatory and transient models needed to account for seasonal differences. The 

overall annual amount of baseflow for each tributary would remain the same but the rates 

per day would change since these rates are not constant throughout the year. The average 

annual Aravaipa Creek volume flow over the gage records was 3.05x107 m3 (1.08x109 ft3 

or 24,800 acre -ft). For each gage record year, a seasonal fraction was calculated. The 

seasonal fractions were then averaged to determine the average fraction of flow for the 

non -growing season (October to March), 0.63, and the average fraction of flow for the 

growing season (April to September), 0.37. This fraction was then applied to the annual 
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baseflow values for each tributary to determine the seasonal baseflow estimates to be 

used in the steady -state oscillatory and the transient models (Table 6 -2). 

Table 6 -2: Seasonal Baseflow estimates for the 5 tributaries in the model 

Stream 
Name 

Annual 
(cfs) (m3 /dy) (m' /yr) 

Nongrowing 
(cfs) (m'/dy) (m3/season) 

Growing 
(cfs) (m' /dy) (m' /season) 

ravaipa 7.1 17,400 6,359,000 9.0 21,900 3,986,000 5.3 13,000 2,372,00 
Hotsprings 1.4 3,400 1,251,000 1.8 4,300 784,000 1.0 2,600 467,00 
Paige 0.7 1,600 590,000 0.8 2,000 370,000 0.5 1,200 220,00 
Redfield 0.7 1,700 610,000 0.9 2,100 383,000 0.5 1,200 228,00 
Buehman 0.4 1,100 385,000 0.5 1,300 242,000 0.3 800 144,00 

Sum 7,800 9,195,000 9,800 5,764,000 5,800 3,431,00 

6.3 SURFACE WATER DIVERSION 

The dam for diversions into Bayless Ditch was initially constructed about January 

1888 with diversions beginning shortly thereafter. The ditch is presently about 1.4 km 

(0.9 miles) long with an estimated maximum capacity of 33,700 m3 /day (13.8 cfs). 

Streamflow is diverted into the ditch by simply constructing an earthen berm across the 

river and channeling the entire flow of the San Pedro River into the ditch. It is assumed 

that flows larger than the estimated maximum capacity of the canal would breach the 

earthen berm and render the system inoperable. Due to low flows in the San Pedro River 

during the months previous to Monsoon season and the high intensity, short duration 

flash flood flows during the months of the Monsoon season, most of the diversion takes 

place during the winter months. An estimated 2,200 m3 (6,610 acre -ft) is diverted 

annually with 1,700 m3 (510 acre -ft) being diverted during the nongrowing season and 

500 m3 (160 acre -ft) being diverted during the growing season (ADWR, 1991). 
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CHAPTER 7: MOUNTAIN FRONT 
RECHARGE 

7.1 DESCRIPTION 

Mountain front recharge is the fraction of precipitation falling in the mountains 

that flows overland to the edge of the aquifer where it infiltrates to the regional aquifer 

(Figure 3 -3). Mountain front recharge represents one of the principal sources of recharge 

to the aquifer. Infiltration is assumed to take place along the boundary between the 

bedrock of the mountains and the unconsolidated deposits in the basin. Due to the spatial 

variations in seasonal precipitation within the watershed, mountain front recharge 

estimates were quantified for the growing and nongrowing seasons of the model,. 

7.2 BASIN DELINEATION 

The spatial distribution of recharge along the mountain front depends upon the 

precipitation falling in the contributing drainage basin. An ArcView preprocessor, 

CRWR -PrePro, developed at the University of Texas, Austin, processes Digital Elevation 

Models (DEM's) to delineate the drainage subbasins within a watershed (Maidment, 

1998). Figure 7 -1 shows the resultant drainage subbasins in the San Pedro Valley that 

contribute to mountain front recharge. 
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(i Watershed Boundary 
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Figure 7 -1: Drainage subbasins within the Lower San Pedro Basin contributing to mountain front 
recharge 

7.3 SPATIAL ASSIGNATION OF PRECIPITATION 

The Precipitation -elevation Regression Independent Slopes Model (PRISM) 

(Daly and Taylor, 1998) provided the necessary precipitation estimates for the Lower San 

Pedro Basin. Figure 7 -2(a) shows the estimated spatial distribution of annual 

precipitation within the watershed. The average annual estimated precipitation for the 

entire basin is 440 mm/yr. Figure 7 -2(b) shows the annual precipitation clipped to each 

drainage basin. Due to the different patterns of precipitation within the two seasons 

modeled, volumes of precipitation within each contributing drainage basin vary slightly 

between the growing and the nongrowing seasons. 
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Figure 7 -2: (a) Annual precipitation in the Lower San Pedro Basin 
(b) Precipitation clipped to the contributing drainage basins 

7.4 QUANTIFICATION 

The amount of water available for recharge roughly corresponds to the amount of 

precipitation minus any water removed through evapotranspiration processes. Anderson 

developed equation (9) to estimate the amount of recharge for an entire basin, applicable 

to basins in southeastern Arizona (Anderson et al., 1992). 

Log Qrech = -1.40 + 0.98 Log P (9) 

where Qrech represents the recharge rate (in inches per year) and 

P represents the average amount of precipitation in excess of 8 inches per year. 

(Anderson et al., 1992). The average precipitation of 440 mm/yr converts to 17.5 in/yr 
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giving rise to a P for the Anderson equation equal to 9.5 in/yr. Qrech then equals 0.4 in/yr, 

which converts to 0.009 m/yr. Multiplying the recharge rate by the area of the basin 

(3.73 x 109 m2) results in a volumetric flow of mountain front recharge for the basin 

equal to 93,200 m3 /day (27,610 acre- ft/yr), which equates to an estimate that is 

approximately 2 % of the total annual precipitation being recharged. 

7.5 DISTRIBUTION 

The estimated recharge volume is then distributed to each contributing drainage 

basin based on the precipitation falling in that drainage basin. The process in equation 

form is as follows: 

(10) 

where P, represents the average precipitation for the i`h individual drainage basin 

(mm/yr) and, 

R, represents the fraction of the total mountain front recharge for the i`h individual 

drainage basin. 

(Goode and Maddock, 2000). Multiplying R, by 93,200 m3 /day results in the estimated 

rate (m/day) of mountain front recharge in the i`h drainage basin. This rate is then 

multiplied by the area of the ith drainage basin, resulting in an estimate for the volume of 

recharge for each drainage basin. 
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7.6 ACCOUNTING FOR BASEFLOW 

A portion of the mountain front recharge flows out of the mountains in the stream 

channels. For four of the larger basins, this flow in the stream channels was calculated 

separately as tributary baseflow (Chapter 6). So as not to account for this volume of 

water twice, the volume of annual baseflow was removed from the volume of annual 

mountain front recharge for the drainage basins feeding Hotsprings, Paige, Buehman, and 

Redfield Creeks. This resulted in a new estimate for volumetric flow of mountain front 

recharge equal to 85,500 m3 /day (25,310 acre- ft/yr). 

