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ABSTRACT

Present hydrologic, hydrogeologic, and water quality conditions

were evaluated for an area in and anowlcitbe town of Florence, Arizona.

Technical reports and documents were reviewed, and all available data

were stored in a data base management system. A predictive model was

used to determine the effects on future ground-water quantity and

quality due to changes in pumpage.

Hydrographs for the study area show a recent increase in water

levels. Along with the computer simulation results, this suggests that

water quantity should not be a problem for Florence for a number of

years. The simulation results indicated that after 40 years, there

would be a general decline in water levels and a cone of depression

south of the town would be enhanced. Two areas of nitrate contamina-

tion were discovered east and northeast of Florence but should not

affect the town wells, as long as the contaminated ground water

continues to flow to the south.
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CHAPTER 1

INTRODUCTION

Background

The rapid decline in ground-water levels and the concern about

water quality in central Arizona have resulted in the need for munici-

palities to appraise present and future ground-water resources. The

town of Florence is presently dependent on ground water to meet its

water supply needs. The municipality is currently building a new

sewage treatment plant and is concerned with the effect of discharge

and/or reuse of the treated effluent produced on the ground-water

system.

The Florence study area is located at the northeast edge of the

lower Santa Cruz basin in western Pinal County (Figure 2.1). The

unconsolidated basin fill has been divided into the lower and upper

zones and alluviums. Ground water occurs in the lower and upper zones,

of which the latter are the more permeable.

Approximately 80% of the land in the study area is used for

agricultural purposes, with cotton as the main crop. Surface water is

the main source for irrigation and is provided by the San Carlos

Irrigation Project through three canals and a number of laterals.

Ground water is used to supplement the surface water supply and is also

the primary source for municipal, domestic, and stock supplies. The

withdrawal of ground water has remained fairly constant, and water

moves towards cones of depression caused by this pumpage. Recharge of

water to the aquifer has increased in recent years due to a "wet cycle"

10
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and flooding along the Gila River. The water levels in the area have

increased since 1978 and, in some cases, have recovered to the water

level elevations recorded in 1960 (Appendix A).

Nitrates and total dissolved solids have increased since the

mid-1970s. Due to the lack of historic data, only the water quality in

the eastern section of the study area is analyzed. Malcom Pirnie, Inc.

(1986) showed two areas of nitrate contamin'ation east and northeast of

Florence. Data for the Florence wells only show slight increases in

nitrate, whidh suggests that they are unaffected by the contaminated

area at this time.

A ground-water flow model was used to evaluate the effect of

future stresses on the hydrologic system in the study area. The model

was calibrated using historic records, and average values of the input

data were computed. These averaged data were then used as input for

the simulation of two pumping schemes.

Purpose and Scope

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

present geologic, hydrologic, and water quality conditions in and

around the town of Florence based on historic data, and (2) to use a

ground-water flow mcdel to evaluate the effects of future stresses on

the hydrologic system. This study seeks to analyze the effects on the

ground-water flaw system of any changes in existing ground-water

pumping practices, discharge or re-use of treated sewage effluent, and,

where possible, the changes in water quality associated with it.
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To accomplish these goals, all aspects of the geologic and

hydrologic regime had to be analyzed. Thus, the following work was

undertaken:

(1)A review of technical reports and documents which

pertain to the hydrology, hydrogeology, and water

quality of the study area; and

(2)Establishment of a data base to aid in the collection

and reduction of hydrologic and hydrogeologic data.

Using the data base, a ground-water flow model, developed by

McDonald and Harbaugh (1983) was used to evaluate future stresses based

on:

(1)The aquifer properties and structures in the study

area;

(2)The relationship between the canal, laterals, and

river, and the aquifer; and

(3) The effects of pumping on the aquifer.

Previous Investigations

Several reports have been written on the geology and water

resources of the lower Santa Cruz basin. Prior to 1965, reports were

very general due to lack of reliable data. They consisted of tabula-

tions of well logs and water-level measurements and only generally

discussed the hydrogeology. Some of the major contributions were made

by Cushman (1952) and the Arizona State Land Department's published

reports which include the following:



(1)Annual Report on Groundwater in Arizona for the Years

1962 to 1964;

(2)Basic Ground-Water Data for Western Pinal County

(1964); and

(3) Effects of Ground-Water Withdrawal in Part of Central

Arizona Projected to 1969 (1964).

Since 1965, several more detailed studies have been conducted

in the lamer Santa Cruz basin. Hardt and Cattany (1965) wrote a

description and analysis of the geohydrologic system. Anderson (1968)

conducted an electrical analog analysis of the hydrologic system in

central Arizona to indicate probable water table conditions in 1974 and

1984. Konikow (1986) conducted a post-audit on Anderson's (1968) study

in order to determine the accuracy of the ground-water model. A report

was written by the U. S. Bureau of Reclamation (1976) on the geology and

ground-water resources of Pinal County, one of the Central Arizona

Project subareas.

Halpenny (1984) wrote an evaluation of the adequacy of the

ground-water supply for the Florence Gardens Utility Cbmpany. Thomsen

and Baldys (1985) wrote a general description of ground-water condi-

tions which include water level maps for 1900 and 1983, change in

water level 1900-1983, and chemical quality of the ground water.

Garrett et al. (1986) analyzed the areas of inundation along the Gila

River during the flood of October 1983.

Several reports have also been written on the Poston Butte

copper deposit. Ha'penny and Greene (1973) did a study for Conoco to

13
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determine the amount of water that would need to be pumped in order to

permit construction and operation of an open pit mine. They wrote a

review of the pumping in June 1976 and revised their conclusions and

recommendations based on data collected in March and April 1976.

Nason, Shaw, and Avisai (1982) described the geology of the Poston

Butte porphyry copper deposit based on exploration data from Conoco.

Only one report has been written on water quality within the

study area. Malcom Pirnie, Inc. (1986) conducted an analysis for the

Arizona State Prison complex at Florence to develop a solution for the

reduction of nitrate concentrations and scale formations.

Well-Numbering Systems

There were two well-numbering systems used in this study. The

first is the Arizona Department of Water Resources (ADWR) system which

is the location of the well to the nearest ten acres in an abbreviated

form, e. g., (D-4-9)32-cbd2, as shown in Figure 1.1. The second system

is modified after the ADWR system for ease in sorting and merging data

on computers, e.g., 2-32-3242.

The well numbers used by the Arizona Department of Water

Resources are in accordance with the Bureau of Land Management's system

of land subdivision. The land survey in Arizona is based on the Gila

and Salt river meridian and base lines, which divide the state into

four quadrants. These quadrants are designated counterclockwise by the

letters A, B, C, and D. All land north and east of the point of origin

is in A quadrant; that north and west in B quadrant; that south and

west in C quadrant; and that south and east in D quadrant. The first
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digit of a well number indicates the tcianship, the second digit indi-

cates the range, and the third digit indicates the section in which the

well is situated. The letters A, B, C, and D after the section number

indicate the well location within the section. The first letter

denotes a particular 160-acre tract, the second letter denotes the 40-

acre tract, and the third letter denotes the 10-acre tract. These

letters are also assigned in a counterclockwise direction, beginning In

the northeast quarter. If the location is known within the 10-acre

tract, three letters are Shown in the well number. For example, well

number A-04-05 19caa designates the well as being In the NE NE SW sec.

19, T. 4N., R. 5E. Where more than one well is within the 10-acre tract,

consecutive numbers beginning with 1 are added as suffixes.

The second well-numbering system is the same as the ADWR system

but has been abbreviated, e.g., 2-32-3242. All wells in the study area

are located in D quadrant and, therefore, this was omitted In the num-

bering system. The first number represents township and range, where:

1 = T.4S., R.8E.

2 = T.4S., R.9E.

3 = T.4S., R.10E.

4 = T.4S., R.11E.

5 = T.5S., R.8E.

6 = T.5S., R.9E.

7 = T.5S., R.10E.
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The second number is the section within the township and range.

In the last series of numbers, the first three are the quarter sec-

tions, where 1 = a, 2 = b, 3 = c, and 4 = d. The last number is added

when there is more than one well in a 10-acre tract.

Data Base

Introduction

Well data for the study area were collected from various

sources including the Arizona Department of Water Resources (ADWR)

Basic Data Collection and Pinal Active Management Area, San Carlos

Irrigation Project - (SCIP), U.S. Geological Survey, and published

reports. The time span of the data ranges from 1960 to 1986, where

available. This information was put into several data files within a

data base management system.

