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ABSTRACT

Meeting the water needs of humans while protecting riparian habitat and wildlife

is a significant challenge for land use and water resources planning in Southern Arizona.

Arivaca Creek is one of the few remaining perennial streams and wetland ecosystems in

Pima County and supports one of the largest hydro-meso-riparian corridors. Arivaca is

also a rural community with a growing population. A hydrological assessment was

conducted and a groundwater flow model was created to better understand the dynamics

of the Arivaca groundwater basin. A groundwater flow model had not been created for

this basin prior to this investigation. A conceptual model was developed using ArcView

Geographic Information System (GIS) software and Groundwater Modeling System

(GMS) software to aid in model input and model calibration. GMS was used to convert

the GIS-based conceptual information into the input files needed to run the numerical

finite-difference groundwater flow model MODFLOW. A new evapotranspiration

MODFLOW module (RIP-ET) was used to represent riparian evapotranspiration in the

model. A steady-state model was developed for the years prior to 1975 in order to

calibrate model inputs and produce initial hydraulic head conditions for the transient

analysis. A transient analysis is performed over the period 1975 to 2002 during which

stresses to the system are changing over time. Model results are consistent with observed

data, indicating the model's utility as a management tool to assess possible land use

scenarios and their impacts on riparian habitat along Arivaca Creek and the water

resources of the Arivaca groundwater basin.
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Chapter 1. Overview

Introduction

People, wildlife, and vegetation all compete for a limited water supply. Human

water use has generally taken priority over water use for preservation of riparian areas

and wildlife throughout Arizona. Meeting the human water needs while protecting

riparian habitat and wildlife is a significant challenge for land use planning in Southern

Arizona.

The loss of aquatic, semi-aquatic, and riparian ecosystems, and the species

associated with these ecosystems, presents a significant threat to biodiversity in Pima

County, Arizona (Pima County, 2002). Since many federally listed Endangered or

Threatened species depend on these ecosystems, the decline of these ecosystems presents

a dilemma for land managers given the mandates of the Endangered Species Act (ESA).

In recognition of federal law and the value of biodiversity in the region, Pima County is

creating a multiple species conservation plan, called the Sonoran Desert Conservation

Plan (SDCP), to address species concerns by preserving the habitat which these species

and the more common species depend on. Pima County recognizes that protecting local

water resources is an important part of preserving valuable riparian habitat and the

species associated with them (Pima County, 2002).

Arivaca is a rural community located within a small watershed in Southern

Arizona (Figure 1.1). Arivaca Creek is one of the few remaining perennial streams and

wetland (or cienega) ecosystems in Pima County. Arivaca is recognized by Pima County
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as an Important Riparian Area under the SDCP because it supports one of the largest

hydromeso-riparian areas in the region and contains a high level of species richness

(Pima County, 2002). The creek and cienega support many plant and animal species,

including several endangered and threatened species.

The Arivaca groundwater basin has limited water resources and is hydrologically

isolated from the larger alluvial aquifer systems in the region. The two biggest threats to

the water resources of Arivaca are drought and groundwater pumping. Effective

planning and local water conservation could help minimize the potential impacts of these

threats on Arivaca Creek, the cienega, and the lifestyle of the local community.

The 1980 Arizona Groundwater Code established a management plan to preserve

the state's valued groundwater resources. The code also established the Arizona

Department of Water Resources (ADWR), which was given the charge of managing the

groundwater resources of Arizona. Active Management Areas (AMAs) were established

in areas with serious water level declines due to groundwater pumping. Under current

water management policy, the Tucson AMA must reach safe-yield by the year 2025

(ADWR, 1999). Safe-yield is the "long-term balancing of groundwater withdrawals with

the amount of water naturally or artificially recharged to AMA aquifers" (ADWR, 2001).

The volume of groundwater pumped out of the AMA aquifer system each year must be

replaced by either natural or artificial recharge. The recharge requirement, however, can

be met by recharging water anywhere in the AMA, and not necessarily in the same areas

as where pumping occurs. A water system or large groundwater pumper is able to join

the Central Arizona Groundwater Replenishment District (CAGRD), which manages
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artificial recharge facilities, to help members fulfill their recharge requirements of the

Assured Water Supply Rules. Most artificial recharge facilities in the Tucson AMA

recharge Colorado River water that is brought to the area via the Central Arizona Project

(CAP) canal. This means that pumping groundwater from a small, isolated basin within

an AMA, like Arivaca, and recharging the same volume of Colorado River water far

away in a larger basin, such as Avra Valley, is considered to be consistent with the goal

of safe-yield for Tucson AMA, as long as the pumper is a member of CAGRD.

Even within the Tucson AMA, the groundwater code does not prevent

groundwater pumping from diminishing streamflow in riparian areas. The code allows

localized depletion of aquifers to a depth of 1000 feet below the surface. Local depletion

of aquifers is allowed as long as long-term water level trends do not show declining water

tables on an AMA-wide average basis. Because Arivaca is located within the boundaries

of the Tucson AMA, it is subject to the same groundwater management policies as the

much larger alluvial basins within the AMA, such as the Tucson Basin and the Avra

Valley Basin. These large basins are the primary focus of the Tucson AMA management

plans and planning models.

This investigation compiles information on the hydrology of the Arivaca Basin

and examines the relationships between certain components of the water budget. The

results of this study provide a better understanding of the groundwater conditions in the

basin and a foundation for additional studies on the area. The groundwater flow model

that was developed and used during this study could serve as a management tool to assess
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possible land use scenarios and their impacts on riparian habitat along Arivaca Creek and

the water resources of the Arivaca groundwater basin.
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Purpose and Goals of Investigation

The purposes of this investigation were to conduct a comprehensive hydrologic

assessment of the Arivaca groundwater basin and to develop a flow model that could

describe the dynamics of the groundwater system; neither of which has been done for this

area prior to this study. The primary goal of the study was to gain a better understanding

of the hydrology of the Basin by means of an interpretive groundwater flow model. The

rate and distribution of recharge and possible impacts from well pumping were of

particular interest in this study. An additional goal of the study was to develop a model

that could be utilized as a management tool to assess possible land use scenarios and their

possible impacts on riparian habitat along Arivaca Creek and the water resources of the

Arivaca groundwater basin.

Previous Hydrologic Investigations

Several reports have been written on the geology, hydrology, and water resources

of the Arivaca area. Manera and Associates (1973) conducted the first geophysical and

hydrological reconnaissance of the Arivaca area and reported on the potential

productivity of the Arivaca aquifer. The report includes geologic interpretations of the

area, the results of an electrical resistivity geophysical survey, the results of two pump

tests, estimates on aquifer properties, and estimates on developable groundwater

resources.

The Arizona Water Commission (1973) determined the basin outflow to be 300 to

400 acre-feet per year and stated that the basin had an inadequate supply of water for a
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proposed 1200-lot housing development. The Commission estimated that only 140

homes in the proposed development could be supplied with water without mining the

groundwater.

Other significant studies include work by the U.S. Fish and Wildlife Service

(USFWS, 1999), which conducted a streamflow analysis for an instream flow right

application for a reach along Arivaca Creek, downstream from the cienega. Heller

(2000) used the surface water hydrologic model, ARDBSN, to assess the impacts of stock

ponds on recharge in Arivaca. The ARDBSN model did not focus on groundwater flow

and used a surface water model to simulate recharge within the watershed.

Two hydrologic studies were conducted in Arivaca in 2000, both for the USFWS.

hydroGEOPHYSICS, Inc. (2000) conducted a surface gravity geophysical survey in the

basin to determine the thickness of the basin-fill alluvium. The presence of volcanic

bedrock made it difficult for this survey to accurately describe the thickness of the

alluvium. Mock (2000) investigated groundwater conditions in the Arivaca area. The

report included a hydrologic assessment and a conceptual groundwater flow model for

the basin.

Most recently, Pima County released two reports on Arivaca for its Sonoran

Desert Conservation Plan planning efforts. Both reports were originally authored by the

Arivaca Watershed Education Taskforce (AWET). AWET (2000) summarized potential

threats to the water resources of the Arivaca area. AWET (2001) presented a proposal to

designate an Arivaca Resource Management Zone. AWET also collects monthly



precipitation and water level data from local residents, and holds periodic meetings to

discuss water-related issues.

15



16

Chapter 2. Description of Study Area

Location and Physiography

Arivaca is located in a small watershed in southeastern Arizona, approximately 50

miles southwest of Tucson. The Arivaca watershed, upstream from the Arivaca townsite,

is approximately 43 square miles (111 km2), and is part of the Lower Santa Cruz River

watershed. The Arivaca watershed is situated between the Altar and Santa Cruz valleys

and is bounded by ridges and low-lying mountains. The Las Guijas and San Luis

mountains are to the west; Cobre Ridge is to the south; Atascosa Ridge is to the

southeast; and Jalisco Ridge is located to the north.