7.7 ROUTING OF RECHARGE TO MODFLOW CELLS 

The estimated volume of recharge for each basin is then routed to the applicable 

MODFLOW cells along the boundary of the model (Figure 7 -3). The process of routing 

was conducted in an ArcView extension developed by Carolyn Dragoo at the University 

of Arizona. The process disperses the recharge volume to active recharge cells along the 

model boundary and divides the volume by the cell area to produce a recharge flux for 

each recharge cell (Dragoo, 2004). 

7.8 SEASONAL RECHARGE DISTRIBUTION 

The annual volume of recharge was then divided between the two seasons, non- 

growing and growing, for the steady -state oscillatory and the transient models. To 

determine an estimate for the amount of mountain front recharge to be applied during 

each season, the basin -wide volume of precipitation for each month was summed for each 
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season. 49 % of the precipitation fell from October through March (non -growing season) 

while 51 % fell from April through September (growing season). These percentages 

were then applied to the annual volume of mountain front recharge to determine the 

volumes of mountain front recharge for each season. These calculations result in 

3.12x107 m3 (25,310 acre -ft) of annual mountain front recharge, 1.50x107 m3 (12,150 

acre -ft) during the non -growing season and 1.62x107 m3 (13,160 acre -ft) during the 

growing season. The resultant basin -wide recharge rates were 82,200 m3 /day for the non - 

growing season and 88,700 m3 /day for the growing season. 

The spatial distribution of precipitation also varied from season to season, 

therefore the same processes described above in sections 7.5 and 7.7 were redone for 

each season. The accounting for baseflow was not redone since the percentages were 

applied to the adjusted annual volume. 
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Figure 7 -3: Volume of mountain front recharge within several drainage basins and the cells the 
recharge was routed into for MODFLOW 
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CHAPTER 8: EVAPOTRANSPIRATION 

8.1 DESCRIPTION 

Evaporation is the process through which water on the surface of the earth 

changes phase from a liquid to a gas and moves into the atmosphere. Transpiration is the 

process through which water is absorbed from the surrounding ground into the roots of 

plants, travels through the plants, and evaporates as water vapor into the atmosphere. 

These processes together are referred to as evapotranspiration (ET). 

8.2 RIPARIAN VEGETATION 

Riparian communities exist when appropriate near -surface water level conditions 

are present. In the San Pedro River watershed, these conditions exist along portions of 

the San Pedro River where water -table levels are relatively shallow (Figure 8 -1). The 

areal extent of the riparian vegetation was determined from aerial photographs taken 

primarily in December 2001 as part of the San Pedro River, Arizona Wetland /Riparian 

Mapping Project (Dall, 2002). The areal extent of the riparian areas in 1940 (pre - 

development) was assumed to be the same as the extent in 2000. The communities were 

viewed as ArcView polygons having associated attributes denoting the dominant 

vegetation type present. 
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8.2.1 Phreatophytes 

For groundwater flow models, only those plants withdrawing water from the 

water table, phreatophytes, are typically considered. Three types of phreatophytes are 

considered for this study: cottonwood (Populus fremontii), goodding willow (Salix 

gooddingii), and mesquite (Prosopis velutina). The other phreatophytes found in the 

study area, namely tamarisk (or salt cedar) (Tamarix ramosissima) and saccaton grass 

(Sporobolus wrightii), were considered insignificant on the regional scale. This is 

consistent with the Alternative Futures Model of the Upper San Pedro Basin (Goode and 

Maddock, 2000). 

The dominant and sub -dominant overstory species in the riparian floodplain are 

cottonwood and willow, forming a narrow gallery forest. Both species are obligate 

phreatophytes, relying almost entirely on groundwater. Mesquite is present as a sub- 

dominant tree and understory shrub exhibiting opportunistic exploitation of both 

groundwater and precipitation (Snyder and Williams, 2000). There is, however, a growth 

difference in mesquite depending on its water source. Mesquites in the floodplain that 

consistently withdraw water from the water table grow larger forming mesquite bosques 

(Stromberg et al., 1992), while those in the upland regions relying solely on precipitation 

only grow into bushes (Snyder and Williams, 2000). 

8.2.2 Evapotranspiration Rates 

Since this study focuses only on those plants withdrawing water from the water 

table, all further references to evapotranspiration is assumed to refer only to plant- 
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groundwater interaction. This assumption works well for cottonwood -willow galleries, 

but not necessarily for mesquite. The mesquite trees in mesquite bosques rely primarily 

on groundwater but will use recent precipitation if available (Snyder and Williams, 

2000). 

® Riparian Vegetation 
Model Boundary 

Emj Watershed Boundary 

Figure 8 -1: Areal extent of the riparian vegetation along the San Pedro 
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One recent study on evapotranspiration yielded estimates based on vegetation 

type. Cottonwood and willow trees have an estimated annual evapotranspiration rate of 

2.07 mm/day while mesquite trees have an estimated evapotranspiration rate of 1.03 

mm/day (Scott, 1999). Polygons defined in the mapping project as a mixture of 

cottonwood, willow, and mesquite trees were given an estimated average annual 

evapotranspiration rate of 1.55 mm/day. 

8.3 APPLICATION TO THE NUMERICAL MODEL 

The vegetation polygons were overlaid on the active model cells to determine the 

percentage of each cell experiencing evapotranspiration. The evapotranspiration rate for 

each polygon was then multiplied by the percentage of the applicable cells to determine 

the evapotranspiration rate for each cell. Figure 8 -2 shows a section of the San Pedro 

River, nearby vegetation polygons indicating the dominant phreatophyte type within the 

polygon, and the evapotranspiration cells that were then used in the model. The 

evapotranspiration surface was derived from the average elevation for the smaller 

polygon formed by the intersection of the larger vegetation polygon with the 

MODFLOW grid cell. If one cell contained multiple polygons, an average was used. 

Each type of vegetation polygon had an associated maximum evapotranspiration 

rate, discussed above. The evapotranspiration extinction depth, that depth at which plants 

cease to withdraw water, in the riparian zone along the San Pedro River is approximately 

five meters (Goode and Maddock, 2000). However, to compensate for variances in 
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elevation not reflected in the average elevation of the large grid cells, a value of seven 

meters was used. 

1 

/ /San Pedro River 
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Figure 8 -2: Various riparian vegetation polygons with associated evapotranspiration (ET) cells in 
relation to a stretch of the San Pedro 

This procedure does increase the availability of water for plants in the riparian 

area but does not increase the rate at which that water would be removed from a cell. 

This is because the maximum evapotranspiration rate remains constant for each cell in 

the model domain. It is assumed that this procedure provides an estimate for the volume 

of water being removed from the aquifer by evapotranspiration processes in the riparian 

corridor without reducing the cell size in that area (Goode and Maddock, 2000). 
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8.4 SEASONAL EVAPOTRANSPIRATION 

For the steady -state oscillatory, transient, and future scenario runs of the model, 

the process of applying evapotranspiration described above was applied to the growing 

season. The previously mentioned evapotranspiration rates were annual values (Scott, 

1999). For the months of April and May, evapotranspiration rates for cottonwood/willow 

and mesquite are approximately 2.84 mm/day and 1.31 mm/day respectively. For the 

months of June through September, evapotranspiration rates for cottonwood /willow and 

mesquite are approximately 4.20 mm/day and 4.29 mm/day respectively for weighted 

average rates of 3.75 mm /day for cottonwood/willow and 3.30 mm/day for mesquite 

(Baird, 2004). 