The system used for this report was DBASE III. It consists of

three main and several auxiliary files which help in sorting, search-

ing, editing, and appending the data. These files can be sorted and/or

combined to create new files by linking than through a common field,

the well number (Figure 1.2). DBASE III was also used to set up for-

matted output files for use in several computer programs. Data are

available on diskette.

Contents of DBASE III Files

Master file. The master file contains the basic information

about the wells themselves. It was used to sort data in other files.

It contains the data on 105 wells within the study area and has the

following information for each well, where available:



MASTER FILE
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WELL NUMBER (WELLNUMBER)
ADWR WELL NUMBER (DWR NUMBER)
LAND ELEVATION (LAND IT:LEV)
LATITUDE (LATITUDE) —
LONGITUDE (LONGITUDE)
OWNER (OWNER)
YEAR DRILLED (YEAR DRILL)
DEPTH OF WELL (WELE DEPTH)
CASING DIAMETER (CAE DIAM)
SCREENED INTERVALS (PERFORATE)
WELL USE (WELL USE)

WATER LEVEL FILE

WELL NUMBER (WELL NUMBER)
DATE OF MEASUREMENT (SAMPLE DATE)
DEPTH TO WATER (H20 DEPTH) —
WATER LEVEL ELEVATI5N (H20 ELEV)
SOURCE OF INFORMATION (SOURCE) 

PUMP FILE

WELL NUMBER (WELLNUMBER)
AMOUNT OF PUMPAGE (ACEEFT YR)
YEAR IT WAS PUMPED (YEAR ) -
SOURCE OF INFORMATION (SOURCE)

* NOTE: THE NAME IN PARENTHESES IS THE DATA BASE FIELD NAME

Figure 1.2. Data base flow diagram.



(1)Well number;

(2) ADWR well number;

(3)Land elevation;

(4)Latitude;

(5)Longitude;

(6)Owner;

(7)Year drilled;

(8)Depth of well;

(9)Casing diameter;

(10)Screened intervals; and

(11) Well use.

Water-level file. This file contains information about the

water levels in the wells. Before the 1980 ground-water code was

adopted, water-level information was limited to the ADWR's index wells,

SCIP wells, and information from published reports. Since 1980, the

ADWR takes measurements for all wells in an area every five years (1984

for the study area) and measurements of the index wells in between.

Therefore, 1984 contains the most complete set of water-level measure-

ments for the study area. Because there are many water levels for each

well, a separate entry was made for each. The data for each entry

consist of:

(1) Well number;

(2) Date of measurement;

(3) Depth to water;

(4) Water-level elevation; and

19



(5) The source of information.

Pump file. The pump file contains the yearly amounts of water

pumped. Before the adoption of the 1980 ground-water code, the data

were limited to the records kept by the SCIP and published reports.

Since 1980, the state requires all well owners to report annual pumpage

and, therefore, more information is available. Multiple entries were

made for wells with available data, and each record contains the

following information:

(1) Well number;

(2) Amount of pumpage;

(3) Year in which it was pumped; and

(4) Source of information.

Formatted output files. Output files were created for several

different reasons. These files were used to set up input files for

computer mcdels, which were used to contour and plot data, and to dis-

play information contained in the various data base files.

20



CHAPTER 2

DESCRIPTION OF THE STUDY AREA

Location

The Florence study area is situated in central Pinal County in

southcentral Arizona (Figure 2.1). It is approximately 60 miles south-

east of Phoenix and 70 miles northwest of Tucson. The study area is

contained in the Florence and Florence southeast quadrangles of the

U.S. Geological Survey 7.5-minute topographic series, and is included

in the following townships and ranges:

T.4S., R.9 and 10E.

T.5S., R.9 and 10E.

The study area encanpasses approximately 20 square miles, with

the town of Florence located in the center. The northern boundary is

the North Side Canal. The western boundary was arbitrarily placed at

the west edge of the Florence quadrangle from the North Side Canal to

the southern edge. The eastern boundary follows the siphon that

crosses the Gila River, four miles northeast of Florence, to the

Florence-Casa Grande Canal and then southwest along the canal until it

reaches the southern edge of the Florence quadrangle. The southern

boundary was arbitrarily, placed and runs along the southern edge of the

Florence quadrangle from the western edge to the Florence-Casa Grande

canal.

21
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Climate

The climate in the study area is characterized by low

precipitation and humidity which is typical of an arid desert region.

Climatological data from stations in and around the area indicate that

the mean annual temperature ranges from 68.5°F to 70.7°F and averages

69.5°F (Hardt and Cattany, 1965). Data from a station in the study

area (Table 2.1) show that the annual precipitation ranges from 5.44 to

20.01 inches and averages 10.20 inches for the period of record.

During the summer, the months of July and August are usually the

wettest, but the rains are heavy and sporadic and sometimes cause

severe flooding. The lighter winter precipitation is steady and longer

in duration than the summer rains.

Very small amounts of precipitation are available for recharge

to the aquifer due to high evapotranspiration rates. Hardt and Cattany

(1965) computed a potential evapotranspiration rate of 44.97 inches.

Therefore, it is unlikely to get significant recharge from precipita-

tion unless it occurs where water is concentrated along more permeable

stream channels. Sometimes during the winter months, the precipitation

is slightly greater than the evapotranspiration rate, and a small

amount of recharge may occur.

Topography

The Florence study area surrounds the Gila River Valley where

it exits the narrower valley at the siphon to just west of Attaway

Road. The area is approximately 12 miles long and averages two to

three miles in width. The valley floor slopes to the southeast from



Table 2.1. Annual Precipitation (Inches) (1)

Year PPT

1960 6.90
1961 9.85
1962 5.44
1963 10.90
1964 11.30
1965 16.36
1966 7.23
1967 13.18
1968 9.33
1969 8.29
1970 8.75
1971 10.43
1972 13.55
1973 7.77
1974 7.12
1975 7.93
1976 6.96
1977 7.27
1978 20.01
1979 11.08
1980 9.21
1981 7.64
1982 12.81
1983 17.59
1984 14.35
1985 12.86
1986 8.25

24

1. Source: National Oceanic and Atmospheric Administration (1960-86)
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the siphon to Florence, with an average slope of 20 feet per mile.

From Florence to the western boundary, the valley changes directicn and

slopes to the west, averaging ten feet per mile.

The land elevation ranges from a maximum of 1,550 feet above

sea level to a minimum of 1,400 feet above sea level. The mountains

and hills that surround the study area range in elevation from only a

few hundred feet above the valley floor to over 3,000 feet.

Land Use and Water Demand

The population of the study area in 1985 was approximately

6,300 people. The primary use of land, approximately 80% of the study

area, is agricultural with cotton as the main crop. Also included in

the study area are the town of Florence, the Arizona State Prison, and

several gravel pit operations. There are no heavy industrial centers

in the study area at the present time.

The primary use of water in the study area is by the San Carlos

Irrigation Project (SCIP) and individual farms for irrigation of

approximately 7,000 acres. Surface water is provided by the SCIP to

the study area by the Florence-Casa Grande, Florence, and Nbrth Side

canals. Deliveries of surface water vary from year to year as a

function of available project water. The SCIP owns several wells along

the canals and laterals that pump water into the delivery systems when

surface water is inadequate to meet the demands. Supplementary water

is also provided by individual farm pumpage. Ground water is also

pumped to supply municipal, domestic, and stock needs.
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CHAPTER 3

GEOLOGY

Introduction

The Florence study area is located in the lower Santa Cruz

basin which is part of the Basin and Range physicgraphic/structural

province of southern Arizona. The general geology of these basins is

characterized by broad alluvial valleys which are surrounded by moun-

tains. The hydrologic bedrock consists of impermeable crystalline and

sedimentary rocks. The sediments may be unconsolidated to consolidated

and range in grain size from clay to gravel.

The lower Santa Cruz basin is generally divided into three

water-bearing units. These units are the lower sand and gravel unit,

the silt and clay unit, and the upper sand and gravel unit (Hardt and

Cattany, 1965). Since the Florence study area is at the edge of the

basin and contains the Gila River flood plain, it has slightly differ-

ent geologic characteristics. Based an numerous drillers' logs for the

area, which were obtained by the Arizona Department of Water Resources,

the geology for the study area was divided into four units: bedrock,

lower zone, upper zone, and alluvium.

Lithology

The hydrologic bedrock underlying the study area is primarily

Pre-Cambrian granite, gneiss, and schists. An outcrop of bedrock is

present within the study area on the north side of Poston Butte (Nason
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et al., 1982). This unit is generally found 750 feet below the surface

and yields little to no water. Where fractures and faults have

increased the permeability and porosity, it may yield enough water for

domestic or stock supplies.