This study focuses primarily on the Arivaca Basin (Figure 2.1), which is a small,

diamond-shaped alluvial basin bounded on all sides by volcanic and elastic bedrock (see

Chapter 4 Hydrogeology). The study area (the Arivaca Basin) spans approximately 15

square miles (39 km2). The low, sloping hills of the basin are dissected by ephemeral

washes, which drain into the main channel formed by Arivaca Creek and Cedar Wash.

The upper portions of the watershed drain into the ephemeral Cedar Wash, which drains

into the main floodplain of the Arivaca Basin. Arivaca Creek begins as an ephemeral

wash within the floodplain, but also has both intermittent and perennial streamflow along

its length. The perennial reach of Arivaca Creek is associated with the Arivaca Cienega

and flows west toward Altar Valley before it diminishes completely a few miles

downstream from the Arivaca townsite.
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Arivaca Lake is located to the south and upgradient from the study area. The lake

is formed by a dam that was constructed in 1970. The vast majority of runoff in the

upper portions of the watershed is captured by the dam and retained in the lake before it

reaches the Arivaca Basin. Occasional overflow from the lake drains into the basin and

contributes to recharge of the aquifer system. The watershed of Oro Blanco Wash drains

into Cedar Wash downstream from the dam and contributes to annual recharge in the

basin.

The Sopori watershed shares the eastern boundary of Arivaca Basin.

Climate

The climate in Arivaca is semi-arid with a mean annual precipitation of almost 18

inches (NOAA, 2003). Arivaca receives the majority (55%) of its rainfall each year

during the summer months of July, August, and September. The autumn and winter

months each receive roughly 20% of annual rainfall. The driest time of the year in

Arivaca is the spring months (April, May, June) when temperatures rise and only 5% of

rainfall occurs. However, typical of the climate in Southern Arizona, rainfall in Arivaca

can vary substantially from year to year and from season to season. Snowfall is not a

significant component of the Arivaca hydrologic system.

Temperatures in Arivaca range from 12° F in the winter to 105 ° F in the summer.

The mean temperature is 63 ° F (USFWS, 1999).
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Figure 2.1. Arivaca Study Area. Shaded relief background from USGS NED.
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Vegetation and Wildlife

The Arivaca watershed contains oak woodlands in the mountains, semi-desert

grasslands with mixed scrub and mesquite in the low-lying hills, mesquite woodlands in

the larger drainages, and cottonwood-willow stands and wetlands along the main

drainages (USFWS, 1999; Harris et. al., 2000; Heller, 2000). The habitats of Arivaca

Creek and cienega are some of the last remaining of their type in Arizona (USFWS,

1999) and support many plant and animal species living in the area, including endangered

or threatened species.

Most reaches of the creek and all of the cienega are included within the Buenos

Aires National Wildlife Refuge (BANWR), which was established in 1985 by the U.S.

Fish and Wildlife Service (USFWS) to protect the habitat of endangered and threatened

species in the area. The Arivaca Cienega and other areas of the BANWR are popular for

bird-watching. In addition to the more than 300 avian species that have been documented

on the BANWR, antelopes, jackrabbits, javelinas, white-tailed deer, coatimundi,

mountain lions, bobcats, mule deer, and more than 25 rodent species, 35 reptile species,

11 bat species, and 11 amphibian species inhabit the BANWR (USFWS, 1999). The

water in Arivaca Creek enables the survival of a unique habitat, which in turn supports a

diverse ecosystem and healthy tourism business (USFWS, 1999).

Of the 55 priority vulnerable species proposed for coverage under the Pima

County multi-species conservation plan, at least nine are present in the Arivaca watershed

for at least for a portion of the year (AWET, 2000; Fromer and Woods, 2005). The

following species are present within the BANWR and proposed for coverage under the
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Pima County multiple species conservation plan: Chiricahua leopard frog (Rana

chiricahuensis), Lowland leopard frog (Rana yavapaiensis), Cactus Ferruginous pygmy

owl (Glaucidium brasilianum cactorum), Western yellow-billed cuckoo (Coccyzus

americanus), Mexican long tongued bat (Choeronycteris mexicana), California leaf-

nosed bat (Macrotus californicus), Pale Townsend's big-eared bat (Plecotus townsendii

pallescens), Gila topminnow (Peociliopsis occidentalis occidentalis), and Mexican garter

snake (Thamnophis eques me galops).

History and Land Use

Humans have long been attracted to the Arivaca area for its diverse array of plants

and animals, its small but mostly reliable springs and streams, and its mild climate. The

area also has economic mineral deposits, irrigable lands, and extensive grasslands for

ranching. However, even with these attractive qualities, Arivaca has been abandoned

several times because of the lack of persistent water, malaria, and violence. As a result,

Arivaca's history contains several cultural and land use changes, especially in the last

three hundred years.

Father Kino established the first Spanish Christian missionary in the area in the

late 1600's. A 1695 map marked the location of Arivaca, then called Aribac. Prior to the

arrival of the Spanish, cattle were not known in Southern Arizona. Ranches flourished in

the Arivaca area until the mid-1700's, when the local indigenous people (the Pima)

became very unsettled with the Spanish presence. Violence occurred during the Pima

Revolt of 1751 when Spanish ranches and missions in Southern Arizona were attacked.

After the uprising and subsequent battles, Arivaca was completely abandoned for a
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period of time. The Spanish returned and worked gold and silver mines until an invasion

by the Apache forced them to leave again in 1767. The valley was resettled and mining

and ranching resumed in the 1800's (AWET, 2000; Keoppen and Kasulaitis, 2002).

The Ortiz family received a land grant in the Arivaca Valley in 1812. The family

operated a ranch in the valley until the 1850's and were the target of continued attacks by

the Apache. In addition to the cattle and horses, the ranching operations also consisted of

cultivating the land and irrigating it, which included the use of a canal that was claimed

to be several miles long (AWET, 2000; Keoppen and Kasulaitis, 2002).

By the mid-1850's, the Sonoran Exploring and Mining Company bought and

settled into the Arivaca land grant. The grasslands served as pasture land for their cattle

and horses and they utilized the local oak and mesquite trees for fuel. The mining

company closed operations after the Civil War. In the 1870's, many settlers moved into

Arivaca with farming and mining interests (AWET, 2000; Keoppen and Kasulaitis,

2002).

Active ranches and farms still exist today, though they operate at a much smaller

scale than in the past. Ranchers at the turn of the century dry-farmed barley, corn,

squash, and beans (Keoppen and Kasulaitis, 2002). Today, there are several small-scale

farms in Arivaca and a few ranches irrigate pasture land and grow supplemental forage

for their cattle.

The early 1970's brought change to Arivaca. The Arivaca Ranch was sold to a

land developer and was subdivided into forty-acre parcels. The once open grassland

became subdivided into small residential parcels as more and more people began moving
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to the basin (Keoppen and Kasulaitis, 2002). The increase in residences also increased

the number of wells in the basin.

In 1985, the U.S. Fish and Wildlife Service established the Buenos Aires National

Wildlife Refuge (BANWR), which includes the Arivaca Cienega and other parcels in the

Arivaca Basin. The BANWR extends west along Arivaca Creek and includes much of

Altar Valley. The cienega is a popular attraction for bird-watchers and nature

enthusiasts.

Arivaca currently consists of private, state trust, and federal lands (Figure 2.2).

The headwaters of Arivaca Creek and other large drainages in the area, like Yellow

Jacket Wash and Fraguita Wash, are located in the Coronado National Forest. The

Arivaca Basin is mostly private land. The cienega and much of the Arivaca Creek

floodplain is owned by the federal government; and the northern and southern portions of

the basin, as well as parcels east of Arivaca in the Sopori watershed, are state trust lands.
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Arivaca Dam

The Arivaca Dam captures runoff from the Cedar Creek watershed and stores it in

Arivaca Lake. The lake's watershed spans 14 mi2 (36 km2), which is approximately 30%

of the total watershed area upgradient from the cienega and Ruby Road. The dam and

lake are located upstream from the Arivaca groundwater basin in a narrow bedrock

canyon along Cedar Wash, as shown in Figure 2.1. The maximum depth at the dam is 38

feet, the normal depth of the lake is 28 feet, and the capacity is 1,038 acre-feet (AGFD,

1997). The Arizona Game and Fish Department owns the water rights for the lake for

recreation and wildlife purposes. The lake was built in 1970 on a site previously

occupied by Bartola Lake, which was created by an earthen dam around 1950 and was

destroyed by floods during the winter of 1965-66 (AGFD, 1997). The AGFD manages

Arivaca Lake as a largemouth bass fishery, though the fish can not be consumed due to

mercury contamination from unknown sources.
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Chapter 3. Surface Hydrology

Streamflow

The washes in the Arivaca Basin only flow in response to rainfall events, except

near the cienega where groundwater is forced to the surface by shallow bedrock. Arivaca

Creek begins in the middle of the basin and has both intermittent and perennial stream

flow (PAG, 2000). The perennial reach in Arivaca Creek is associated with the Arivaca

Cienega, but also flows west and downstream of the cienega for a short distance. The

stream flows over bedrock downstream from the cienega and generally vanishes within a

few miles.