For the non -growing season, transpiration through plants is inactive but 

evaporation from very shallow groundwater and open water is active. Recent studies 

measured bare ground evaporation rates during the months of October and November at 

4.29 mm/day and between the months of December and March at 3.77 mm /day for a 

weighted average of 3.94 mm/day (Baird, 2004). 

These rates were then multiplied by the same percentage of applicable cells that 

the annual evapotranspiration rate was applied to under the assumption that 

approximately the same percentage of a cell contributing to evapotranspiration during the 

growing season would contribute to evaporation during the non - growing season. A 

constant extinction depth of two meters for the nongrowing season was used to 

compensate for the variances in elevation within grid cells described above in section 8.3. 
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CHAPTER 9: WELL PUMPING 

9.1 ARIZONA WELL MANAGEMENT 

Management of wells within the state of Arizona occurs only for those wells 

located within either an Active Management Area (AMA) or an Irrigation Non -expansion 

Area (INA) with an installed pump capacity larger than 35 gallons per minute (gpm) (190 

m3 /day) (ADWR, 1999a). The Lower San Pedro River Valley does not contain nor is 

contained within any of these areas and pumping rates are not recorded for wells located 

outside of the management areas. The information that is available for individual wells is 

maintained by the Arizona Department of Water Resources (ADWR) and is located in 

two databases: the Groundwater Site Inventory (GWSI) and the Well Registry. 

In 1990, the Arizona State Legislation enacted the Groundwater Management Act 

requiring all new and existing wells to be registered. The Well Registry contains 

information on more than 130,000 wells in Arizona, but the information for each well 

was reported by either the driller or the owner of the well, and has not necessarily been 

verified. Also, registration of an existing well, though required by the Act, has been 

applied only on a voluntary basis, and therefore there area number of unregistered wells 

in existence. Due to these limitations, the accuracy of any of the information contained 

within the Well Registry is uncertain (ADWR, 1999a). 

In addition to the limitations described above, the location of each well is only 

approximate. A well's location is reported to the ADWR by township, range, section, 

and section subdivision down to the nearest ten acres (quarter -quarter -quarter section). 
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To map the wells, each section of the state has been subdivided into four 160 acre cells, 

sixteen 40 acre cells, and sixty -four 10 acre cells with the well's location approximated 

by a point in the center of the 10 acre cell. Therefore, one point can represent more than 

one well if multiple wells exist in the same ten -acre cell (ADWR, 1999a). This leads to 

an uncertainty in location for each well of plus or minus 142 meters. 

The GWSI database was originally maintained by the USGS, however 

maintenance has since passed to the ADWR. The database contains detailed information 

about approximately 40,000 wells whose locations have been verified by either the USGS 

or the ADWR and recorded in three formats: township -range, latitude -longitude, and 

UTM coordinates. In addition to a more detailed location, the database includes 

information on the construction method, screen intervals, and where available, more 

recently measured water levels for each well (ADWR, 1999b). 

9.2 WELL SELECTION 

Only water -production wells within the model boundary and designated as 

pumping were included in this study. Wells with non -pumping designations such as 

observation wells or exploratory wells were eliminated. The GWSI data base is assumed 

to have more detailed and accurate information, and this database was used to 

characterize wells drilled prior to 1979. The well was assumed to be active from its 

completion date, as recorded in the GWSI. If no completion date was recorded, then the 

well was assumed to be active from the earliest recorded water level measurement. If a 

water level measurement was not recorded then the remarks section was checked for any 
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comments that might have helped. Only four wells had no information to help estimate 

the activation time of the well. 

Historical information for the groundwater flow model was available for the 

period from 1940 to 2000. The first 50 years (1940 -1989) were subdivided into ten 

unequal groupings (Table 9 -1). One of each of the four wells with no completion date 

was activated each of the first four decades of the model period. Therefore, one was 

activated in grouping 1 (1040 -1947), one in grouping 3 (1950 -1951), one in grouping 5 

(1960- 1969), and one in grouping 6 (1970 -1979). 

Table 9 -1: Groupings of stress periods for the different water years in the transient simulation 

Grouping Water Years Grouping Water Years Grouping Water Years 
1 1940 -1947 8 1983 -1985 15 1994 

2 1948 -1949 9 1986 -1987 16 1995 

3 1950 -1951 10 1988 -1989 17 1996 

4 1952 -1959 11 1990 18 1997 

5 1960 -1969 12 1991 19 1998 

6 1970 -1979 13 1992 20 1999 

7 1980 -1982 14 1993 21 2000 

For those wells completed during the years 1980 to 2000, well information was 

taken from the ADWR Well Registry. It was assumed that the information for this time 

period was as accurate but more comprehensive than the GWSI. Some of the wells in the 

registry were never actually drilled or used (ADWR, 1999a). Therefore, to be certain that 

the wells were active a set of criteria developed for the Goode model of the Upper San 

Pedro Basin was used: the well must have an approval or installation date, a driller's log, 

and not have a non -pumping designation (Goode and Maddock, 2000). Wells included as 
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non -pumping were test, monitoring, drainage, or exploration wells and those wells with 

no designation at all. 

For the wells in the Well Registry and most wells in the GWSI, there are 

designations for primary water use and occasionally secondary and tertiary water uses. 

The water uses for actively pumping wells within the Lower San Pedro Basin included 

commercial, domestic, irrigation, mining, industrial, public supply, and stock. 

For those wells within the GWSI database lacking a water use type designation, water use 

was determined (Table 9 -2) using the same criteria used for the Goode model (Goode and 

Maddock, 2000). 

Table 9 -2: Well use criteria 
Location Criteria Pumping Rate Criteria Assigned Water 

Use 
Wells within 1000 m of the 
floodplain 
Wells outside of the floodplain 
Wells within the floodplain 
All other wells 

> 100 gpm test pumping rate 

< 100 gpm test pumping rate 
no associated test pumping rate 
no associated test pumping rate 

irrigation well 

domestic well 
irrigation well 
domestic well 

Figure 9 -1 shows the location, as well as primary water use, of the wells included in this 

model of the Lower San Pedro Basin. Of the 398 wells included in this study, 

information for 201 was taken from the GWSI while information for the other 197 was 

taken from the Well Registry. 
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Figure 9 -1: Location and primary water use for the wells included in the model 
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9.3 DISTRIBUTION OF WELL PUMPING 

ADWR provided the basis for individual well pumping rates based on their 

Redington and Winkelman subbasin -wide water consumption estimates in the 

Hydrographic Survey Report (HSR) for the San Pedro River Watershed (ADWR, 1991). 

The ADWR estimates the consumed amount of water, not necessarily the pumped 

amount of water. In the cases of irrigation and mining, a certain portion of the water 

pumped out is recharged back to the aquifer either through the irrigation process or 

through drainage from mining tailings impoundments. The ADWR estimates were 

therefore adjusted to estimate the amounts of water recharged and more accurately 

represent the volumes of water pumped from the ground (Table 9 -3). 