Lower Zone

The lithology of this unit varies in composition from a well-

to mcderately-cemented conglomerate interbedded with mudstone, silt-

stone, and basaltic rocks. The conglomerate includes an older part

which pre-dates the basalt flows and contains granitic fragments, and a

younger part which is associated with the basalt flows. The mudistcnes

and siltstones are gypsiferous to calcareous deposits of low hydraulic

conductivity. The basaltic rocks consist mostly of andesitic basalt

and also contain some interbedded pyroclastic rocks and conglomerate.

An outcrop of interbedded basalt flows and conglomerate is present at

Poston Butte (Nason et al., 1982). The basaltic rocks are generally

dense, but will yield small amounts of water from vesicular zones.

This unit is generally 300 to 500 feet thick, and depth to the

top of the unit ranges from 250 to 400 feet below the surface. The

unit as a whole yields moderate amounts of generally fair to good qual-

ity water. Many wells that draw from the upper zone are being deepened

to penetrate the lower zone due to regional lowering of the water

table.

Upper Zone

The lithology of the upper zone consists of unconsolidated and

poorly-sorted sand, gravel, silt, and clay. It also contains lesser
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amounts of moudstcne, siltstone, sandstone, and mcderately-cemented

gravel. It is generally 200 to 400 feet thick, and depth to the top of

the unit ranges from 0 to 100 feet from the surface.

This unit has the highest average permeability of the two

water-bearing units, and well yields are generally very high. The

permeability varies vertically and laterally, resulting in a wide range

of well yields in the area. Most wells in the study area draw from

this unit, but due to heavy pumpage, the water levels have declined

nearly to the bottom of this unit.

Alluvium

The alluvial unit consists of unconsolidated silty sand,

gravel, cobbles, and boulders. In the Gila River flood plain, the

alluvium ranges in thickness from 0 to 100 feet below the surface.

Along tributaries to the Gila River, the alluvium can be a few tens of

feet thick. Even though this unit is highly permeable, it is usually

not saturated. However, it does act as a good recharge medium since it

has a high infiltration rate.

Depositional History

During middle Tertiary times, the outline of the lower Santa

Cruz basin was probably formed by major faulting and regional warping

(U.S. Bureau of Reclamation, 1976). Thick sequences of conglomerate

along with volcanic rock, that make up the lower zone, were unconform-

ably deposited on the Pre-Cambrian bedrock during late Tertiary and

Quaternary time. Uplift and erosion with alternating periods of sub-

sidence and deposition continued into the Quaternary (U.S. Bureau of
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Reclamation, 1976).	 Deposition of the upper zone and alluvial

sediments took place in Quaternary and recent time.

Details of the magnitude and periods of uplift or subsidence

have largely been obscured in the study area. Several normal faults

have been geophysically logged in the northwest portion of the study

area (Nason et al., 1982). Depths to bedrock in this area seem to

agree with the structural mapping.



CHAPTER 4

HYDROLOGY

Introduction

Since prehistoric time, the lower Santa Cruz basin has been

cultivated by Indians. American settlers started using flood water

from the Gila River in the 1850s. Starting in the 1860s, canals were

constructed to divert Gila River water to lands south of the river.

The Florence Canal was built in 1886; however, the supply of water was

variable since there was no structure to protect the canal headgate

(Sorbin, 1977). The Ashurst-Hayden Division Dam and the Florence-Casa

Grande Canal were completed in 1922, and Coolidge Dam was completed in

1928 (Sorbin, 1977). These structures ensured, for the first time, a

dependable supply of water to area farmers. Surface water is still the

main supply for irrigation.

Ground water is used as a supplemental source to surface water

for irrigation. It is also the source for municipal, danestic, and

stock use. Mbst of the wells in the area were drilled between 1940 and

1951. In 1948, a ground-water code was enacted to establish critical

areas. It stated that no additional land could be irrigated and no new

wells could be drilled except as replacements in a critical area (Hardt

and Cattany, 1965). The Florence area was declared critical in 1951.

Many wells have since been drilled as replacements or deepened,

although the irrigated acreage in the area has remained constant.

Arizona enacted a canprehensive Groundwater Management Act in

1980. The intent of this act is to reduce ground-water overdraft

30



31

through conservation and management within five management periods over

a span of 45 years. Four Active Management Areas (AMA's) were created:

(1) the Pinal AMA, (2) the Tucson AMA, (3) the Phoenix AMA, and (4) the

Prescott N. These AMA's account for 69% of the total overdraft in

the state and include 80% of the state's population (Johnson, 1981).

The Florence study area is located within the Pinal AMA, which

is predominately rural. The long-term goal of this AMA is to preserve

future water supplies for nonirrigation uses. The AMA's are still

within the first management period, which runs from 1980 to 1990. The

objectives of this management period include well registration, permit-

ting, installation of measuring devices, and establishment of a ground-

water withdrawal fee. The plan for the second management period will

be completed sometime in 1988.

Surface Water

Surface water is provided by the San Carlos Irrigation Project

(SCIP). The water flows from Coolidge Dam, on the Gila River, to the

Ashurst-Hayden Division Dam. Fruit there, it is diverted into the

Florence-Casa Grande Canal, which supplies the town of Casa Grande.

Four miles below the division dam, approximately 4% of the water is

diverted into the North Side Canal and approximately 3% into the

Florence Canal. These percentages were based on actual measurements

and compared with SCIP estimated peak flows. Table 4.1 shows the

annual flows at the head of each of the three canals. The North Side

Canal flows under the Gila River through a siphon and then westward

along the Gila River flood plain. The Florence Canal follows the



Table 4.1. Annual Releases to the Canals (Acre-ft/year) (1)

Florence	 Florence	 North Side
Total	 Casa-Grande	 Canal	 Canal

Year
	

(2)	 Canal	 (3)	 (4)

1961	 60,845	 56,594	 1,826	 2,434
1962	 219,946	 204,578	 6,599	 8,799
1963	 185,934	 172,942	 5,579	 7,438
1964	 120,246	 111,844	 3,608	 4,810
1965	 137,150	 127,567	 4,115	 5,487
1966	 297,537	 276,747	 8,927	 11,903
1967	 260,251	 242,067	 7,809	 10,411
1968	 315,634	 293,580	 9,470	 12,627
1969	 305,834	 284,465	 9,176	 12,235
1970	 224,417	 208,736	 6,733	 8,978
1971	 70,321	 65,407	 2,110	 2,813
1972	 176,474	 164,143	 5,295	 7,060
1973	 324,356	 301,693	 9,732	 12,976
1974	 351,347	 326,798	 10,542	 14,056
1975	 328,351	 305,408	 9,852	 13,136
1976	 180,902	 168,262	 5,428	 7,237
1977	 61,269	 56,988	 1,838	 2,451
1978	 261,190	 242,940	 7,837	 10,449
1979	 421,727	 392,260	 12,653	 16,871
1980	 474,669	 441,503	 14,242	 18,989
1981	 457,289	 442,080	 14,261	 19,014
1982	 291,437	 271,074	 8,744	 11,659
1983	 273,187	 254,099	 8,197	 10,929
1984	 397,973	 370,166	 11,941	 15,921
1985	 458,340	 426,315	 13,752	 18,336
1986	 411,975	 383,189	 12,361	 16,481

1. Source: San Carlos Irrigation Project
2. Total amount released from Ashurst-Hayden Dam
3. Calculated as 3% of the total
4. Calculated as 4% of the total

32
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Florence-Casa Grande Canal south of Florence to the Picacho Reservoir.

Laterals that came off the canals transport the water to its place of

use All three canals and the laterals are unlined, and are a source

of ground-water recharge.

Water that is not diverted or is used in sluicing the diversion

dam is released down the Gila River. Annual releases are shown in

Table 4.2. Because the river bed is highly permeable, a large release

is needed before the water flows into the study area. Once the water

is released past the division dam, it can not be recovered. The

amounts of water released and diverted are dependent on how much is

released from Coolidge Dam, precipitation, and the SCIP's customer

demands.

Ground Water

Introduction

In order to describe the movement of ground water in a system

and the changes in water levels due to the natural and artificial

stresses placed on the system, it is necessary to establish the hydro-

logic characteristics and the amount of ground-water recharge and

withdrawal. Once this is defined, it can be used to predict the

reaction of the system to future stresses.