Cienega

The Arivaca Cienega, located along Arivaca Creek adjacent to the townsite of

Arivaca, is formed by groundwater being forced to the surface by shallow shale bedrock.

Cienegas were once common in Southeastern Arizona, but channel incision, erosion, and

increased water diversions and groundwater pumping has contributed to the loss of the

majority of these areas (USFWS, 1999). The Arivaca Cienega helps maintain baseflow

in Arivaca Creek by storing water during wet periods and slowly releasing it downstream

during drier periods. The cienega also traps organic nutrients and materials, creating a

highly productive area for riparian vegetation. Galleries of cottonwood, willows, and

seepwillows grow on the alluvial terraces that surround the cienega. The cienega itself is

densely covered by sacaton grass and herbaceous plants; it also has areas with cattails and

other wetland plant species. This marsh habitat is a vital resource for shore birds,
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wetland avian species, and many migratory bird species that use the cienega during their

flight paths. Many other non-avian species also depend on this water resource. Forty-

three square miles of watershed support and contribute to this wetland, though a

significant portion of the watershed's runoff is captured by the Arivaca Dam.

According to Spanish manuscripts from the late 1700's summarized in AWET

(2000), Arivaca was not chosen as the new site for the Tubac presidio because "its only

water is a cienega that all but evaporated during the dry season". Arivaca Creek was

described as "running, although not with great abundance" in 1774 (AWET, 2000).

These descriptions are similar to more recent observations presented in AWET (2000)

and Keoppen and Kasulaitis (2002), which suggests that surface waters in Arivaca have

been mostly reliable since at least the 1700's, but that streamflow and water levels in the

cienega are sensitive to stresses, such as drought.

The land use in an around the Arivaca Cienega has changed over time. In the

past, the Arivaca Creek floodplain, including the cienega, was cultivated and farmed.

The area was also used for cattle grazing. As mentioned in Chapter 8 Evapotranspiration,

the cienega was mostly bare of vegetation and the creek channel was broad, shallow, and

braided in 1965. Riparian trees were relatively small and sparse and sacaton grass was

limited to areas near the cienega. Today, the cienega is dense with sacaton grass,

herbaceous plants, and cattails; cottonwoods grow at the edges of the cienega and along

the creek channel; and the creek channel is relatively narrow, deep, and lined with dense

vegetation for much of its length. Cattle were removed from the land in the mid-1980's,
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when the BANWR was established. The mesquite bosque that grows on the northern

edge of the cienega did not exist thirty years ago (AWET, 2002; USSCS, 1965).

Very little information is known about the morphologic history of Arivaca Creek

and its associated floodplain. However, geologic mapping suggests that cienegas once

extended west of the townsite, but have since been dissected (Mock, 2000).

Precipitation

Monthly precipitation totals were collected online from the National Oceanic and

Atmospheric Administration's (NOAA) National Climate Data Center (NCDC). The

Arivaca precipitation gage is located in the north-central portions of the basin at an

elevation of approximately 3720 feet above sea level. Monthly data were available for

1956 through 2002; annual totals are shown on Figure 3.1. On average, the Arivaca

Basin receives 17.8 inches of rainfall each year, based on annual data from 1956 to 2002.

Figure 3.1 shows a general increase in precipitation since the mid-1970's.
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Figure 3.1. Annual Precipitation in Arivaca (NOAA, 2003).

In addition to the NOAA data, precipitation data were obtained from AWET

members. Data from one AWET rainfall gage were particularly useful. The gage is

located in the center of the basin and provides monthly data since 1975 (Regan, 2004).

The data from this gage correlated fairly well with the NOAA data (R2=0.751). The

NOAA gage is located approximately 2.25 miles north of the Regan gage and both gages

are located at roughly the same elevation. Plotting a double mass curve showed that the

relationship between these two gages remained the same through time. These

correlations help confirm the assumption that the NOAA data represent rainfall patterns

throughout the basin. Although variations in precipitation patterns probably exist within

the basin, they would be difficult to quantify given the lack of data available at this time.

There is an obvious seasonal precipitation pattern in the Arivaca NOAA data, as

seen in Table 3.1 and in Figure 3.2. The Winter season is January, February, and March;
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Spring is April, May, and June; Summer season is July, August, and September; and the

fall season is October, November, and December. The seasonal distribution of rainfall

from 1956 to 2002 is as follows: 18% in winter, 6% in spring, 55% in summer, and 21%

in fall. Summer precipitation events are usually shorter in duration and larger in

magnitude (locally intense) than winter precipitation events.

Table 3.1. Mean Monthly Precipitation for Arivaca

Month 1956-2002
(inches)

Pre-Development
1956-1974
(inches)

Post-Development
1975-2002

(inches)

January 1.07 0.74 1.28

February 1.11 0.76 1.32

March 1.03 0.83 1.16

April 0.37 0.21 0.47

May 0.18 0.09 0.24

June 0.47 0.47 0.47

July 4.11 4.38 3.95

August 3.93 3.67 4.10

September 1.76 1.59 1.86

October 1.33 1.13 0.95

November 0.89 0.79 0.95

December 1.54 1.60 1.51

Annual (inches) 17.86 16.35 18.75

Winter (Jan - Mar) 3.21 2.33 3.63

Spring (Apr - Jun) 1.03 0.78 1.18

Summer (Jul - Sep) 9.80 9.64 9.90

Fall (Oct - Dec) 3.76 3.53 3.41
Data source: NOAA (2003)
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Chapter 4. Hydrogeology

Geology

Arivaca is located in the Basin and Range geomorphic province of south-central

Arizona. This province is characterized by steep fault-block mountain ranges which are

separated by deep alluvial valleys. The general structural configuration is that of a series

of horsts and grabens. The Arivaca Basin is a graben feature (Manera, 1973; Horstman,

1996). The region surrounding Arivaca hosts a complex sequence of sedimentary,

volcanic, and intrusive rock types that reflect the tectonic history of Southern Arizona.

The dominant rock types are Mesozoic through Cenozoic volcanic, volcaniclastic, and

elastic sedimentary units that are faulted, jointed, and intruded by plutons and veins. The

widespread distribution of volcanic rocks and volcanic-derived sedimentary rocks

illustrates the repeated significance of volcanic activity in the region. Rock types, arcing

and splaying faults, and anomalous geophysical signatures in the Arivaca area indicate

that calderas and dome intrusions helped shape the geologic setting that exists today in

the Arivaca region (Horstman, 1996). Undifferentiated Tertiary and Quaternary alluvium

deposits cover a significant portion of the area today.

The Arivaca Basin is a structural depression of approximately 15 square miles (39

km2) and is filled with water-bearing alluvial sediments. The basin is characterized by

three primary hydrogeologic units: Bedrock, Older Alluvium, and Younger Alluvium.

The Older and Younger Alluvium are the primary water-bearing units in the study area.

For this study, all bedrock units are assumed to be impermeable. Volcanic rock types,



32

such as andesite and welded tuff, are present to the east, north, and south of the basin;

conglomerate bedrock bounds the basin to the south; and shale and sandstones are present

to the west. Figure 4.1 shows the surficial geology of the Arivaca area, simplified from

Drewes (1997).

Though several studies have focused some attention on the subsurface structure of

Arivaca Basin, a detailed analysis of subsurface geologic structure has not been

assembled for the Arivaca area.

Hydrogeologic Units 

The bedrock basement complex of the Arivaca Basin consists of consolidated

sedimentary and extrusive volcanic rocks, with a minor presence of intrusive volcanic

rocks. These rock units comprise the mountains and ridges that surround the basin. They

have low permeability and are not generally utilized for their water-bearing capabilities,

though some wells have been drilled into these units (Mock, 2000). For the purposes of

this study, these rocks are considered impermeable. The bedrock units in the basin lie

unconformably beneath or laterally adjacent to the alluvium hydrogeologic units

described below. A thick shale unit underlies the cienega and forms an impermeable

boundary to the west.

Older Alluvium

The basin-fill material in the study area consists of Tertiary to Quaternary

alluvium. This material is the primary water-bearing unit in the Arivaca Basin and is

called the Older Alluvium for this study. Drewes (1997) describes this unit as being
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mostly pebble to cobble beds with some boulder conglomerate and intercalated sand and

silt beds. Field observations and drillers logs, however, give evidence that the Older

Alluvium contains significant amounts of clay and other fine-grained sediments. This

unit is hundreds of meters thick in the deepest portions of the basin, poorly to moderately

sorted, and is locally cemented by caliche. The subangular to subrounded clasts indicate

a local or moderately distant source. Although fine-grained lenses probably exist

throughout this unit, very little information is known about their locations, extents, or

thicknesses. Drillers logs were too vague to provide a detailed understanding of the

heterogeneity of this unit. Most of the wells in the Arivaca Basin are drilled into the

Older Alluvium unit to a depth of less than 75 meters (250 feet).