Table 9 -3: Pumping estimates by water use for each subbasin and the total for the Lower San 
Pedro River Basin (from ADWR, 1991) 

Water Use Redington Winkelman Total 
(acre- ft /yr) (m3 /dy) (acre- ft /yr) (m3 /dy) (acre- ft /yr) (m3 /dy) 

Irrigation 12,110 81,700 4,800 32,400 16,910 114,000 
Domestic 130 400 170 600 300 1,000 
Municipal 910 3,100 10 30 920 3,100 
Stockpond 780 2,600 160 500 940 3,200 
Industrial 30 100 0 0 30 100 
Mining 23,000 77,700 1,860 6,300 24,860 84,000 

For consistency with the Goode model, all domestic wells were given a similar 

pumping rate of 1.7 m3 /day (0.5 acre- ft/year) (Goode and Maddock, 2000). For each of 

the other water uses, the estimate was distributed to the wells based on the cross -sectional 

area of each well. A direct relationship is assumed to exist between the area of a well 

casing and the amount of water pumped. The limiting factor on the amount of water 

pumped from each well is the well's capacity, which is assumed to be related to the area 
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of the well casing. Due to the increased cost of drilling a larger diameter well, it is 

assumed the user would only drill a well large enough for the primary use. It is also 

assumed that the user of the well intends to pump the well to its greatest capacity to 

obtain maximum yield for minimal expense. 

For each type of well (based on water use), the cross -sectional area of each 

individual well (I) was divided by the sum of the areas of that type (T). The diameters of 

the well casings came from the Well Registry database (ADWR, 1999a) or the GWSI 

database (ADWR, 1999b). If a well did not have a specified casing diameter, it was 

assigned the average well casing diameter of that well type. The process in equation 

form is as follows: 

The result (P;) is each individual well's fraction of the total casing area. This fraction 

was then multiplied by the pumping estimated for that type of well (R) to produce the 

estimated pumping rate for that individual well (Q,). The process in equation form is as 

follows: 

R.P =Q,. (12) 

Because the HSR was published in 1991, the estimates were applied to those 

wells active in 1990. The estimated pumping rate for an individual well was considered 

constant through time, unless more detailed information was available, in which case the 

pumping rates were adjusted accordingly. For wells drilled after 1990, an estimated 

pumping rate was assigned based on a well of the same type with a similar cross - 

sectional area drilled prior to 1990. 
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9.4 SEASONAL PUMPING 

Due to this seasonal nature of this model, years could not be aggregated into a 

single stress period. Years were, however, aggregated into groupings (Table 9 -1) in 

which each season of one grouping of years would have the same pumping rates. For 

example the growing season from 1940 to 1947 (Grouping 1) would assume the same 

pumping rate all eight years. If a well (irrigation) was activated in April of 1944, the 

pumping rate was adjusted as follows. Each growing season has six months, giving rise 

to a total of 48 months of growing season activity in Grouping 1. April of 1944 is the 

25th month and therefore, the well was only active for 23 of the 48 months. The pumping 

rate would then be adjusted to 48 % of the full estimated pumping rate for Grouping 1 but 

would be at 100 % for Grouping 2. 

9.5 PUMPING ESTIMATE BY WATER USE 

9.5.1 Public Supply Wells 

Public supply wells are those wells operated by communities or organizations to 

deliver water to the public on a larger scale than individual domestic wells. The majority 

of the public supply wells in the Lower San Pedro Basin are owned by the town of 

Mammoth, one of the larger communities within the basin. Figure 9 -2 shows the 

estimated pumping rates of the public supply wells within the model domain. 
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Figure 9 -2: Total public supply well pumping for each grouping, active growing and non -growing 
seasons 

9.5.2 Irrigation Wells 

One of the largest uses of groundwater in the Lower San Pedro Basin is for 

irrigation of agricultural fields. Because wells were not recorded until 1980, many wells 

may have been in use for long periods of time and then destroyed, abandoned, or their 

primary use was changed prior to 1980. It should be noted that those wells abandoned or 

destroyed prior to 1980, and therefore not recorded, were not included in this study. And 

those wells whose primary designation was changed prior to 1980 would be considered to 

be of the designation reported to ADWR and would not reflect any other use of that well 
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prior to 1980. Figure 9 -3 shows the estimated pumping rates of the irrigation wells 

within the model domain. To simulate crops only needing water for part of a year, 

irrigation wells were active during the growing season but inactive during the non - 

growing season. 
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Figure 9 -3: Total estimated irrigation well pumping for each grouping, active during only the 
growing season 

9.5.3 Domestic Wells 

By definition, domestic wells are those wells pumping water for use in the home. 

Pumping rates of the domestic wells within the model domain are shown in Figure 9 -4. 
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The Lower San Pedro Basin has experienced a fairly steady increase in residences, 

especially after 1990 (grouping 11) when each aggregation represents one year. 
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Figure 9 -4: Total domestic well pumping for each grouping, active during both the growing and 
non -growing seasons 

9.5.4 Stock Wells 

Small stock ponds and reservoirs that are supplied by wells are located throughout 

the Lower San Pedro Basin. The estimate in the HSR is for depletions based on the 

amount of water that would evaporate from all the stock ponds in the basin. If not 

contained in a lined or metal tank, a certain amount of water seeps back into the ground 

below the stock pond and this amount is therefore not part of the ADWR's estimates for 

depletions. The actual amount of water used by livestock is considered negligible 
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(ADWR, 1991). Those wells considered as stock were those designated as such within 

the GWSI or the Well Registry. Figure 9 -5 shows the estimated pumping rates of the 

stock wells within the model domain. 
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Figure 9 -5: Total estimated stock well pumping for each grouping, active both growing and non - 
growing seasons 

9.5.5 Industrial and Commercial Wells 

A small number of wells in the Lower San Pedro Basin are classified as industrial 

wells with no direct links to the mining industry (ADWR, 1999a). Those wells classified 

as industrial but owned by one of the mining companies were re- classified as mining 

wells. The one well in the model domain classified as commercial was drilled by an 

investment company but is now owned by the Nature Conservancy and is located on the 
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San Pedro River Preserve. The Preserve consists of two parcels of land located along the 

San Pedro River north of the confluence with Araivapa Creek (Lombard, 2000). Figure 

9 -6 shows the estimated pumping rates of the industrial and commercial wells within the 

model domain. 
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Figure 9 -6: Total industrial and commercial well pumping for each grouping, active during both 
the growing and non -growing seasons 

9.5.6 Mining Wells 

The other large use of groundwater in the Lower San Pedro Basin is for mining 

activities. Most of the mining in the San Pedro Basin is associated with copper mining. 