Computer modeling is one way in which to simulate a ground-

water system. The model used for the Florence study area was the

modular three-dimensional finite-difference ground-water flow model by

McDonald and Barbaugh (1983) and prepared by the U.S. Geological

Survey. The model and its results will be discussed later in this



Table 4.2. Annual Releases to the Gila River (Acre-ft/year) (1)

Year Release

1960 17,617
1961 6,593
1962 1,424
1963 14,466
1964 16,579
1965 161,581
1966 26,986
1967 83,292
1968 13,965
1969 961
1970 8,155
1971 753
1972 116,521
1973 26,292
1974 9,869
1975 8,999
1976 5,207
1977 33,976
1978 141,421
1979 109,273
1980 136,926
1981 10,695
1982 10,167
1983 540,348
1984 158,348
1985 379,592
1986 27,266

34
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report. The following is a description of the ground-water system

based on the actual and estimated historic data.

Occurrence

Ground water in the study area is contained in the upper and

lower zone sediments under unconfined conditicns. The upper zone is

more permeable than the lower zone and can yield as much as 4,000

gal/min. Most of the wells in the study area draw from this zone.

But, due to the decline of water levels, some wells have been deepened

and draw from the less permeable lower zone. In some areas, thin

lenses of clay in the upper zone have caused all perched water tables

which are evident from cascading water in wells. The thickness of the

water-bearing units range from 450 to 800 feet. Depth to ground water

ranges from 70 to 250 feet.

Hydrologic Characteristics

Transmissivity, hydraulic conductivity, and storage coeffi-

cients must be determined in order to understand the occurrences and

movement of ground water. Due to lack of sufficient aquifer tests,

estimates of tran.snissivity by Anderson (1968) were used for the study

area. These estimates were made by using the specific capacity of

wells. Transmissivity values calculated from an aquifer test in the

northwest portion of the study area, conducted by Halpenny and Greene

(1976), agree with those estimated by Anderson. Figure 4.1 displays a

general representation of the areal pattern of transmissivity deter-

mined by Anderson for the study area. These values range from 10,000
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Figure 4.1. Areal patterns of transmissivities in
gal/day/ft (Anderson, 1968).
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(gal/day/ft) to 150,000 (gal/day/ft), with the highest values occurring

along the Gila River.

Hydraulic conductivity (K) was assumed to be isotropic and was

calculated from the transmissivity and saturated thickness using the

relationship:

K=T/b

where:

K = the hydraulic conductivity (L/T);

T = the transmissivity (L2 /T); and

b = the saturated thickness (L).

Hydraulic conductivity values range from 9 to 400 ft/day and

average 85 ft/day. Hydraulic conductivity was assumed to be anisotro-

pic, and the vertical compcnent (K2 ) was estimated to be 1/100 of the

horizontal oonductivity (K) or lç = K/100.

Storage coefficients have been computed for large areas in

Arizona and generally range from 15 to 20% (Anderson, 1968). Hardt and

Cattany (1965) calculated an average value to be 17% for the area, and

this is the value used for the study area.

Ground-water Recharge

There are several sources of recharge in the study area, and

the amounts from each source are highly variable. Sources of recharge

include precipitation on the area, infiltration from river channels,
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canals and laterals, excess irrigation water, and subsurface inflow

from surrounding areas.

The average annual rainfall for the area is generally-very low;

subsequently, soil moisture deficiencies are prevalent. Therefore,

recharge from precipitation over the study area is considered to be

insignificant.

Infiltration from the Gila River and its tributaries was the

primary source of recharge prior to the development of dams and the

subsequent diversion of the water to canals and the regional lowering

of the water table. Since then, the amount of recharge from this

source is highly variable and is dependent on the size and duration of

releases from the Coolidge and Ashurst-Hayden dams. In general,

surface flows are infrequent and in small quantities; therefore, as

long as the water level elevation is below the bottom of the river, the

river and the aquifer are not considered to be directly connected

hydrologically. The exception to this occurs during times of flooding,

as in October of 1983, when significant quantities of water are

released down the river. Once this occurs, the moisture content of the

unsaturated sediments starts to rise. When it reaches field capacity

(or specific retention), appreciable amounts of water will be

recharged, which can be seen by the rises in water levels. Recharge

will continue until there is not enough water to keep the unsaturated

soils at field capacity.

Since the development of surface water diversion, infiltration

losses in canals and laterals have become the major source of recharge.

There are three unlined canals and a number of unlined laterals in the
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study area. Estimates of infiltration losses can approach 35% in some

systems (U.S. Bureau of Reclamation, 1976). Precise estimates for the

study area have not yet been determined. The amount of losses varies

and is dependent an the size of canal or lateral, the quantity of water

transported, the vertical hydraulic conductance and water content of

the underlying sediments which includes the content of biological

matter, and the depth to ground water. The canals are shut down for

approximately one month each year for cleaning; otherwise, they flow

almost year round.

Infiltration from excess irrigation water is also highly vari-

able. The potential for such recharge is dependent on any one or a

combination of the following factors: (1) depth to ground water, (2)

availability of low-cost surface water, (3) the cost of pumped water,

and (4) the water content in the unsaturated zone (U.S. Bureau of

Reclamation, 1976). This potential is also dependent on field condi-

tions and irrigation water management. The amount infiltrated can

range anywhere from 5 to 20% of the total amount of water applied.

The study area is not an enclosed basin and, therefore, subsur-

face inflow comes from all directions. Quantities and flow directions

are dependent an the stresses placed on the system outside of the study

area.

Ground-water Withdrawal

In general, ground-water withdrawal in the study area greatly

exceeds ground-water recharge. Exceptions to this are during times of

flooding when water is recharged in and along the Gila River and/or
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when there is a decrease in pumping due to a cycle of wet years such as

1978 to 1985.

Based on records from the Arizona Department of Water

Resources, there are approximately 104 wells in the study area. Of

these wells, 53% are used for irrigation, 12% for a combination of

irrigation, domestic, and stock, 10% for domestic and stock, 5% for

municipal, 12% are observation or exploration wells and do not pump

water, and 8% are currently unused or abandoned. Therefore, approx-

imately 80% of the wells in the study area pump water.

Prior to Arizona's 1980 ground-water code, records of pumpage

in the study area were limited to the 13 wells owned by the San Carlos

Irrigation Project (SCIP). The water from these wells is pumped into

the canals and laterals to supplement the surface water supply. For

the period 1961 to 1986, the average amount pumped by SCIP wells was

9,466 acre-ft/year.

Under the 1980 Groundwater Code, all noon-exempt well owners are

required to report total pumpage at the end of each year. Thus, good

records are available for the study area for 1984 and 1985. In order

to calibrate the ground-water model, estimates of total annual pumpage

were needed prior to 1984. These estimates were made based on the

percentage of water pumped from SCIP wells. In 1984, SCIP wells pumped

48% of the total recorded amount and 42% in 1985. An average value of

45% was used. A rough estimate of the total amount pumped for each

year from 1961 to 1983 was obtained by dividing the yearly total pumped

from SCIP wells by .45 (Table 4.3). Annual pumpage ranges from 14,171

to 30,327 acre-ft. for the period 1961 to 1985.



Table 4.3. Total Annual Pumpage (Acre-ft/year) (1)

Year	 Purnpage

1961	 7,584
1962	 14,344
1963	 15,162
1964	 18,729
1965	 16,349
1966	 16,340
1967	 22,978
1968	 24,193
1969	 23,687
1970	 25,653
1971	 23,238
1972	 22,504
1973	 24,169
1974	 30,327
1975	 25,220
1976	 23,020
1977	 16,920
1978	 17,042
1979	 15,980
1980	 20,347
1981	 24,178
1982	 23,078
1983	 19,395
1984	 17,809 (2)
1985	 14,171 (2)
1986	 20,847

1. Calculated from SCIP values where total = SCIP/.45
2. Actual annual totals
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Water Levels and Flow Directions

Prior to extensive pumpage, the general movement of ground

water in the lower Santa Cruz basin was to the northwest. Ground water

in the study area moved west to southwest, and the surface of the water

table was probably a regular plain that sloped in general with the

gradient of the Gila River (Thomsen and Baldys, 1985). Figure 4.2

shows ground-water levels for about 1900 and was constructed by Thomsen

and Baldys (1985) based on the earliest informaticn available for the

lower Santa Cruz basin. This map shows the general trend discussed

above. Depth to water averaged approximately 50 ft.