Younger Alluvium

Holocene gravels comprise the Younger Alluvium, which exists along the larger

watercourses within the basin. This unit consists mainly of boulder to pebble beds, but

also includes sand, silt, and cienega deposits (Drewes, 1997), and is as much as tens of

meters thick. Few wells are drilled into the Younger Alluvium. The cienega is located

within this unit, which extends to the west as a relatively shallow and narrow throat of

alluvial material.

The regional aquifer in the Arivaca Basin is unconfined and consists of both the

Older Alluvium and the Younger Alluvium units. These alluvial units are comprised of

weathered material from the surrounding mountains and were deposited in the structural

depression that forms the Arivaca Basin. Where saturated, the two alluvial units of the
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basin-fill are in direct hydraulic connection with each other (Mock, 2000). Very little

information is known about the exact composition, layering, and overall heterogeneity of

the alluvial units in basin.



Simplified Surface Geologic Units

Older Alluvium	 Volcanic Bedrock	 • 	Drillers Log	 C3 Model Boundary

Younger Alluvium	 Non-Volcanic Bedrock	 Watercourse

05	 15
Source Drewes, 1997 (USGS MAP MF-2320)
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Figure 4.1. Surface Geology of Arivaca Basin, simplified from Drewes (1997).
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Groundwater Conditions

Groundwater flow in the Arivaca Basin generally follows the land surface

gradient. Flow converges at the basin center and flows west under and through the

cienega.

Recharge occurs primarily along the Cedar/Arivaca floodplain where the narrow

Cedar Creek canyon opens up to the alluvial basin. Runoff that is not captured by the

Arivaca Dam after a large rainfall event flows onto the broad floodplain, where a portion

infiltrates the channel sediment and eventually recharges the basin aquifer. Recharge

also occurs at the bedrock-alluvium interface along the perimeter of the basin.

Water levels in the Older Alluvium have remained relatively stable over the past

30 years, while water levels in the Younger Alluvium respond much more readily to

seasonal and annual variations in recharge. Hydrographs from wells near the floodplain

of Cedar Creek and Arivaca Creek show that water levels can rapidly rise up to 20 feet

after a large recharge event (AWET, 2002). In contrast, water levels remained relatively

stable over the same time period for wells located farther away from the floodplain within

the Older Alluvium. Hydrographs for wells in the basin show long-term water level

fluctuations of 10 to 20 feet.

AWET has been monitoring water levels in wells across the basin since 1998

(AWET, 2000), which was a wet year with almost 25 inches of rainfall. Water levels in

the wells rose in 1998; some more markedly than others. A different pattern was

observed during 1999, which was a year with below average rainfall. Water levels

dropped in the wells along the flood plain, but remained fairly stable in other wells.
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Water levels in wells located along the floodplain generally fluctuate more than wells

located away from the floodplain (AWET, 2002). Data from a domestic well (55-

634027), located along Arivaca Creek almost 5 kilometers (3 miles) upstream from the

cienega, show that water levels at that location generally rise sharply during wet years

and then gradually decline during drier years. Water levels have fluctuated as much as 7

meters (23 feet) in a three year period (Figure 4.2). The owner of the well has monitored

water levels since 1975 and has also recorded observations of overflow from the dam,

located 5 kilometers (3 miles) upstream, causing surface flow in the ephemeral Cedar

Creek. The rise-and-fall trend occurred six times in twenty-five years (Regan, 2004).

The dataset suggests that the well is tapping a shallow aquifer that responds to variations

in rainfall in the watershed, including additional contributions from the Cedar Creek

watershed. Wells further away from the floodplain have more stable water levels, which

suggest that they are some distance from the primary recharge source and tap different

aquifer material.
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Figure 4.2. Hydrograph for Domestic Well Located Near Floodplain and Number of
Days with Ephemeral Flow in Cedar Wash. (Regan, 2004)
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Chapter 5. Numerical Model

Numerical Modeling Method

A computer model was created and used in this study to represent and simulate

the groundwater system in the Arivaca Basin. The model used for this study was the

three-dimensional finite difference groundwater flow model, MODFLOW (McDonald

and Harbaugh, 1988). The numerical model was created by integrating the conceptual

model into a finite difference grid through the use of computer software developed by the

Department of Defense (1999) called Groundwater Modeling System (GMS). GMS

serves as an interface between the GIS-based conceptual model and the hydrologic

computer models such as MODFLOW. GMS was selected for use in this study because

it automates grid construction, has contouring and post-processing visualization

capabilities, and maintains the model in real-world coordinates consistent with GIS

applications.

Groundwater Flow Model

MODFLOW is a computer program that simulates three-dimensional groundwater

flow through a porous medium by using a finite-difference method (McDonald and

Harbaugh, 1988). MODFLOW has a modular structure consisting of a set of relatively

independent subroutines or modules that control various options selected by the user.

The modules are also referred to as "packages". Flow to and from external sources and

sinks, such as streams, wells, and evapotransipiration, can be simulated by the use of

selected packages.
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The model simulation is divided into specified time intervals, or stress periods.

All parameters are constant within each stress period. The model calculates head and

drawdown distributions and a volumetric water budget for each stress period of the

simulation.

The groundwater flow model created for this study uses MODFLOW-2000

(Harbaugh et. al., 2000) and consists of the following packages: Basic (BAS6), Layer-

Profile Flow (LPF), Discretization (DIS), Output Control (OC), Recharge (RCH), Well

(WEL), General-Head Boundary (GHB), Streamflow-Routing (STR), Riparian-

Evapotranspiration (RIP), and the Preconditional Conjugate-Gradient (PCG) solver.

Groundwater Flow Equation

The partial-differential equation of groundwater flow used in MODFLOW is

(McDonald and Harbaugh, 1988):

a (	 ao a '	 ah` a ( ah 	ah
— K +— K — +— K„— +W =S
ax ,

K .
 —ax , ay , YY ay } az ,	 az ,	 s at (5.1)

where, K,, Kyy, Kzz are values of hydraulic conductivity along the x, y, and z coordinate

axes, which are assumed to be parallel to the major axes of hydraulic conductivity (LIT);

h is the potentiometric head (L); W is the volumetric flux per unit volume representing

sources and/or sinks of water, with W<0 for flow out of the groundwater system, and

W>0 for flow into the groundwater system (T -1 ); S s is the specific storage of the porous

material (L1 ); t is time (T).

When combined with boundary conditions and initial head conditions, Equation

(5.1) describes transient three-dimensional groundwater flow in a heterogeneous and
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anisotropic medium (Harbaugh, et al., 2000). Analytical solutions of the equation

produce time-varying head distributions that can be used to calculate directions and rates

of groundwater movement. Analytical solutions, however, are rarely possible because of

complexities from heterogeneities, stress distributions, and boundary shape irregularities.

Therefore, mathematical models use numerical methods to approximate solutions of

complex groundwater conditions.

MODFLOW applies a finite-difference scheme to Equation (5.1) to obtain an

approximate solution. The finite-difference method replaces the continuous system

described in Equation (5.1) with a finite set of points that are defined in both time and

space, and the partial derivatives are replaced by terms that describe the difference in

head values at these points.

The aquifer system is divided into blocks called cells, and is described in terms of

rows, columns, and layers (Figure 5.1). Each cell has a single point at its center, called a

node, where MODFLOW calculates head.
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The finite-difference equation for each grid cell is (McDonald and Harbaugh,

1988):

CRii-1/2,k (hmij-1,k — hm i j,k) + CRij+1/2,k	 — hm ii,k)

+ CCi-1/2j,k	 hmi,j,k)	 CCi+1/2j,k (hm i+1,j,k hm ,k)

CVij,k-1/2 (hm ij,k-1	 hm i sj,k)	 C rVij,k+1/2 (hmi j ,k+1	 'Tim ii,k)

Qij,k = SSii,k (ARi X AC; x THICKij
(tm -	 )

where, hm , d ,k is head at cell i,j,k at time step m (L); CR, CC, CV are hydraulic

conductances between node i,j,k and an adjacent node (L2/T); Pj,J,k is the sum of

coefficients of head from source and sink terms (L2/T); Q, j ,k is the sum of constants from

source and sink terms, with positive Quk for flow out of groundwater system and

negative Quk for flow in (L3/T); SS i k is the specific storage (L -1 ); AR is the cell width of

column j in all rows (L); AC is the cell width of row i in all columns (L); THICKuk is the

vertical thickness of cell i,j,k (L); and tm is the time step m (T).
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Figure 5.2.	 Flow into Cell i,j,k from Cell i, j-1,k. (McDonald and Harbaugh, 1988)



45

Stream-Aquifer Interaction

Stream-aquifer interactions are simulated using the Prudic (1989) Streamflow-

Routing Package. This program is not a true surface water flow model, but it does

account for the amount of flow in the stream and simulate the interaction between

groundwater and streams. The program allows for multiple tributaries to merge into one

stream with the merged flow equal to the sum of the tributary flows (Prudic, 1989). It

also calculates the stage in each stream reach, based on channel properties and heads in

the underlying aquifer.