The two large mining companies operating in the basin are Asarco, located in the 

Winkelman subbasin, and Magma Copper Company (now owned by BHP Copper), 

located in the Redington subbasin. Asarco's operations pump approximately 6,300 

m3 /day (1,860 acre -ft/yr) to export out of the basin. Magma's operations are estimated to 
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deplete approximately 66,100 m3 /day (19,560 acre -ft/yr) from the aquifer. This estimate 

is based on an assumption that 16 % of the water Magma pumped from the aquifer is 

subsequently returned (ADWR, 1991). Therefore, to simulate the amount pumped, 
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Figure 9 -7: Total mining well pumping for each grouping, active during both the growing and 
non -growing seasons 

the ADWR's estimate was increased to reflect the amount pumped and not the amount 

depleted. To simulate the return to theaquifer, the 16 % was recharged over the tailings 

ponds located on Magma Copper's property. Figure 9 -7 shows the pumping rates of the 

mining wells within the model domain 

9.5.7 Total Pumping 

Figure 9 -8 shows the combined pumping rates of all the wells located within the 

model domain during the growing season. Figure 9 -9 shows the combined pumping rates 
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of all of the wells within the model domain during the non -growing season. Note the 

lack of pumping for irrigation during the non -growing season. 
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Figure 9 -8: Total well pumping by water use during the growing season of each grouping 

Figure 9 -9: 
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CHAPTER 10: ANTHROPOGENIC 
AREAL RECHARGE 

Three sources of areal recharge exist in the Lower San Pedro Basin: mountain 

front recharge (Chapter 7), infiltration of irrigation water, and infiltration of water applied 

to tailing impoundments (tailings ponds). 

10.1 AGRICULTURAL RECHARGE 

Irrigated agriculture activity in the Lower San Pedro Basin is concentrated 

primarily along the floodplain. Irrigation methods include flood, furrow, and sprinkler 

(ADWR 1991a). Water applied to the fields can be taken up by the plants, evaporate, or 

percolate through the soil to recharge the aquifer below. An estimated percentage 

distribution of 70 % water consumed versus 30 % water recharged is consistent with 

previous models of the area (Anderson and Freethey; 1995 and Goode and Maddock, 

2000). 

Agricultural lands were identified from 1991 satellite images and 1991 -92 

airborne video imagery to map Arizona's natural vegetation (Graham, 1995). 

Agricultural lands are viewed as ArcView polygons. To be considered significant for this 

model, the polygon needed to be at least 10,000 m2 (1 hectare) and polygons within 120 

m of one another were deemed the same polygon (Goode and Maddock, 2000). 

The recharge rate estimate for each polygon was calculated from the estimated 

pumping rates of all irrigation wells within 300 m of the polygon. The pumping rates of 
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those wells were totaled to find a total volume of water applied to the field for irrigation. 

To determine the estimated recharge rate for the agricultural polygon, the area of the 

associated polygon was divided into the 30 % recharge volume. Figure 10 -1 shows the 

areal extent of the agricultural polygons as well as the areal extent of polygons for tailing 

impoundments. 

If the agricultural polygon had no associated irrigation wells, then no recharge 

was attributed to those polygons. If irrigation wells had no associated agricultural 

polygon or an associated polygon too small to meet the size criteria, then none of the 

water removed by those wells was recharged back to the aquifer. Of the 85 irrigation 

wells active in the Lower San Pedro Basin, 72 are associated with agriculture polygons 

and have pumping contributing to recharge. 

The agriculture polygons from the conceptual model were overlaid on the active 

model cells to determine the percentage of each model cell experiencing recharge. The 

recharge rate for each polygon was then multiplied by the percentage of the applicable 

cells to determine the recharge rate for each cell. Figure 10 -2 shows a typical agricultural 

field with the associated pumping wells and the recharge cells that were then used in the 

model. 
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Figure 10 -1: Areal extent of the agricultural and tailings ponds within the Lower San Pedro Basin 
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Figure 10 -2: Typical agricultural field polygon with associated agricultural recharge cells and 
pumping wells with respect to a stretch of the San Pedro River 

To reflect the seasonal nature of the irrigation of agricultural fields, the recharge 

applied to the agriculture field cells in MODFLOW was only active during those stress 

periods simulating a growing season. This is consistent with the assumption of 

withdrawal of water through irrigation wells during only growing seasons. 

10.2 MINING RECHARGE 

Other than agriculture, the other major water user in the Lower San Pedro Basin is 

mining. Magma Copper Company, now owned by BHP Copper, Inc., is responsible for 

the majority of the pumping for mining purposes within the Lower San Pedro Basin. 

82 



An estimated 84 % of the water removed for mining operations is consumed, 

leaving an estimated 16 % to be recharged (ADWR, 1991). To simulate this recharge, 

the 16 % is recharged over the entire tailings impoundment nearby. The locations of the 

tailings impoundments were obtained from 1991 satellite images and 1991 -92 airborne 

video imagery to map Arizona's natural vegetation (Graham, 1995). The impoundments 

are viewed as ArcView polygons. As an example, Figure 10 -1 shows the areal extent of 

the tailings impoundments of the San Manual mining complex. 

The tailings impoundment polygons from the conceptual model were overlaid on 

the active model cells to determine the percentage of each cell experiencing recharge. 

The estimated recharge rate for each polygon was then multiplied by the percentage of 

the applicable cells to determine the recharge rate for each cell. Figure 10 -3 shows the 

tailings ponds with the associated pumping wells and the recharge cells that were then 

used in the model. 
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Figure 10 -3: Tailings impoundment polygons with associated recharge cells and pumping wells 
with respect to a stretch of the San Pedro River 
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CHAPTER 11: CALIBRATION AND 
SENSITIVITY 

11.1 CALIBRATION 

The calibration process involved comparison of simulated (or modeled) 

conditions with measured (or observed) conditions. The key points of calibration 

included water level measurements and baseflow levels in the San Pedro River. Steady - 

state, steady -state oscillatory, and transient conditions were all calibrated as part of this 

study. The calibrated steady -state model provided the starting point for the steady -state 

oscillatory model. The resultant head values from the final growing season of the steady - 

state oscillatory model providing the starting heads for the first nongrowing season of the 

transient model. During the calibration process, assumed or estimated hydrologic 

parameters and boundary conditions were adjusted manually through trial- and -error. 

This is an iterative process repeated in the progression toward matching the observed 

conditions. The hydrologic parameters adjusted during calibration include hydraulic 

conductivities (both horizontal and vertical) of the three layers, storage terms for the 

different layers, rates and spatial distribution of mountain front recharge, and stream 

parameters (including elevation and number of the nodes separating stream segments, 

roughness coefficients, and streambed conductance values). The boundary conditions 

adjusted include estimated groundwater inflow from the Upper San Pedro Basin and 

general head boundary conditions for the outflow from the Lower San Pedro Basin to the 

Gila River Basin. 
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11.2 STEADY -STATE MODEL 

In groundwater modeling, steady -state conditions generally represent the period 

of time prior to development when the natural recharge into the basin is equal to the 

natural discharge out of the basin and there is no change in storage. In the case of the 

Lower San Pedro River, development did occur prior to 1940, but the use of water prior 

to 1940 was limited to surface water diversions and limited groundwater from shallow 

wells. After 1940, the development of large capacity water production wells and the 

completion of rural electrification allowed the removal of larger quantities of water from 

greater depths (Goode and Maddock, 2000). 