Pumpage did not affect the movement of ground water very much

prior to the 1940s. As the amount of pumpage increased, ground water

started to move towards cones of depression caused in areas of exten-

sive pumpage. Figure 4.3 displays the water-level elevations in 1961

based on 10 representative measurements. In the eastern half of the

study area, ground-water movement parallels the Gila River and flows to

the southwest. Gradients in the southwestern portion flatten and

average approximately 0.5 feet per mile, with movement to the west and

northwest. Ground water in the northwest portion flows to the north-

west towards a cone of depression caused by several heavily-pumped SCIP

wells. Water level declines from about 1900 to 1961 reached a maximum

of approximately 120 feet in the northwest portion of the study area

and averaged approximately 100 feet.

The direction of movement generally remained constant from 1961

to 1978, except for one area in the southcentral portion of the study

area where three wells were drilled between 1964 and 1973 by the SCIP
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Figure 4.3. Ground-water elevations (feet) for 1961.
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and extensively pumped to supplement their surface water supply. This

created a cone of depressicn, and ground water in the southeastern

portion started moving towards it. Water level declines during this

period of time average approximately 75 feet in the western portion of

the study area and approximately 50 feet In the eastern portion.

Hydrographs (Appendix A) for a number of index wells in the

study area show a general decline in water levels from 1960 to some-

where between 1979 and 1983. The years 1978 and 1979 were wet years,

and annual precipitation was 20 and 11 inches, respectively. This

affected some of the wells in the study area, as can be seen by a rise

in water levels during this period.

Somewhere between 1978 and 1983, water levels began to

increase. This is due in part to high annual precipitation and

flooding on the Gila River. For the years 1982 to 1985, annual precip-

itation ranged from 12.8 to 17.6 inches. In October 1983, large-scale

flooding occurred on the Gila River. Garrett et al. (1986) estimated

it to be between a 50- and 100-year flood. This means a flood the size

and magnitude of this one has one in 50 to one in 100 chances of

occurring in any one year. The only flood of similar magnitude

occurred in 1916 (Garrett et al., 1986). The hydrographs reflect the

increase in water levels due to the recharge of flood waters in 1983.

The increases continued through 1986, but at a slower rate than 1983 to

1985.

Water level increases from between 1978 to 1983, to 1986

reached a maximum of approximately 125 feet in the northcentral portion

of the study area and averaged 50 feet for the entire study area.
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Numerous water levels increased to the recorded levels for 1961. This

shows the potential for using recharge projects in and along the Gila

River to protect against decreasing water levels during dry periods.

Figure 4.4 shows water level elevations for 1984. Flow direc-

tions are similar to those in 1961, although ground-water mcunds have

occurred in areas near the Gila River.

Ground-water Quality

Only limited water-quality data were available for the Florence

study area. The data that were available were collected by Malcom

Pirnie, Inc (1986). They conducted a study of the Arizona State Prison

(ASP) complex at Florence and the surrounding area in 1986. The

purpose of this study was to develop a solution for the reduction of

nitrate as nitrogen (O3 -N), hardhess, and total dissolved solids (TDS)

in the prison's water supply. This study was prompted by the fact that

both nitrates and TDS concentrations exceeded the maximum contamination

levels in 1985.

Malcom Pirnie, Inc. (1986) found that there were very little

historic data for the area. Therefore, they supplemented the data with

their own sampling program of 12 wells in December 1985. The only

historic data available were located in the eastern portion of the

study area and were for two ASP wells, three wells in the town of

Florence, and one Florence Gardens Utility Cbmpany well. Malcom

Pirnie, Inc. (1986) list the water-quality analyses for the historic

records and their own sampling program. The constituents considered in



Figure 4.4. Ground-water elevations (feet) for 1984.
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this report are nitrates and TDS. A summary of the historic data for

these two constituents is shown in Table 4.4.

Nitrate levels. Historical nitrate records show that the two

prison wells, #5 and #7 located just outside of the main prison

complex, had the highest concentrations. These values ranged from 4.2

and 5.6 mg/1 in 1976 to 10.9 and 12.6 mg/1 in 1985. The primary

maximum concentration levels (PMCL) for nitrate is 10 mg/1 (Malcom

Pirnie, 1986) and, therefore, these two wells exceeded this limit in

1985.

The town of Florence wells showed consistently low levels of

nitrate. Two of the wells did show slight increases, but the levels

were still well below the PMCL. Well #2-36-3131 (Florence well #3)

showed an increase from 0.7 mg/1 in 1976 to 4.9 mg/1 in 1985, which was

the highest level recorded of the three wells. Well #2-36-3132

(Florence well #4) showed a slight increase from 0.7 mg/1 in 1976 to

1.7 mg/1 in 1985. Concentration levels for well #6-2-1410 (Florence

well #5) ranged from 0.1 to 0.4 mg/l.

The lowest levels of nitrate recorded for those analyzed was

from the Florence Garden Utility Company supply wells. For the period

1980 to 1985, nitrate concentration levels never exceeded 1 mg/l.

Figure 4.5 shows the approximate nitrate levels as of 1985.

The data for this map were collected by Melcom Pirnie, Inc. (1986) in

1985. The map shows two areas with nitrate concentrations above the

PMCL. The first is the area around the main prison complex. This area

was once used as a dairy feedlot (Malcom Pirnie, Inc., 1986). The

cause of nitrate contamination is probably due to the abundance of
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Table 4.4. Summary of Historic Nitrate and IDS Concentrations (1)

Concentrations for the Town of Florence (mg/1)

Well No. 3
	

Well No. 4	 Well No. 5

Date	 NCs-N	 TDS	 N0s-N 	'IDS 	N103 -N	 TDS

1/76 0.7 509 0.2 446 0.4 447

11/78 1.6 606 0.7 499 0.4 496

8/81 2.2 820 0.1 600 0.1 548

8/85 4.9 900 1.7 570 0.2 510

Concentrations for the Arizona State Prison (mg/1)

Well No. 5	 Well No. 7

Date	 NO13-N	 TDS	 NO3-N	 TDS

3/76 5.6 871 4.2 934

12/77 7.7 987 6.4 987

5/81 NA* NA* 9.8 946

7/85 12.6 942 10.9 1,245

Concentrations for Florence Gardens (mg/1)

Date
	 Nitrate	 TDS

11/80 1.0 700

5/83 <0.2 846

7/83 0.3 598

7/85 0.7 472

1. Source: Malcom Pirnie, Inc. (1986)

* NA = Not Available
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animal waste, which is high in nitrate. Malcom Pirnie, Inc. (1986)

also lists an abandoned prison garbage dump as a secondary contributor

of nitrates.

The second and larger ccntamination area is to the northeast of

the main prison complex. A combination of several factors has caused

this contaminaticn, including: (1) the prison dairy near well #3-31-

4140, (2) a hog farm near well #3-29-4140, (3) other minor livestock

areas, (4) unlined drainage ditches, and (5) nitrate fertilized fields

(Malcom Pirnie, Inc., 1986). Current habits of fertilization inclurip

the injection cf urea into irrigation water at a rate of approximately

200 lbs. per acre-foot of water at the beginning of the irrigation

season.

There is a high level of contamination in the upper zone

sediments since the source of nitrates is introduced at the surface.

The concentration should decrease with depth and distance away from the

source due to dilution.

'IDS levels. TDS concentration levels for the sample area are

all very high. All levels of TDS have increased for the period 1976 to

1985 except for Florence Gardens, which shows a decrease. The samples

made by Malcom Pirnie, Inc. (1986) in 1985 show extremely high levels

which range from 800 to 2,000 mg/l. The Florence wells only increased

slightly, with the exception of well #3, which increased from 509 mg/1

in 1976 to 900 mg/1 in 1985. These high levels of concentration are

probably the result of high natural levels and extensive agricultural

irrigation (Malcom Pirnie, Inc., 1986).
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Water quality trends and conclusions. Due to the limited

historic water quality data, seasonal trends cannot be discussed.

Annual trends show an increase in nitrates and TDS levels. There is no

evidence to support a decrease in either constituent, although the rate

at which they increase seems to be slowing.

Historic data only go back to 1976. Since 1978, the study area

has been in a "wet cycle", where the annual precipitation for six of

the eight years has been over 12.5 inches. This could account for some

of the increases in TDS and nitrates. Percolation of this rain water

could have aided in the downward movement of the contaminants, and

rising water levels could have aided in the dissolution of nitrates

contained in the unsaturated zone. Also, due to the "wet cycle", there

has been a slight decrease in punpage, which might explain an increase

in contaminants in dcwngradient wells.