The Streamflow-Routing Package uses Darcy's Law to calculate leakage to and

from each stream reach,

Q=
 KLW

 (H — H a)	 (5.3)

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

streambed vertical hydraulic conductivity [LIT]; W is the width of the stream [L]; L is the

length of the stream reach [L]; M is the thickness of the streambed [L]; H is the stage

elevation of the stream [L]; and Ha is the hydraulic head in the aquifer beneath the

streambed [L].

Figure 5.3 shows the schematic relationship of the variables involved in the

computation. The first term in Equation (5.3) is often referred to as the streambed

conductance (CsTR),

C s-TR
 KLW 	

(5.4)
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The stream package assumes that the streambed conductance (CsTR) remains

constant during each stress period of the model run. In addition, CsTR is not directly

entered into GMS. GMS calculates CsTR by multiplying a user-entered conductance term

by the length of each stream reach in each model grid cell. The values for streambed

conductance were derived as part of the calibration process.

Figure 5.3.	 Schematic diagram showing the relationships of the variables used in the
calculation of streambed conductance (Prudic, 1989)

The STR package uses the Manning formula, which assumes incompressible

steady flow at a constant depth and a rectangular channel, to calculate the stage in each

reach of the stream,



Q5
	 CI  AR 2/3 5111 2•

where, Q s is the stream discharge [L3/T]; Cf is the conversion factor [L 113/T] (1.0 for

cubic meters per second); n is the Manning roughness coefficient [dimensionless]; S is

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

Substituting the formulas for cross-sectional area and radius from above into

Equation (5.5) and assuming that the depth of the stream is much less than the width,

Ozbilgin and Dickerman (1984) derived the following equation for computing stream

depth, or stage (Prudic, 1989):

3

d =
 Q 

_
	 SC W

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

and vegetation cover of the stream.

Streams are divided into segments and reaches in the STR package (Prudic,

1989). A reach is the length of stream within an individual model cell, while a segment

is a series of reaches. The length and slope of each reach was calculated within GMS.

GMS linearly interpolates top elevations between the end points of each stream segment

and calculates slope using a user-defined sinuosity term to account for the meandering

nature of the stream channels. Sinuosity is the ratio of the thalweg length to the axial
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(5.5)

5

(5.6)
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length of the stream reach. The thalweg is the line connecting the deepest points in the

stream channel (Meador et. al., 1993).

General Head Boundary

The General Head Boundary (GHB) Package is used to move flow into or out of a

model cell i,j,k from an external source in proportion to the difference between the head

in cell (hii,k) and the head assigned to the external source (hbii,k). A linear relationship

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

Qbij,k	 Cbij,k (hbij,k hij,k)	 (5.7)

where, Qb; j,k is the flow into cell i,j,k from the source (L3/T); Cbj,j,k is the conductance

between the external source and cell i,j,k (L2/T); hbi j,k is the head assigned to the external

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

Figure 5.4 shows a graph of Qbi,j,k versus hi,j,k as given by Equation (5.7). The

GHB Package does not limit the amount of flow in either direction. Flow into or out of

the cell increases as the head difference between cell i,j,k and the source increases

(McDonald and Harbaugh, 1988).
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Figure 5.4.	 Plot of flow, Qb, from a general-head boundary source into a cell as a
function of head, h, in the cell where hb is the source head. (McDonald and Harbaugh,
1988)

Mountain-Front Recharge 

Mountain-front recharge is simulated using the Recharge package, which allows

an inflow of water to active model grid cells. The rate is dependent of cell area but is

independent of head in the cell. Chapter 6 includes a detailed description of mountain-

front recharge in the model.

Well Pumping

Groundwater pumping is simulated using the Well Package, which allows wells to

withdraw water from the aquifer at a specified rate during a stress period. The rate is
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independent of both the head in the cell and the cell area. Chapter 7 includes a detailed

description of wells and groundwater pumping in the model.

Evapotranspiration

Evapotranspiration (ET) is simulated using a new ET package, which is described

in Chapter 8 of this report.
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Chapter 6. Conceptual Model

An important step in the modeling process is relating known hydrological data of

an aquifer system with the data required for a groundwater flow model. A groundwater

flow model uses assumptions and known information to predict groundwater conditions,

based on the flow equations and other relationships within the model. The modeler must

be aware of these relationships and how the data needs to be prepared and introduced into

the model for the modeling process to be successful. Ideally, a complete set of data is

available and few assumptions are necessary to satisfy the data requirements of the

model. In this investigation, however, data were quite limited and assumptions and

estimations were necessary to fill data gaps and to describe relationships in the system

that were unclear. This section of the report outlines the conceptual model and attempts

to describe and justify the assumptions and estimations that were made when data were

limited.

This model should be used as an interpretive model rather than a predictive

model. An interpretive model provides insight on controlling parameters in a site-

specific area and can assist in organizing data collection and formulating concepts on

system dynamics (Anderson and Woessner, 1992). This model should not be used to

directly predict the groundwater conditions in the basin in future years, or even past

years. Instead, this model is designed to provide insight on how the Arivaca groundwater

basin might respond to well pumping, recharge events, and increased growth in riparian

vegetation.



52

The Arivaca groundwater basin is an isolated aquifer system. The majority of the

model boundary is represented as a no-flow boundary; a general-head boundary

represents subsurface flow out of the cienega under Ruby Road. Mountain-front recharge

is the only inflow component in the model. The primary outflow components of the

system are streamflow in Arivaca Creek, evapotranspiration, groundwater pumping, and

subsurface flow under the cienega.

Modeling Method

The conceptual model for this study was created using the Geographic

Information System (GIS) software ArcView. ArcView is produced by Environmental

Systems Reseacrh Institute, Inc. (ESRI) and used primarily to view point, polyline, and

polygon shapes (shapefiles) in a spatial context. The shapefiles represent various features

of interest within a study area and are attributed with a database of information. All

shapefiles used for this project conform to the Universal Transverse Mercator (UTM)

North American Datum (NAD) 1927 coordinate system.

Geologic Boundaries 

The geologic boundaries of the Arivaca Basin were determined using existing

geologic maps, drillers logs, and field observations. The Arivaca Basin is almost

completely bounded by bedrock (see Figure 4.1); the model boundary follows the

bedrock-alluvium interface. The surrounding bedrock and any faults that might cross the

model boundary are assumed to be impermeable. The hydrogeology of Arivaca is

discussed in Chapter 4.
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Driller's logs were used to determine depth to bedrock throughout the basin.

Many driller's logs gave clear indication of depth to bedrock, but many other logs were

difficult to decipher due to unclear or incomplete descriptions of the subsurface material.

The majority of wells in the study area are drilled to depths less than 75 meters (250 feet)

and most do not penetrate bedrock. The thickness of the alluvium in the center of the

basin is largely unknown. However, according to a depth to bedrock map produced by

Oppenheimer and Sumner (1980), depth to bedrock in the central portion of the basin is

between 120-180 meters (400 feet and 600 feet). Driller's logs for wells in the north-

central portions of the basin indicate that bedrock is roughly 75 meters (250 feet) below

the surface. Depth to bedrock in the deepest portions of the basin was assumed to be

approximately 180 meters (600 feet), based on the size of the basin, geologic

interpretation, and Oppenheimer and Sumner (1980). For wells where driller's logs only

describe alluvium, a depth to bedrock was assumed based on known depths in nearby

wells and geological interpretations. A 10-meter USGS Digital Elevation Model (DEM)

was used to assign the top (surface) elevation to each well with an existing driller's log.

The bottom elevation (bedrock basement) at each well point was determined by

subtracting the depth to bedrock from the surface elevation. The depth of the basin was

interpolated using the information described above. The depth of alluvium is better

known in the northern portions of the basin than the southern parts and under the cienega.

Raster grids were created for the top and bottom elevations of the model and were used to

assign values to the model cells.
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Layering and Aquifer Parameters 

The Arivaca Basin aquifer is modeled as a single-layer, unconfined aquifer

system. While driller's logs and geologic descriptions suggest a degree of heterogeneity

within the alluvial aquifer, a continuous layering sequence within the basin could not be

determined due to the overall lack of data. The top elevations of the layer are surface

elevations. The bottom of the aquifer layer coincides with the underlying bedrock

basement.