11.2.1 Water Level Measurements 

Recorded pre -1947 water levels supplied calibration levels for the steady -state 

computed head conditions. The first large withdrawal (non- exploratory) well for use in 

mining was installed in the basin in 1947. Water levels were taken from both the GWSI 

and the ADWR databases. If duplicate representation of a single well (determined by the 

registration number) occurred, one of the wells was removed as an observation point. 

The location of the wells used during the calibration process for the steady -state and 

steady -state oscillatory conditions are shown in Figure 11 -1. 

Groundwater levels from the 106 wells were used in the calibration process and 

were assigned to one of the three model layers based on the cased depth, if available, on 

the well depth. 87 of the water level measurements were assigned to layer 1, 18 to layer 
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2, and 1 to layer 3. Because the screened interval was often not known, the water level in 

the well may represent a composite head from multiple layers. MODFLOW does not 

have the capability of calculating composite head in a well screened over multiple layers; 

therefore, water levels in 19 of the wells may be misrepresentative of the correct 

groundwater levels at those locations. 

Computed groundwater heads in meters above mean sea level (mmsl) versus 

observed heads (mmsl) for the calibrated steady -state model are shown in Figure 11 -2. 

Computed heads versus the residuals, where the residual equals the computed head value 

minus the observed head value are shown in Figure 11 -3. Those points with residuals far 

from the zero line (highly positive or highly negative) represent points located at a 

relatively large distances from the river. These large residual points may represent points 

where the measurement was made or recorded in error. One grid cell located near the 

model boundary near the town of Mammoth contains four observation wells with 

reported water level altitudes varying over a range of 80 meters. Another possible 

explanation is increased heterogeneity in hydrogeologic units or conditions for those 

areas giving rise to perched aquifers or small -scale locally confined regions. 

Unfortunately, not enough information is available to draw definitive conclusions. 

GMS reports several statistical evaluations of computed versus observed 

groundwater levels: mean error (ME), mean absolute error (MAE), and root mean square 

error (RMS). For the steady -state simulation, the mean error was -7 m, the mean 

absolute error was 13 m and the root mean square error was 28 m. These are analyses of 
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Figure 11 -1: Location of pre -1947 water level measurements used for calibration 
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Figure 11 -3: Residuals versus observed heads in meters above mean sea level 

the general trends found within the data. GMS computes the mean error by using the 

following equation 
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(GMS, 1999): 

n 

ME _ -E (h - ho), 
n 

(13) 

where, n = the number of simulations, 

h = computed head value [mmsl], 

ho = observed head value [mmsl]. 

This analysis method compares the computed head value with the observed head value 

for each observation point. The difference between the computed head value and the 

observed head value is the residual. One limitation arises through sign cancellation. For 

example, one observation point with a residual of positive five meters in comparison with 

another observation point with a residual of negative five meters would result in an 

average difference of zero; this can be misleading. 

To eliminate the problem of sign cancellation, GMS also calculates the mean 

absolute error by use of the following equation (GMS, 1999): 

n 

MAE = -È 
n r =1 

(h, - ho )I, . (14) 

This method averages the absolute value of the residuals instead of the original value of 

the residuals. 

The final analysis method compares the square of the residuals through the use of 

the following equation (GMS, 1999): 

RMS= ln -(h, -ho)? . (15) 
n ,_, 
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This method places more weight on those few points with the greatest error than on the 

greater number of points with less error. 

Additional comparison of the computed versus observed head values was 

conducted within Microsoft Excel. The standard deviation of the residuals was 

calculated using the following equation: 

st.dev. 
nExZ -(Ex)Z 

n(n-i) 
(16) 

where, n = the number of data points, 

x = the data value. 

The standard deviation for the steady -state residuals was computed as 27 m. 66 % of the 

points fell within ten meters of the observed head values while 88 % fell within one 

standard deviation. 

It should also be noted that there is a limitation to the spatial information for the 

individual wells and this should be considered in evaluating the graphs in Figure 11 -2 and 

Figure 11 -3. As previously discussed in Chapter 9, the accuracy of the well locations 

within the databases where any individual well location is uncertain within 150 meters in 

any horizontal direction. In addition, the surface elevation for each well was derived 

from a ten meter DEM of the basin with an error range of one to three meters, reported as 

RMSE (root mean square error) within a text file associated with each DEM. To 

determine the groundwater level at the observation point, GMS interpolates the simulated 

heads at the center point of the nearest four model cells using a bilinear interpolation 

technique (GMS, 1999). 
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Therefore, in summary, it is conceivable that an observed water level reading 

from a well that is mislocated 150 meters horizontally and 3 meters vertically is being 

compared to a computed groundwater level interpolated over an area of 300,000 square 

meters (0.3 square kilometers). These limitations are not pointed out to discourage the 

use of this model, but to notify the user of the limits of the data and estimates associated 

with these points. 

11.2.2 Streamflow / Gaging Measurements 

Calibration also involved adjusting hydraulic parameters and boundary conditions 

to match simulated streamflows with observed streamflows. Unfortunately, recording of 

streamflows at gages in the Lower San Pedro is limited (Chapter 6). The records from 

the gage located where Aravaipa Creek enters the Lower San Pedro Basin and the gage at 

"The Narrows" (Figure 6 -1) were used in determination of the baseflow entering the 

model domain and therefore could not be used as part of the calibration process. 

Three other gages recorded streamflows for the San Pedro River for at least ten 

years: Redington (first location), Mammoth, and Dudleyville (second location) (Figure 6- 

1). A fourth gage, operating from 1979 to 1983 just downstream of the confluence of 

Aravaipa Creek and the San Pedro River, was also used for comparison. Two of the 

gages were in operation prior to or only shortly after 1940: Redington and Mammoth 

(Table 11 -1). 

Using the 7 -day low flow method, the baseflow was estimated to be almost zero 

for flow at Redington. This low number is somewhat understandable because the gage is 
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downstream of the Bayless Ditch (Chapter 6). Another method of estimating baseflow 

averages the median flows for each year of recorded flows. This yielded a higher 

estimate of 7,300 m3 /day (3.0 cfs). Using the 7 -day low flow method, the baseflow was 

estimated to be almost zero m3 /day, while using the median method, the baseflow was 

estimated to be 6,000 m3 /day (2.4 cfs). The other two gages, Aravaipa and Dudleyville, 

operated later in the transient run period (Table 11 -1). 

Table 11 -1: Baseflow estimates for four gages on the San Pedro River using two estimation methods 
and the years of operation for each gage 

Estimated Baseflows (cfs) 

Name of 
Gaging years of 

baseflow 
estimation baseflow 

Station operation method estimate 
Redington 1943 -1998 7 -day 0.0 

median 3.0 
Mammoth 1931 -1941 7 -day 0.0 

median 2.4 
Aravaipa 1979 -1983 7 -day 4.2 

median 13.2 
Dudleyville 1965 -1978 7 -day 0.0 

median 6.0 

11.3 STEADY -STATE OSCILLATORY MODEL 

The steady -state oscillatory model models the pre- development conditions with 

conditions oscillating between the two seasons: non -growing and growing. As with the 

steady -state model, the goal is to achieve no change in storage over the course of one full 

year. In other words, the combined volumetric storage "in" over one year equals the 

combined storage "out" over the same year. This balance is achieved by using the final 
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head values of one run as the starting head values of the next run until there is no longer 

any change in the volume of storage. For this steady -state oscillatory model, there was a 

percent error of 0.4 % between the volumetric storage "in" and the volumetric storage 

"out ". The same observation points used for calibration of the steady -state model were 

used for calibration of the steady -state oscillatory model. The objective of this phase of 

the calibration process was to monitor the seasonal fluctuations in groundwater levels. 