Currently , movement of ground water from the areas of higher

contamination is to the south of the town of Florence wells. This

water is moving towards a cone of depression caused by several large-

scale irrigation wells and three SCIP wells which are pumped to

supplement surface water supplies.

The future of the quality of water for the town of Florence

depends on several factors, including: (1) changes in the ground-water

flow directions due to increases or decreases of pumpage in the area,

(2) the alternative chosen by the Arizona State Prison complex for

reducing nitrate concentrations, and (3) the increase or decrease of

intensive farming and livestock activity.



CHAPTER 5

COMPUTER MODEL

Introduction

A mcdel was used in this study to simulate the effects of

future stresses on the Florence study area. The model used for this

study was the three-dimensional finite-difference ground-water flow

model by M.G. McDonald and A.W. Harbaugh (1983).

This model simulates flow in two or three dimensions using a

block-centered finite-difference method. It is capable of simulating a

multi-layered aquifer where the individtml layers can be treated as

confined, unconfined, or a combination of both. Flow to or from

external sources, such as rivers and wells, can also be simulated. The

finite-difference equation can be solved by using one of two methods:

the Strongly Implicit Procedure or Slice-Successive Over-Relaxation.

The model is broken up into packages that represent overall control of

the simulation, specific hydrologic features, and solution methods.

Each simulation can be broken up into specified time intervals,

or stress periods, in which all external stresses are constant. At the

end of each stress period, the output consists of the calculated head

distribution and a volumetric water budget.

Numerical Analysis

The program is capable of simulating a multi-layer three-

dimensional hydrologic system. In the case of the Florence study area,

a single-layer, two-dimensional unconfined system was modeled. The

53



54

governing equation for two-dimensional ground-water flow under nonequi-

librium conditions in a heterogeneous and anisotropic medium is:

ah	 a	 ah	 ah-3-- (K h —) —	 7-.) - W = Ss 5--Eax	 ax	 (K hyy ay (1)

where

Kx, is the vertically-averaged hydraulic conductivity

in the x direction;

IÇ7y is the vertically-averaged hydraulic conductivity

in the y direction;

h is the potentiometric head (L);

W is a volumetric flux per unit volume and represents sources

and/or sinks of water (1/t);

Ss is the specific storage of the porous material (1/L); and

t is time (t).

Since analytical solutions of Equation 1 are rarely possible,

the finite-difference method is used to obtain an approximate solution.

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

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

uniform hydrologic properties. In addition, the continuous system

described in Equation 1 is replaced by a finite set of points, or

nodes, which are located in the center of each cell (Figure 5.1). A

finite-difference approximation of the derivatives in Equation 1 can

then be written for each node. This scheme is referred to as a block-

centered finite-difference approach.
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The finite-difference method is based on the continuity

equation, specifying that the sum of all flow into or out of a cell

must be equal to the rate of change in storage within the cell (USGS,

1983). Figure 5.2 shows two adjacent cells, i,j and i,j-1. Assuming

that the density of ground water is oomstant, the hydraulic conduc-

tivity is isotropic and heterogeneous, and cell dimensions and hydrau-

lic conductivity remain constant during the solution process, the

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

1:

q1 ,j-1 1 2 = Ci,j-1 1 2 (h 	111.0

	
(2)

where

qi,j-1/2 is the volumetric fluid discharge through the

face between cell i,j and i, j-1 (L3 /t); and

c1, -1/2 is the conductance between nodes i,j and i,j-1

(q..j-1/2 = K 1/2 Aci Avi/Ari _1/2) (L2/t)-

Three similar equations can be written for the flow through the

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

accounting for external sources or sinks is:

	i,j -1/2
	

Ci,j+1 1
2

	

Ci -1/2,j 	- 111,j)	 C1 +1/2.j

Ah. .
1, j 

Ss. . (Ar.Ac.A.v )1,J	 J 1 k	 At

(N,j.1	 N,J )

( 111.+1,i	 h) = (3)
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Cell i,j-1,k
	

Cell i,j, k

AVk

\INIMInIMIliveM111.n1111111n,

_ 1,4

Figure 5.2. Flow into cell i,j,k from i,j-1,k
(McDonald and Harbaugh, 1983).
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Flow into or cut of a cell from an external source is added to

or subtracted from, respectively, the right-hand side of Equation 3.

There are two types of external flow where type 1 flow is independent

of the head in a cell, such as recharge or discharge from a well, and

type 2 flow is dependent on the head in a cell, such as seepage through

a river bed.

For the Florence simulation, there were three external flow

sources: (1) discharging wells, (2) seepage from the Gila river and

the unlined canals, and (3) subsurface flow from head in the aquifer

outside the modeled area. Since there are only discharging wells in

the study area, and the flow to a well is independent of head, the rate

of discharge (QWEL) is subtracted from the left-hand side of Equation

3.

Seepage from the Gila River and the unlined canals is type 2,

or head dependent. The rate of leakage through the reach across a cell

is given by the following equation:

CDRIV = KLW(HRIV - H)/M 	 (4)

where

QRIV is the leakage through the river bed reach to cell

(Oft);

• is the hydraulic conductivity of the river bed (Lit);

• is the length of the reach (L);

• is the width of the reach (L);

• is the thickness cl the river bed (L);
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HRIV is the head in the river (L); and

H	 is the head in the cell if the material adjacent to the

river bed is saturated; otherwise, it is the elevation of

the bottom of the river bed (L).

Equation 4 can be rewritten in terms of conductance as:

QRIV = CRIV(HRIV - H)	 (5)

CRIV is the conductance of the river bed (CRIV = KLW/M).

This flow term is then added to the left-hand side of Equation 3 since

flow is into the cell.

Flow from the head in the aquifer outside of the modeled area

is also head dependent or type 2 flow. The flow rate from this source

is given by the following equation:

QGH = OSH(HB - ,)	 (6)

where

QGH is the rate at which water is supplied to the cell at the

boundary (L3 /t);

CGH is the hydraulic conductance (L2 /t);

FIB is the head at the source boundary (L); and

is the head in the cell.
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This flow term is then added and/or subtracted from the left-

hand side of Equation 3, depending on the flow direction.

Once the flow terms from external sources are established,

Equation 3 can be rewritten as:

c 1 2 ( N,j-1	 hi,j)	 C1 ,j4-1/2 (N,j+1	 N,j)

ci-112,j (N 	 h)	 Cï+112,j (N+1,j	 hi-j)
	

(7)

QWEL + CRIV (HRIV - H) + OGH (BB -hi .) =

Ah. .
Ss. . (Ar. Ac. Av ) 	 1 ' 3j	 k	 At

The head difference on the right-hand side of Equation 7 can be

expressed in terms of specific head values using the backward-differ-

ence approach. This approach is used because it is always numerically

stable (USGS, 1983). Equation 7, rewritten in backward-difference

form, is:

Ci-j-1 1 2 (1111i,j-1	 htn ) + C112 Olni,j+1

Ci _1/2,j ( 11Pi _1,i -	 Cï+1/2,j

(8)

QWEL + CRIV(H11117 - HP) + OGH(BEP - hP) =

if. . - hP -1

	

•	 • (Ar.	 .	 ) 	 i,j	Ss 	AC AV k
tm - tm _ i

where

	

tin 	is time at the end of time step m; and

is the head at noded i,j at time tm .
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The solution package used In the simulation of the Florence

study area was the Slice-Successive Overrelaxation method (SSOR). This

is an implicit iterative method for solving a system of linear equa-

tions, where one column of cells is solved simultaneously by a direct

method such as Gaussian elimination. The advantage to the block

iterative methods is that they save computer time and require less

storage space.

Description of Packages

The model is broken up into packages which deal with specific

aspects of the simulation. There are two types of packages: required

and optional. There are three required packages which are necessary to

run the model. For the Florence study area, the packages used were the

basic package which sets up the initial conditions, the block-centered

flow package which calculates the terms of the finite-difference

equations, and the SSOR package which iteratively solves the system of

finite-difference equations. The optional packages represent flow from

external sources such as wells and rivers. Whether a particular

package is used or not is dependent an the system being modeled. The

optional packages used for the simulation of the Florence study area

were the well package, the river package, and the general-head boundary

package.

The optional packages that were available but not used in the

Florence simulation were the drain package, evapotranspiration (ET)

package, and recharge package. There are no drains within the study

area and therefore, the drain package was not used. Even though
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potential ET rates are high in the study area, the depth to water is

great enough, averaging apgroximately 150 feet, that it was assumed ET

has a minimal affect on the aquifer, and this package was not used.