The model layer consists of zones with distinctly different hydrologic

characteristics, such as hydraulic conductivity and specific yield. Aquifer properties are

homogeneous within each zone, but vary between zones. The Older Alluvium is divided

into three zones and the Younger Alluvium is divided into three zones. The zones are

originally based on the Drewes (1997) surface geology map, but were refined during the

calibration process. The horizontal hydraulic conductivity (Kh) of the Older Alluvium

zones ranges from 0.1 m/day to 1.0 m/day, the vertical hydraulic conductivity (Ky) is

O. 1 Kh, and specific yield (Sr) is 0.08. For the Younger Alluvium zones, including the

cienega material, Kh ranges from 10 m/day to 45 m/day, K v is 0.1 Kh, and S y values range

from 0.10 to 0.15. Specific yield values were based on models for nearby basins with

similar aquifer materials (Coggeshall, 1990; Goode and Maddock, 2000).

Mock (2000) suggests that a fine-grained unit is associated with the cienega. The

creek channel appeared to be scoured by flood flows and mostly absent of vegetation in

aerial photographs taken in 1965. The fine-grained material that is seen at the surface of

the cienega today was likely deposited as a result of increased riparian vegetation growth
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since 1965. No drillers logs describe this material. A zone for the cienega was

delineated within the Younger Alluvium unit and the parameters were determined during

the model calibration process.

Finite-Difference Model Grid

The model grid is shown in Figure 6.1. The grid is oriented in a north-south

direction to parallel the predominant flow direction of Arivaca Creek. The Arivaca

aquifer system is discretized into a uniform grid of 68 rows, 50 columns, and 1 layer for a

total of 3400 grid cells. Each grid cell is 150 meters wide and 150 meters long, and has

an area of 22,500 square meters.
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Figure 6.1. Finite Difference Model Grid.
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Time Periods

The time prior to 1970 would be ideal to represent steady-state conditions because

that is the year that the Arivaca Dam was built. However, very few wells existed in the

basin during that time and even fewer water level measurements were available. The

time period prior to 1975 was chosen because relatively large-scale development did not

occur in the basin until after this time and because this year allowed for a better

distribution of well measurements throughout the basin.

The period 1975-2002 was chosen as the transient time frame. The resulting head

configuration from the calibrated steady-state simulation serves as the initial head

configuration for the transient simulation. The transient time frame was divided into 21

time periods, with each consisting of one time step. Four- year and five-year time

periods were used to represent the periods 1975-1978 and 1979-1983, respectively, and

annual time periods were used for the years 1984 through 2002. Annual periods were

used after 1984 because that was the year ADWR began recording annual groundwater

pumping for non-exempt wells (see Chapter 7). Seasonal fluctuations of input and output

components of the water budget were not considered in this study due to the overall lack

of data and knowledge of the groundwater system. This model uses annual average input

and output values in its water budget.

Recharge 

Recharge in the Arivaca Basin occurs primarily as mountain-front recharge at the

bedrock-alluvium interface along the edges of the basin. A portion of precipitation runoff

from upland contributing areas infiltrates through channel bed sediments and the
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unsaturated zone, eventually reaching the aquifer. A portion of the infiltrated water that

does not recharge the aquifer accounts for changes in soil moisture in the unsaturated

zone while another portion is consumed by evapotranspiration. The majority of runoff

leaves the basin before infiltrating the ground further downstream. Drainage from the

Oro Blanco and Cedar Creek watersheds is the primary source of recharge. Contributions

from Cedar Creek, however, are diminished due to an upstream surface water diversion

(the Arivaca Dam). Surface water flows recharge the groundwater system in the vicinity

of the floodplain as water infiltrates the stream channel sediments to the underlying

aquifer. The shallow depth of the aquifer and relatively high transmissivity of the

Younger Alluvium make areas near the floodplain particularly responsive to precipitation

events and droughts.

This study makes the following assumptions for recharge in the Arivaca Basin:

(1) mountain-front recharge occurs at the bedrock-alluvium interface at the margins of

the basin, (2) mountain-front recharge, including stream channel infiltration at the

interface, is the only recharge mechanism in the basin, (3) all precipitation falling within

the basin flows out of the study area as surface runoff and does not contribute to

recharge, and (4) recharge has an aerial distribution that is a function of the average

annual precipitation in the adjacent sub-watersheds contributing runoff to the basin.

Artificial recharge from septic tanks and surplus irrigation is considered to be negligible

compared to mountain-front recharge.

The watersheds contributing runoff to the basin cover an area of approximately 77

square kilometers (30 mi2), as shown on Figure 6.2. The Oro Blanco watershed is
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roughly 30 square kilometers (11.5 mi2) and the Cedar Creek watershed is approximately

35 square kilometers (13.5 mi2). The remaining contributing areas are much smaller sub-

watersheds and are located along the northern, eastern, and western edges of the basin.

The Cedar Creek watershed is 45 percent of the total area contributing to recharge in the

Arivaca groundwater system. The Arivaca Dam captures runoff in the Cedar Creek

watershed before it reaches the Arivaca groundwater basin.

Contributing watersheds were delineated using an ArcView GIS preprocessor,

CRWR-PrePro, developed at the University of Texas at Austin Civil Engineering

Department. The automated preprocessor utilizes USGS Digital Elevation Models

(DEM's) to delineate the drainage basins (subwatersheds) within a larger watershed.

Based on the assumption that recharge occurs along the bedrock-alluvium interface, a

contributing subwatershed is the area of a watershed that is located outside of the model

boundary, which is the bedrock uplands surrounding the basin.

A total volume of recharge is estimated for the basin and then is distributed to

grid cells along the margins of the basin based on the area of the contributing watershed.

Approximately 80% of recharge occurs in the floodplain near the bedrock narrows of

Cedar Wash, below the dam, and about 18% occurs in the northern portions of the basin.
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Figure 6.2. Sub-Watersheds Contributing Runoff to Arivaca Basin
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Precipitation data were collected from the National Oceanic and Atmospheric

Administration (NOAA, 2003), as described in the Precipitation section of Chapter 3.

Monthly precipitation data from the Arivaca NOAA weather station (#20380) were

available from 1956 through 2002. This study assumes that precipitation rates are

constant over the entire watershed, though in reality precipitation probably has some

spatial and temporal variation.

Anderson (1992) developed the following equation to estimate regional mountain

front recharge from precipitation for basins in southern Arizona:

log Qr„ = —1.40 + 0.98logP 	 (6.1)h

where rech0	 i the recharge rate, and P is the total annual precipitation in excess of 8
,

inches. For example, P equals 10 for a basin that receives 18 inches of precipitation each

year. This equation was developed to be used for large basins and Anderson (1992)

cautions its use on "small watersheds" and "isolated areas". However, given the absence

of such an equation for smaller basins and the general lack of knowledge of recharge in

the basin, the Anderson equation was used to estimate recharge amounts from each

contributing subwatershed. The average annual rates determined by the Anderson

equation were adjusted during the model calibration process to account for a smaller

basin size and other differences between Arivaca and the basins used to develop the

equation.

The Arivaca Basin receives an average of 17.83 inches each year, based on data

from 1956 to 2002 (NOAA, 2003). This rate equates to a P-value of 9.83 inches for use

in the Anderson equation (Equation 6.1). By substituting this value into Equation (6.1)
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and adjusting for basin characteristics (described in Chapter 9), the long-term average

annual recharge rate for the Arivaca Basin was estimated to be 945 AF/yr. While

recharge is dependent on precipitation, the volume of water that actually recharges the

aquifer depends on the intensity and timing of the precipitation events. It is likely that

recharge rates vary from season to season, as well as from year to year. This model

utilizes a long-term average annual recharge rate for each stress period due to the lack of

data and understanding of recharge processes. Holding the recharge rate constant for the

transient simulation also allows for a better assessment of possible impacts on water

levels and streamflows from well pumpage. To better understand how the groundwater

system might respond to varying recharge rates, this study includes a scenario where

recharge inputs vary between stress periods based on the annual rainfall of the respective

year. Using annual total precipitation values since 1975, annual recharge rates range

from 350 AF/yr to 1900 AF/yr. The results of this scenario are discussed in Chapter 10.

The Anderson equation produced lower annual recharge rates than were needed

for the model to match observed water levels and streamflows. Therefore, the rate was

increased during the calibration process. Since the recharge rates used in the model were

partially determined by the trial and error calibration process of matching observed

hydraulic heads and streamflow, the reliability of the recharge estimate is dependent on

the reliability of estimates of other model components.

The volume of recharge water contributed from each subwatershed was

determined by multiplying the basin-wide recharge rate with the area of each

subwatershed. The volume from each subwatershed was routed to the appropriate
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MODFLOW grid cells along the model boundary using an ArcView GIS extention

developed by Dragoo (2004) at the University of Arizona Department of Hydrology and

Water Resources. The process disperses the recharge volume to active cells along the

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

each recharge cell (Dragoo, 2004). Figure 6.3 shows how the volume of recharge is

routed to grid cells along the model boundary.