The largest fluctuation between the two seasons was 2.5 meters and this occurred in only 

a few locations. 

1 4 7 11 15 19 22 26 30 34 37 42 45 49 53 58 62 66 70 74 78 82 86 90 

Stream Segment 

-growing non -growing 

Figure 11 -4: Simulated pre -development streamflow versus stream segment 

The seasonal fluctuations in streamflows were also considered in the calibration 

of the steady -state oscillatory model. The fluctuation in streamflow increased 

downstream in the basin (Figure 11 -4). Computed streamflows for the steady -state 
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model as well as for the non -growing and growing seasons of the steady -state oscillatory 

model are given in Table 11 -2. The seasonal fluctuations in streamflow at each of the 

four gages are also given in Table 11 -2. 

Table 11 -2: Modeled streamflows at the four stream gages for the steady -state model and the non - 
growing and growing seasons of the steady -state oscillatory model as well as the seasonal 
fluctuations 

Model Simulated Streamflows (cfs) 

Name of 
Gaging 
Station 

steady 
state 

oscillatory 
(non- 

growing) 
oscillatory 
(growing) 

seasonal 
fluctuation 

Redington 5 6 4 2 

Mammoth 17 21 14 7 

Aravaipa 26 32 22 10 

Dudleyville 24 31 19 12 

11.4 TRANSIENT STATES 

The transient model simulates the time period from October 1939 through 

September 2000. The transient model will be used by The Nature Conservancy to study 

the effects of groundwater pumping on the hydrologic system of the Lower San Pedro 

Basin. 

Groundwater level measurements were made in more than 400 wells in the Lower 

San Pedro River Valley from 1940 to 2000. The location of the various wells were 

groundwater level measurements were made are shown in Figure 11 -4. The computed 

heads versus the observed heads for the transient model are shown in Figure 11 -5 while 

the computed heads versus the residuals are shown in Figure 11 -6. The same areas with 

small residuals in the steady -state simulation had small residuals in the transient 
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simulation as well. For the transient simulation, GMS reported a mean error of -4 m, a 

mean absolute error of -8 m, and a root mean square error of 20 m. 

The baseflow estimates listed in Table 11 -1 helped with the calibration of the 

transient model with regards to streamflow. Simulated streamflows with regards to 

segment number are shown in Figure 11 -8. Table 11 -3 shows the model reported 

streamflows at the four stream gages from 1940 through 2000 for ten year intervals. 

11.5 SENSITIVITY 

A limited sensitivity analysis was conducted using the two parameters having the 

greatest impact on the interaction between groundwater and surface water (Goode and 

Maddock, 2000): streambed conductance (sc) and vertical hydraulic conductivity (vc) of 

the floodplain alluvium. Streambed conductance was varied along the San Pedro River 

and Aravaipa Creek, the two surface water systems that predominately flow over the 

floodplain alluvium. The calibrated values of the two parameters were modified over a 

range of five orders of magnitude through multiplication by 0.01, 0.1, 10, and 100. These 

changes were conducted in the steady -state model and compared to the calibrated flows 
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Figure 11 -5: Location of water level measurements taken from 1940 to 2000 
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Figure 11 -7: Residuals versus observed heads in meters above mean sea level 
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Table 11 -3: Modeled streamflows at the four stream gages at the end of the growing season for the 
water year listed 

Model Simulated Streamflows (cfs) 

Name of Gaging 
Station 1940 1950 1960 1970 1980 1990 2000 
Redington 4 2 1 1 1 1 1 

Mammoth 13 9 3 0 0 0 0 

Aravaipa 21 16 9 6 6 6 5 

Dudleyville 17 12 4 0 0 0 0 

in the San Pedro River at the four gaging stations as well as the overall error in modeled 

head values in comparison with the observed head values. 

The sensitivity of flow in the San Pedro River to changes in streambed 

conductance is shown in Figure 11- 9while the sensitivity of the head within the basin is 

shown in Figure 11 -10. Increasing the streambed conductance by factors of 10 and 100 

caused instability in the model allowing no convergence for head. Reducing the 
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streambed conductance by a factor of 10 slightly reduced the streamflow with a slight 

subsequent rise in water levels near the river. Reducing the streambed conductance by a 

factor of 0.01 significantly reduced the streamflow but caused flooding of many cells 

through which the river flowed. Although this reduction by 0.01 did reduce streamflows 

closer to the estimated flows, the subsequent flooding of cells was considered unrealistic. 
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Figure 11 -9: Sensitivity of streamflow to changes in streambed conductance 
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Figure 11 -10: Sensitivity of hydraulic head to changes in streambed conductance 

The variations in vertical hydraulic conductivity of the floodplain aquifer, even 

over five orders of magnitude, resulted in little or no change in either streamflow or 

hydraulic head levels in the observation wells. The lack of change in streamflow can be 

seen from inspection of Figure 11 -11 while the lack of change in hydraulic head can be 

seen from inspection of in Figure 11 -12. 
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Figure 11 -11: Sensitivity of streamflow to changes in floodplain vertical hydraulic conductivity 
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Figure 11 -12: Sensitivity of hydraulic head to changes in floodplain vertical hydraulic conductivity 
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CHAPTER 12: RESULTS AND 
ANALYSIS 

12.1 STREAM CAPTURE AND STORAGE LOSS 

Two methods are used to study the effects of groundwater pumping in the Lower 

San Pedro Basin: capture and water table decline. Capture is a measure of the effect of 

groundwater pumping on streamflow and on evapotranspiration. In 1941, Theis 

recognized that three interrelated possibilities could occur when groundwater is pumped: 

the recharge to the system may increase, the discharge from the system may decrease, 

and groundwater may be removed from storage. These possibilities can be represented in 

equation form as follows: 

(R+OR)-(D+OD)-Q= 0 (17) 

Where, 

R = natural recharge 

AR = increase in recharge due to groundwater pumping 

D = natural discharge 

AD = decrease in discharge due to groundwater pumping 

Q = groundwater pumping rate 

AS /At = change in aquifer storage per unit of time. 

During the pre -development period, when no groundwater pumping is occurring, the 

natural recharge is assumed to equal the natural discharge: 

R = D. (18) 
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Therefore, for the predevelopment period, equation 17 can be rewritten as: 

OR+AD)- (19) 

The (AR + AD) term represents capture. 