The recharge package was not used due to the complexity of and lack of

data for irrigation practices in the study area. Subsequently, it was

assumed that the small amount of area recharge from precipitation and

excess irrigation would be included in the subsurface flow.

The following sections describe the general purpose of and the

types of input to the packages used in the Florence simulation.

Basic Package

The basic package is one of the required packages because it

handles the administrative tasks of the program as a whole. This

package reads the following information:

(1)the number of layers, rows, and columns in the dis-

cretized aquifer;

(2)the number and length of the stress periods;

(3)the time units;

(4)the packages used;

(5)initial heads; and

(6)the type and amount of output.

Block-Centered Flow Package

This package computes the conductance and storage terms for the

finite-difference equation. In order to make these calculations, it is

assumed that the node is located in the center of each flow cell;
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therefore, the name block-centered. This package reads the following

intonation:

(1)the type of simulation (i.e., steady-state or

transient);

(2)the layer type (i.e., confined, unconfined or both);

(3)the anisotropy factor;

(4)cell dimensions;

(5)the storage factor (i.e., specific yield or storage

coefficient);

(6)transmissivities or hydraulic conductivities; and

(7) the elevation of the aquifer bottom.

Slice-Successive Over-Relaxation Package

The SSOR package was used as the solution technique. This

package iteratively solves the finite-difference equations associated

with the flow cells and reads the following information:

(1)the maximum number of iterations allowed in a stress

period;

(2)an acceleration parameter; and

(3) the maximum head change criterion for convergence.

Well Package

A recharging well is viewed as a positive source of water to a

flow cell. Therefore, a discharging well is the same as a recharging

well but with a negative recharge rate. Since wells are assumed to be

independent of head, the only information this package reads is the
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location of the flow cell that contains the well (i.e, row and column

number) and the volumetric rate of recharge or discharge.

River Package

The river package is used to simulate leakage through a river

bed to or from an aquifer. In the rase of the Florence simulation, it

was used to simulate leakage from the Gila River and three unlined

canals to the aquifer. Flow from these sources is assumed to be depen-

dent on the head in a flow cell. The following information is read by

this package:

(1)the number of active river reaches;

(2)the location of the flow cells that contain river

reaches;

(3)the head in the river;

(4)the river bed conductance; and

(5) the elevation of the bottom of the river bed.

General Head Boundary ( ( HB) Package

The GIB package is used to simulate flow from a source of water

outside of the modeled area and is assumed to be head dependent. For

the Florence simulation, it was used to simulate flow from the head in

the aquifer outside of the study area. The information read by this

package is:

(1)the number of active general head boundaries;

(2)the location of the flow cell affected by the head-

dependent boundary;

(3) the head on the boundary; and



(4) the œrkductance of the interface between -the cell and
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CHAPTER 6

MODEL SIMULATION

Introduction

In order to use a computer model to make meardrgful predictions

about the effects of future stresses on a hydrologic system, the model

must first be calibrated to match existing conditions. For the

Florence simulation, a two-step calibration process was used. The

first step was to run a steady-state calibration for the year 1961.

The purpose of this simulation was to calibrate the model for the

hydraulic conductivity of the aquifer media. Initial estimates for

subsurface flow were also sought. The second step was to run a

transient calibration over the historic period of 1962 to 1986. This

was broken up into two runs in order to account for subsurface flow

during dry periods, 1962 to 1976, and wet periods, 1977 to 1986.

Once the model was calibrated to existing conditions, three

predictive simulations were developed. The results of these simula-

tions give a representative view of how the hydrologic system will

react to the specified future stresses. The following sections

describe the calibration processes and the predictive simulations and

their results.

Steady-State Calibration

To improve the fit of the model to actual conditions, a steady-

state calibration was performed. An estimated head distribution for

1961 was used for this process. This distribution was developed from a

66
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water level contour map which was estimated from water level measure-

ments made in October 1961. The grid for the study area was then

overlayed on the map, and the head value for each node was recorded.

These heads were used as the starting values for the simulation. The

boundary nodes were set as constant head boundaries in order to repre-

sent subsurface flow into and out of the study area.

The goodness-of-fit was determined from the difference between

the final computed heads and the starting values. The parameter that

was adjusted during each run was the hydraulic conductivity. The

initial distribution of hydraulic conductivity was calculated from

estimates of transmissivity by Anderson (1968) and actual values of

saturated thickness (see Figure 4.1).

A trial and error process of adjusting the conductivity values

was continued until there was a maximum difference of three feet

between starting and final heads. This process only required several

runs before this head change criterion was met and, therefore, only

minor changes in conductivity values were necessary. Figures 6.1 and

6.2 show contour maps of the final distributions of hydraulic conduc-

tivity and computed heads, respectively.

Transient Calibration

Because the primary objective of modeling the study area was to

predict the effects of future stresses on the system, changes in

ground-water levels over periods of less than a year were not simu-

lated. Therefore, hydraulic heads computed at the end of each time

step represented ground-water levels at the end of each year. The
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Figure 6.1. Hydraulic conductivity (ft/day) used for
the simulations.
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Figure 6.2. Computed heads (feet) at the end of the
steady state run.
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major reason for the transient simulation was to determine appropriate

values of the subsurface flow to and from the study area.

The hydrographs in Appendix A show a general decline in water

levels from 1961 to 1977. Water levels began to increase sometime

after 1977. Subsequently, subsurface flow across the boundary nodes

was expected to change from dry to wet periods, since it is dependent

on the recharge and discharge rates outside the study area. Based on

these factors, it was determined that two transient calibrations would

be necessary: (1) a calibration of the years where water levels

declined (1962 to 1976), and (2) a calibration of the years where water

levels increased (1977 to 1986).

Before the transient calibrations could be performed, the

boundary nodes had to be changed from representing constant heads to

representing active heads, and the three external source packages had

to be set up. Data used in the well and river packages are discussed

in Chapter 4.

The initial conductance terms (CH) for the general head

boundary equation, or QGHB = CGHB(HB-h), had to be determined before

the general head boundary package could be used. Since all of the

boundary nodes were treated as general head boundaries, the assumption

was made that the flow across the boundaries would remain constant

during each simulation. Therefore, the heads at the boundaries (FIB)

were set to be 10,000 for flow into the study area and -10,000 for flow

out of the study area. This assured that given a constant CGHB for a

cell, no matter what the head in a cell (h) was, the subsurface flow

rate would remain constant. The flow rates (QGHB) and cell heads (h)
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used were calculated by the model at the end of the steady-state

simulation. The initial conductance terms were then calculated using

the values of QGHB, NB, and h specified above.

The goodness-of-fit for the two transient calibrations was

determined from the difference between the final computed heads and the

actual water level measurements for each year. The parameter that was

adjusted during each run was the CGHB term in the general head boundary

equation.

The initial head distribution used for the 1962 to 1976

calibration was the final distribution for 1961 calculated at the end

of the steady-state calibration. The trial and error process of

adjusting the CGHB was continued until there was a maximum difference

of 10 feet between the omputedheads and actual heads for each year of

the simulation. Figure 6.3 shows the 1976 head distribution at the end

of the first transient simulation.

Once the 1962 to 1976 calibration was complete, the final head

distribution computed for 1976 and the final CGHB terms were used as

the initial input for the transient calibration of the years 1977 to

1986. The CGHB values were again adjusted until there was a maximum

difference of 10 feet. Figure 6.4 shows the 1986 head distribution at

the end of the second transient simulation.
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Predictive Simulations

Procedures

Various simulations were discussed with the Florence Town

Manager, and it was decided to use the following two predictive

simulations for the study area:

Predictive simulation 1: For the ten-year period 1987 to

1996, all pumping rates, river and canal recharge rates,

and subsurface flow rates were kept constant. These rates

were equal to average values canputed from the 1962 to 1986

data used for the two transient simulations.

Predictive simulation 2: For the 40-year period, 1987 to

2026, the same average flow rates for river and canal

recharge and subsurface flag, as described in simulation 1

above, were used and kept constant. The average pumping

rates were used with the addition of three new wells. Each

of these three wells were set to pump at a constant rate of

1000 gallons per minute. The nodal locations of these new

wells were row 17 column 5, row 18 column 4, and row 18

column 8.