Figure 6.3. Routing Recharge Volumes from Contributing Watershed to Grid Cells.

Previous Recharge Estimates

Several previous studies have estimated recharge in Arivaca (Table 6.1). The

Arizona Water Commission (AWC) estimated safe yield in Arivaca to be between
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370,000 m3/yr (300 AFA) and 490,000 m 3/yr (400 AFA), based on "the basin's outflow"

(AWC, 1973). Manera (1973) reported both recharge and safe yield estimates. Safe

yield was estimated to be between 800,000 m 3/yr (645 AFA) and about 990,000 m 3/yr

(800 AFA), and recharge was estimated to be 944,000 m 3/yr (765 AFA). Annual

recharge was reported by Heller (1999) to range from 494,000 m3/yr (400 AFA) to

1,850,000 m3/yr (1500 AFA). Osterkamp (1973) estimates that the recharge rate along

Arivaca Creek is between 200 AFA and 400 AFA per mile of creek. Multiplying this

range of values with the three miles of creek located within the study area gives a

recharge rate between 600 AFA and 1200 AFA.

Table 6.1. Previous Recharge Estimates for the Arivaca Basin_

Source Estimated Recharge Rate (AFA)

Heller (1999) 400 - 1500

Osterkamp (1973) 600 - 1200

Arizona Water Commission (1973) 300 — 400*

Manera (1973) 765 ; 645 - 800*

* estimated as "safe yield"
AFA = acre-foot per annum

Streams and Streamflow

Arivaca Creek has perennial, intermittent, and ephemeral stream reaches in the

Arivaca Basin. The creek begins as an ephemeral wash on the west side of the broad

floodplain almost 3 miles upstream from the cienega. Intermittent streamflow turns into

gaining perennial streamflow near the eastern extent of the cienega (PAG, 2000).

Perennial flow is created as Arivaca Basin groundwater is forced to the surface by a
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shallow bedrock barrier. Arivaca Creek has about two miles of perennial streamflow,

which begins upstream from the cienega and ends about a half mile downstream from the

Ruby Road crossing.

All stream reaches in the model are assigned a width of 5 meters (16 feet) and a

streambed thickness of about 1 meter (3 feet). The roughness coefficients range from

0.033 for the lightly vegetated reaches upstream from the cienega to 0.05 in the densely

vegetated reaches in the cienega. GMS calculates streambed conductance by multiplying

a user-defined conductance value with the length of the stream reach. The user-defined

conductance values range from 10 m2/day/m in the cienega to 20 m2/day/m in reaches

upstream from the cienega. The top elevation of the streambed was assigned a value

equal to one meter below the land surface.
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Chapter 7 Wells and Groundwater Pumping

Wells Data Sources 

Well information for this study came primarily from Arizona Department of

Water Resources (ADWR) databases. ADWR maintains records for wells throughout the

state. Annual pumpage volumes are reported for wells located within groundwater basin

that have been designated as Active Management Areas (AMA's) or Irrigation Non-

expansion Areas (INA's) with pump capacities greater than 35 gallons per minute (gpm).

Wells with pump capacities less than 35 gpm are exempt from the reporting requirement.

ADWR maintains two separate well databases: the Well Registry and the Groundwater

Site Inventory (GWSI).

We11s55 Registry

The Arizona Groundwater Management Act (1980) requires that all wells drilled

within the state of Arizona be registered with ADWR. The Wells55 Registry contains

records for nearly 147,000 wells throughout the state and relies on information provided

by the well owner and/or the well driller. Information might be incomplete because well

registration, while required, is voluntary (ADWR, 2003). ADWR does not field verify

the information included in the We11s55 Registry, and, therefore, does not guarantee the

accuracy of the information contained within it. The USGS maintained this database

prior to ADWR.
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The location accuracy of wells within the We11s55 Registry is limited because

well locations are reported to ADWR by township, range, and section subdivision down

to ten acres (quarter-quarter-quarter section). To map these well locations, each section

within the state was subdivided into 4 one hundred sixty-acre cells, 16 forty-acre cells,

and 64 ten-acre cells with a label point assigned to the center of each cell. These center

points were then used to represent the approximate locations of the wells. A single center

point can represent more than one well if multiple wells are located within the same ten-

acre cell. This method for positioning the well points limits the accuracy of any well

location to within ten acres, or plus or minus 150 meters (500 feet).

Groundwater Site Inventory

The GWSI database contains fewer well records than the Wel155 database, but is

generally considered to be more accurate and more detailed. All GWSI wells have been

field verified. Approximately 42,000 well sites are included in the database.

Well Selection

The wells included in this study were selected from the Wel155 and the GWSI.

Wells located within the model boundary were selected using ArcView GIS selection

tools. While the majority of GWSI wells were registered in the We11s55, some were not.

If an individual well was included in both the We11s55 and GWSI GIS databases and the

well points plotted in different locations, the well location from the GWSI was used for

the well because of the potential spatial inaccuracies of the We11s55. The two well
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inventories were then merged into one single wells inventory. 214 wells were identified

as being located within the model boundary.

The wells in this study were assumed to begin pumping on the year of well

installation. Unfortunately, installation dates were not included for all wells in the

Wells55 or the GWSI. If the installation date was not listed in the databases, the well

records were reviewed using the online ADWR Imaged Records Database (ADWR,

2005), which contains scanned documents for each registered well. These records

generally contained installation information. For the few wells that had no online

records, property information from the Pima County Assessor's database was used to

determine a likely date of installation. Parcel information is available through the Pima

County Land Information System (PCLIS). The wells were assumed to be active on the

dates Pima County issued land use permits to the landowners.

A certain number of unregistered wells probably exist throughout the state,

including in the Arivaca Basin. This study, however, did not include an investigation on

the existence or the locations of unregistered wells. Only wells that were included in

either the Well Registry or the GWSI were included in the water budget of this study.

Well inventory

Figure 7.1 shows well installation frequency in the Arivaca groundwater basin.

Few wells existed in Arivaca prior to the early 1970's. The majority of wells within the

basin were installed during the 1970's and 1980's. Fewer wells were installed in the

1990's and early 2000's.
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The vast majority of registered wells in Arivaca are exempt wells used for

domestic and/or stock purposes (Figure 7.2). 178 wells pump groundwater for domestic

use; 23 wells pump for irrigation use; and 3 wells pump for municipal uses, though data

suggest that only two of these wells have been active in recent years. The remaining

wells are primarily used for stock watering. Wells with no well type information listed in

the databases were assumed to be exempt domestic wells. Of the 214 registered wells in

the study area, 27 are non-exempt wells. Exempt wells have pump capacities less than 35

gallons per minute (gpm) and are not required to report annual groundwater pumping

rates to the state. Non-exempt wells, on the other hand, have pump capacities greater

than 35 gpm and are required to report annual groundwater pumping rates to the state.

The municipal wells, owned by the Arivaca Townsite Cooperative Water Company, are

located adjacent to the cienega and serve customers in the Arivaca townsite.

Figure 7.1. Frequency of Well Installations in the Arivaca Basin.
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Figure 7.2. Locations of Wells and Grandfathered Irrigation Rights in Arivaca Basin.
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Well Pumping

The We11s55 Registry includes groundwater pumping data for the years 1984 to

2002 for the 27 non-exempt wells in the basin. Pumping rates prior to 1984 were

estimated. Exempt wells were assumed to pump at an average annual rate of 0.5 AF/yr

(1.69 m3/day) (ADWR, 2003b). This rate applies to the Tucson AMA and takes into

account that some wells pump at higher rates, while others pump at lower rates, if at all.

The same pumping rate was assigned to all exempt wells, regardless of whether the

reported water use was domestic, stock, or irrigation. For the years prior to 1984, the

non-exempt wells that were active were assigned a pumping rate equal to the average rate

between 1984 and 2002. Annual pumping rates were converted to daily pumping rates

for use in the groundwater flow model. Figure 7.3 shows the estimated and reported

pumping rates used in this study. In general, groundwater pumping in the Arivaca Basin

has decreased since the mid-1980's.

All wells were separated into three water use sectors: irrigation, domestic, and

municipal. Figure 7.4 shows annual groundwater pumping within the study area by each

sector. Municipal water use has remained fairly consistent through time, while domestic

water use has emerged as the dominant use since the mid-1980's. Irrigation rates were

relatively high in the mid-1980's before declining in the mid-1990's. Irrigation pumping

still occurs in the basin, but to a lesser degree than in the past. Collectively, the estimated

annual pumping rates for exempt wells account for a significant portion of annual

groundwater pumping in the basin.
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Figure 7.4. Annual Groundwater Pumping Rates by Water Use Sector.
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Grandfathered Irrigation Rights

ADWR issued Certificates of Irrigation Grandfathered Rights (IGFRs) to farmers

in the early 1980's if two or more acres of land were irrigated between 1975 and 1980.