The sources of capture in the Lower San Pedro River Basin are reduction of 

groundwater underflow to the Gila Basin (a AD), reduction of evapotranspiration (a AD), 

and depletion of streamflow. The depletion of streamflow has two components; 1) the 

interception of groundwater that would have discharged into the stream (a AD), and 2) 

increased infiltration of surface water from the stream into the groundwater system (a 

AR). At any point in time, these two depletion processes may only occur in different 

reaches of the stream; however, the two depletion processes may occur at a stream reach 

at different points in time. 

With the increase in groundwater pumping seen from 1940 to 2000 (Figure 12 -1), 

there is a continual reduction in evapotranspiration, there is a decreasing amount of 

groundwater underflow leaving the San Pedro River Basin to the Gila River Basin, and 

there is a depletion of streamflow that is a combination of groundwater interception and 

increased surface water infiltration. There is an increasing amount of recharge to the 
. 

aquifer from either mining or irrigated agricultural activities (a AR). Finally, there is an 

increasing loss in groundwater storage ( OS /At ). As predicted in Equation (19), the sum 

of the reduction in the groundwater discharge from evapotranspiration, the decrease in 

groundwater discharge to the stream, the increase rate of streamflow infiltrating to the 

stream, the increased recharge from mining and irrigated agriculture, and the rate of 

change in groundwater storage loss is equal to the groundwater discharge for wells (Q). 
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Reduction Underflow 0 800 6,200 16,300 21,200 23,800 24,100 0- of 
to Gila Basin 

-u -Total Pumping 0 52,800 128,500 148,800 159,400 201,900 204,900 

-h-Reduction of 
Evapotranspiration 

0 1,500 4,000 7,300 10,500 14,100 18,100 

- -Loss from Groundwater 
Storage 

0 21,600 59,300 62,600 62,500 91,000 89,000 

Streamflow Depletion 0 15,300 29,700 29,700 29,700 29,700 29,700 -)I- 
Year 

Figure 12 -1: Changes in the key flux components of the hydrologic system through time 

12.2 WATER TABLE DECLINE 

With loss of water from groundwater storage, the water table level declines 

(Figures 12 -2 through 12 -5). The regions of significant drawdown were near the town of 

Mammoth due to groundwater pumping for mining operations and between the Narrows 

and the town of Cascabel from groundwater pumping for irrigation (Figure 12 -6). 
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Figure 12 -2: Simulated water levels for pre -development conditions (10 meter contour interval) 
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Figure 12 -3: Simulated depth to groundwater for pre -development conditions 
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Figure 12 -4: Simulated water levels for the year 2000 (10 meter contour interval) 

108 



N 

W E 

S 

Depth to Groundwater (m) 

standng water -0-i - 1-2 

2-4 
4-6 
6-8 

8- 10 

10 - 15 

15-20 

20- 40 

40-60 

60-80 

-80-100 - 100- 150 - - > 200 

150 - 200 

8 4 0 8 16 24 32 

Kilometers 

Figure 12 -5: Simulated depth to groundwater for the year 2000 
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Figure 12 -6: Simulated drawdown from 1940 to 2000 (2 meter contour interval) 
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CHAPTER 13: CONCLUSIONS AND 
RECOMMENDATIONS 

13.1 CONCLUSIONS 

The mathematical approximations needed to model groundwater flow and the 

geographic model scale led to simplification of the complex hydrologic system in the 

Lower San Pedro River Basin. This simplification process leads to a loss in accuracy but 

overall trends are apparent, especially for trends that respond to groundwater pumping. 

These trends include a reduction in streamflow in the San Pedro River, a reduction of 

evapotranspiration by the riparian vegetation along the river corridor, and the formation 

of two large cones of depression along the river. 

The reduction of streamflow is most apparent near the town of Mammoth, an area 

that also experienced the largest decline in water table level. By 1990, little or no 

streamflow occurs in the San Pedro near Mammoth. Other smaller cones of depression 

exist around the larger irrigation wells along the San Pedro River. The irrigation wells 

having the largest impact on the depth to groundwater are located in the region between 

the Narrows and the town of Cascabel. 

13.2 RECOMMENDATIONS 

The traditional ET Package used in for this model is an over simplification of the 

complex nature of evapotranspiration in riparian vegetation. A new package, RIP -ET, 

has recently been released to better model evapotranspiration in riparian vegetation 
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within MODFLOW (Maddock and Baird, 2002). This package would provide a better 

understanding of the evapotranspiration processes taking place within the Lower San 

Pedro Basin. 

Although recharge along the mountain fronts was well represented in this model, 

recharge through the mountain block would lead to a better understanding of the overall 

picture of natural recharge to the hydrologic system in the basin. Mountain block 

recharge is the flow of water through the fractures in the bedrock of the mountains 

themselves. This process is often considered negligible and therefore not included in 

basin -scale modeling. Research into this process is currently being done at the 

Department of Hydrology and Water Resources at the University of Arizona and may 

lead to a more accurate quantification of this aspect of natural recharge. 

Estimated hydraulic conductivity of aquifer units for the different zones played a 

major role in the calibration process. Previous studies predicted smaller horizontal 

hydraulic conductivities in the basin fill (ADWR, 1991). Using the predicted ADWR 

(1991) values, flow in the stream increased dramatically and flooding occurred in many 

regions along the San Pedro River. Measurements of the hydraulic conductivity (or the 

transmissivity) of hydrogeologic units would lead to a better representation of the 

hydrologic system and a better understanding of the flow patterns within the Lower San 

Pedro River Basin. 

Streambed conductance was a hydraulic parameter used in the calibration process. 

In the sensitivity process, streamflow in the San Pedro was observed to be sensitive to 

changes in the streambed conductance. Measurements of this parameter would be helpful 
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in the calibration process. Baseflow estimates could also be improved. The two methods 

used in this study to estimate baseflow from the USGS stream gage data led to a wide 

range (Table 11 -1). More complex estimation methods might lead to a more reliable 

quantification of the baseflow in the San Pedro River. 

Another improvement would be in the area of groundwater pumping. The 

estimates for pumping used in this report were obtained from the Hydrographic Survey 

Report published by the Arizona Department of Water Resources (ADWR, 1991). True 

pumping rates for individual wells would provide a better understanding of the pattern 

and magnitude of withdrawal of water from the groundwater system. Recent changes 

have occurred in the pumping regime within the San Pedro Basin. For example, BHP 

(formerly Magma Copper) has recently reduced pumping from their water production 

wells. At other locations, irrigation wells have ceased pumping and have been replaced 

with domestic wells. Domestic pumping rates are much lower than the pumping rates 

used for irrigation practices. Knowledge of the new pumping rates for the BHP wells and 

the specific locations of inactive irrigation wells could be used to improve predictions of 

how the response of the hydrologic system to alternative patterns of groundwater 

extractions. 

In addition to obtaining the true amounts of groundwater pumped for irrigation 

purposes in the basin, better knowledge of the irrigation practices would lead to a better 

understanding and more reliable representation of the changes to the hydrologic system 

from 1940 to 2000. Information to be obtained includes the type of crops being grown, 
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the area and location of the irrigated fields, the true amount of water needed to irrigate 

the crops, and the amount of water recharging the aquifer. 
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