Simulation 1 was intended to be representative of a continua-

tion of existing ground water and surface water uses in the study area

under average conditions for a 10-year period. Therefore, no new

stresses were placed on the system. Based on the projected growth

figures for the town of Florence, it was determined that three new

wells, pumping at 1000 gallons per minute each, would be neccessary to

74
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net the demands of this larger population. It was assumed the wells

were in place and operating at the beginning of the simulation. There-

fore, simulation 2 was intended to represent the effects of three

additional wells on the hydrologic system under average conditions for

a 40-year period.

Simulation 1 Results

The computed head distribution after 5 and 10 years under

simulation 1 conditions are shown in Figures 6.5 and 6.6, respectively.

The comparison of these maps with the 1986 initial head distribution

(Figure 6.4) shows that under average external stresses, the ground-

water levels in most of the Florence study area wculd rise. Water

level declines were shown to occur in the northeast corner, southwest

corner, and to a small extent along the northwest border. A maximum

decline of 16 feet occurred after 10 years of simulation in the south-

west corner. Water level increases after 10 years reached a maximum of

14 feet in the center of the study area and averaged approximately 7

feet. Flow directions remained fairly constant over the 10-year

period.

Simulation 2 Results

Figures 6.7 through 6.10 show the computed head distributions

under simulation 2 conditions after 10, 20, 30, and 40 years, respec-

tively. Cbmparing these maps with the 1986 distribution showed that

the pumping of the 3 new wells over a 40-year period resulted in an

overall decline in water levels. At the end of the simulation, water
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level declines reached a maximum of 55 feet in the southcentral portion

of the study area and averaged approximately 21 feet.

Flow directions remained fairly constant over the 40-year

period, except for the area south of the town of Florence. A very

slight cone of depression was evident in this area at the beginning of

the simulation. The new well located at node 18, 4 was placed in this

area and caused the cone of depression to become more evident over the

simulation.

Limitations of Predictive Modeling

The various calibration simulations that were performed helped

to illustrate some of the limitations of the model. Because of the

model limitations, incomplete historic data, and assumptions made

throughout the mcdeling process, caution should be taken when using the

predictive simulation results. These results should be used as general

indicators of the response of the system to future stresses.
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CHAPTER 7

SUMMARY AND CONCLUSIONS

There were two phases to the ground-water study in this report.

The first phase described the current geologic, hydrologic, and water

quality conditions in the study area. In the second phase, a ground-

water flow model was developed based on the historic data. This model

was used to evaluate the effects of possible future stresses on the

hydrologic system.

Ground water in the Florence study area occurs in unconsoli-

dated basin fill comprising three distinct units--the lower and upper

zones which are water-bearing, and the alluvium. The upper zone

sediments are more permeable than the lower zone, and most wells in the

study area draw from this zone. The alluvial unit generally is not

water-bearing, but does act as a good recharge medium. The total

thickness of the three units ranges from 500 to 900 feet.

Surface water in the area is used for irrigation and is

supplied by the San Carlos Irrigation Project (SCIP) through three

canals and numerous laterals which are unlined. The quantity of

surface water supplied is dependent on releases from the Coolidge and

Ashurst-Hayden dams. Ground water is used to supplement surface water

supplies and is the sole source for municipal, danestic, and stock

supplies.

Ground water is recharged by seepage in the Gila River, unlined

canals, and laterals and subsurface flow from areas outside of the
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study area. The amount recharged is highly variable and dependent upon

a number of factors, including the size of the canals, laterals and

river, the quantity of water transported, the vertical conductivity and

water content of the underlying sediments, and the depth to ground

water.

The amount of ground water pumped in the study area has

remained fairly constant for the period 1967 to 1985. The SCIP pumps

approximately 45% of the total annual amount for the study area.

Water levels in the study area decreased an average of approx-

imately 100 feet from about 1900 to 1961. From 1961 to 1978, water

levels continued to decline and averaged approximately 65 feet. Water

levels started to rise somewhere between 1978 and 1983 and continued to

rise through 1986. Fium 1985 to 1986, the rate of rise decreased. The

amount of increase for 1978 to 1986 averaged approximately 50 feet and

reached a maximum of 125 feet in the northcentral portion of the study

area. This rise in water levels is due in pert to high annual precipi-

tation and flooding on the Gila River. Ground-water flow directions

from 1961 to 1986 have remained fairly constant. In the eastern

portion of the study area, the movement of water is to the southwest.

In the western portion, the flow is to the west and northwest.

An increase of nitrates and total dissolved solids in the

eastern half of the study area for the period 1978 to 1985 was docu-

mented by Malcom Pirnie, Inc. (1986). Only one of the three town of

Florence wells showed a slight increase in concentration. There were

two areas of nitrate contamination discovered, one in and around the

main prison complex, and one northeast of it.
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The future quantity and quality of ground water in and around

the town of Florence are dependent on a number of factors. These

include (1) the increase or decrease of ground-water pumpage, (2) the

amount of water recharged, (3) the increase or decrease of irrigated

acieage, (4) the change of ground-water movement due to the aforemen-

tioned, and (5) the option chosen by the prison for decreasing nitrate

levels.

Since there has been an increase in water levels within the

study area, ground-water quantity should not be a problem for a number

of years. Water levels should continue to be monitored and this infor-

mation appended to the data base. From the rate at which water levels

rose after the 1983 flood, serious consideration should be given to

recharging Central Arizona Project water along the Gila River, upstream

from the town. This could aid in slowing down the rate of water-level

decline.

The area of contamination in and ananxithe main prison complex

was probably a result of prior use of the area as a dairy feedlot in

which there was an abundance of animal wastes. There is an abandoned

prison garbage dump in that area which could be a secondary contribu-

tor. The contamination in the northeast area is thought to be the

result of major and minor livestock areas, seepage from drainage

ditches, and nitrate fertilized fields. These increases could be

due to a canbination of the increase of recharge over the contaminated

areas which has induced the downward movenent of nitrates from the

unsaturated zone to the water table and the dissolution of nitrates in

the unsaturated zone by rising water levels. High concentrations of
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TDS are probably the result of high natural levels and agricultural

irrigation.

In the eastern half of the study area, ground-water quality

should continue to be monitored, especially in the nitrate-contaminated

are. The town of Florence should not see much of an increase in

nitrate, as long as the contaminated ground water continued to move to

the south of the town. Special attention should be given to nitrate

levels in Florence municipal well number 3. A slight shift in ground-

water movement could cause some of the nitrate-contaminated water to

move towards this well.

There is a lack of water quality data for the western half of

the study area; therefore, the following conclusions are based on engi-

neering experience and strong judgement. Assuming there are not areas

of high nitrate contamination in the western portion of the study area,

the re-use of treated sewage effluent as irrigation water should not

cause any great increase in nitrate levels. CUrrent agricultural

habits of fertilization include the injection of urea into irrigation

water at the beginning of the irrigation season. It is possible to

reduce nitrogen levels in the effluent so that its continuous use

produces the same annual load levels. The re-use of effluent in this

manner causes the infiltration of nitrates to be evenly-distributed and

is considered to be a nonpoint source.

The discharge of effluent to the Gila River would have more of

an impact on the quality of ground water. Because the sediment in and

below the river is highly permeable, the infiltration of nitrates is

faster. This would be considered a point source for contamination.
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Since effluent has already been released down the river, an analysis of

water quality on several wells downstream from the discharge point

should be performed. Also, a sampling program should be set up to test

other wells in the western half of the study area. Once this is

complete, a more accurate analysis of the adverse effects of effluent

on the ground-water quality can be discussed.

The model developed for the Florence study area was calibrated

to match the historic data under steady-state and transient conditions.

This was done in order to get the best possible fit of the model to

actual conditions. Because of the limitations of the model itself and

incomplete historic data, the model results represent only general

reactions of the hydrologic system to future stresses.

Average pumping and flow rates were calculated from historic

data used to calibrate the model. Using these average rates and

holding them constant for 10 years, the model showed there would be a

general rise in water levels. This simulation assumed there would be

no new stresses placed on the system and, therefore, there would be no

apparent change in water level directions.

Assuming that the population of Florence grows as projected, at

least three new wells would be needed to meet this demand. The results

of the second simulation showed that after 40 years, there would be a

general decline in water levels. These results also showed that the

additional pumping of the three wells would enhance the cone of

depression south of the town of Florence. There is a positive and

negative side to this. By enhancing the drawdown area, it would keep

the nitrate contaminated waters flowing to the south of the town. On
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the other hand, it might cause one of the new wells to become contam-

inated. Overall, the results show that under average conditions, the

town of Florenceuculd not have any watmrquantityproblems.
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HYDROGRAPHS FOR VARIOUS INDEX WELLS
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