With few exceptions, no new land greater than two acres in size can be irrigated within

an AMA (ADWR, 1999). There are several land parcels within the Arivaca Basin that

have IGFRs (Figure 7.2).

According to Annual Water Withdrawal and Use Reports available through the

online ADWR Imaged Records Database (ADWR, 2005), the combined maximum

volume of groundwater allocated in 2003 to all IGFRs in the study area was about 640

AF. However, no right used its full allocation. The wells supplying water for the IGFRs

pumped about 90 AF of groundwater in 2003.

The future use of these IGFRs is uncertain. In an effort to expand the Buenos

Aires National Wildlife Refuge and protect its water resources, the federal goverment

has acquired land and rested water rights in areas along the Arivaca Creek floodplain.

These rights are listed as being active by ADWR (2004b), but they are no longer being

used. Many holders of IGFRs are currently choosing not to utilize their water right, or

are using only a small fraction of their maximum allocation.
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Chapter 8. Riparian Evapotranspiration

Evapotranspiration (ET) is the loss of water from a vegetated surface through the

combined processes of soil evaporation and plants transpiration (UACE, 2000). The

dynamics of riparian and wetland ecosysems are closely tied to groundwater and

streamflow hydrology (Maddock and Baird, 2003).

According to regional vegetation mapping by Harris et. al. (2000), the Arivaca

area includes four primary vegetation biotic communities: xero-riparian scrub-grassland,

mixed grass-scrub, mesquite riparian forest, and cottonwood-willow riparian forest. The

Arivaca Cienega was mapped as being xero-riparian scrub-grassland, which illustrates a

limitation in using a regional vegetation map for a site-specific study. The cienega

actually consists of a variety of hydroriparian and mesoriparian vegetation such as

cottonwoods, sacaton, cattails, and herbaceous plants that grow in the zone between the

sacaton and cattails. Vegetation types, plant cover density, and distributions were

determined from aerial photographs taken in 1965 and 2002 and from field visits and

expert opinions.

This study is interested in the interaction of plants with groundwater. Therefore,

all references to ET in this study assume only groundwater use.

Changes in Riparian Vegetation Cover

Less riparian vegetation was present in Arivaca in 1965 than in 2002. In 1965,

Arivaca Creek flowed through the cienega in a broad channel that was mostly bare of

vegetation; streamflow was shallow and braided (USSCS, 1965). Mesquite in the basin
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were generally small and sparse, though some grew in clusters along the edge of the

cienega. Cottonwood trees lined the creek downstream from the townsite, but were

sparse in other areas of the cienega and floodplain. According to long-time Arivaca

residents, sacaton grass only grew in the cienega (AWET, 2002). The aerial photographs

showed earthen berms constructed within the cienega, presumably built to capture flood

flows into man-made sloughs, which still exist today.

Digital orthophotos taken in 2002 show dense riparian vegetation in the vicinity

of the cienega, along the flowing reaches of Arivaca Creek, along the larger ephemeral

washes in the basin, and in the floodplain. Currently, the cienega is almost completely

covered by dense herbaceous vegetation and sacaton grass. Large cottonwoods and

willows grow on the former berms, along the edges of the cienega, and along the creek

downstream from the cienega. The Arivaca Creek channel is narrow, relatively deep, and

stable and is lined with dense vegetation. Shallow groundwater supports mesquite

woodlands north of the cienega and in other areas along the floodplain and up larger

washes. Stands of sacaton grass cover a large portion of the floodplain for several miles

upstream of the cienega.

Land use activities in the cienega have changed over the past few decades. Prior

to the late 1980's cattle were allowed to graze in the cienega and the Arivaca Creek

floodplain. Cattle grazing in the cienega was prohibited after the USFWS obtained the

land and established the Buenos Aires National Wildlife Refuge (BANWR) in the late-

1980's. The dense vegetation that exists in the cienega today is probably due in part to

the removal of cattle from the land. The increase in mesquite woodlands in the basin
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could also be due to local residents no longer using the wood for fuel and fencing

material.

Modeling Riparian Evapotranspiration

Traditionally, the ET was modeled in MODFLOW with a head-dependent ET

source term that increased linearly to a maximum rate at some depth near the surface and

remained at that maximum rate until the surface. While this relationship might hold true

for evaporation, it does not accurately reflect the relationship between riparian

transpiration and groundwater conditions (Maddock and Baird, 2003).

Evapotranspiration in the Arivaca groundwater flow model is simulated using a

recently released riparian evaporation package developed at the University of Arizona

Department of Hydrology and Water Resources, Research Laboratory for Riparian

Studies. The program, known as RIP-ET, replaces the traditional linear relationship

between ET rate and hydraulic head with a nonlinear curve that more accurately reflects

the ecophysiology of riparian and wetlands plants (Maddock and Baird, 2003).

Evapotranspiration losses from these ecosystems  are dependent on both hydraulic head

and the plant types present.

Figure 8.1 shows a comparison of a linear ET flux rate curve and a nonlinear ET

rate curve.
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Figure 8.1. Schematic figure comparing the traditional, linear curve to the RIP-ET, non-
linear curve. (Baird, 2005)

To use the RIP-ET program, a nonlinear ET curve is needed for each plant

functional group (PFG) to be included in the model. Plant functional groups are defined

in Maddock and Baird (2003) as groupings of plants that have similar responses to

environmental conditions and have similar impacts on ecosystem processes. The six

PFGs considered in this study are: cottonwood-willow, mesquite, sacaton grass, wetland

plants (such as cattail), shallow-rooted riparian plants (such as sedges, sunflowers, and

ragweed), and evaporation. The nonlinear curve representing the annual average ET rates

at depth for each PFG is shown on Figure 8.2.
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Figure 8.2. Nonlinear ET Curves for Riparian Plant Functional Groups (PFGs) in
Arivaca.

The data used to create the ET curves shown on Figure 8.2 were obtained from

several sources. For all plant functional groups except evaporation, annual ET rates were

calculated from known seasonal rates. The annual ET rates for cottonwood-willow,

mesquite, and sacaton are from seasonal data obtained from Kate Baird (2005), who

constructed ET curves from data collected primarily in the San Pedro River Basin.

Maddock and Baird (2003) included seasonal curves for representative shallow-rooted

riparian and wetland PFGs in the desert Southwest. Researchers at the USDA

Agriculture Research Service estimate that the annual open-water evaporation rate in

Tucson is almost 6 acre-feet per year per acre, which can be simplified to 6 ft/yr

(PCFCD, 2003). A rate of 5 ft/yr was used to represent evaporation in Arivaca. The
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evaporation rate in Arivaca is assumed to be lower than the Tucson rate for two primary

reasons: Arivaca is higher in elevation and has a cooler climate than Tucson; and the

dominant component of evaporation in Arivaca is soil water evaporation, which occurs at

a lower rate than open-water evaporation. The estimated, maximum annual average ET

rate for each PFG is included on Table 8.1.

Table 8.1. Maximum ET Rates for Plant Functional Groups in Arivaca

Plant Functional Group
(PFG)

Max. ET Rate Source

(m/day) (ft/yr)

Cottonwood-Willow 0.0020 2.4 Baird (2005)

Mesquite 0.0019 2.3 Baird (2005)

Sacaton 0.0016 1.9 Baird (2005)

Wetlands 0.0018 2.2 Maddock and Baird (2003)

Shallow-Rooted Riparian 0.0011 1.3 Maddock and Baird (2003)

Evaporation 0.0041 5.0 Pima County FCD (2003)

Pre-processing and post-processing programs were developed by Dragoo (2004) to assist

in delineating riparian vegetation in the study area and in writing the RIP-ET package.

As mentioned previously, vegetation types, plant cover density, and distributions were

determined from aerial photographs taken in 1965 and 2002. Figure 8.3 shows the

riparian ET polygons used to create the RIP-ET Package for the model. Due to the lack

of knowledge on plant growth rates in Arivaca, the 1965 assemblage is assumed to

represent ET conditions prior to 1990 and the 2002 assemblage is assumed to represent

conditions after 1990. The year 1990 was chosen somewhat arbitrarily based on the fact

that cattle grazing and other activities that are damaging to riparian vegetation were



removed from the cienega area when the wildlife refuge was established. The model

simulates a instantaneous, step-wise increase in ET within the basin, but in reality the

increase was probably more gradual. Figure 7.5 shows an aerial photograph of the

Arivaca Cienega.

c:3 Model Boundary

eti, Extent of Riparian Vegetation Assigned to Model Years Prior to 1990.

:• ,'" Extent of Riparian Vegetation Assigned to Model Years After 1990.
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Figure 8.3. Riparian Vegetation in Arivaca Basin.



Figure 8.4. Aerial Photograph of Arivaca Cienega in 2002.
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Chapter 9. Calibration and Sensitivity

Calibration

Model calibration is accomplished by finding a set of parameters, boundary

conditions, and stresses that produce a simulated head configuration and fluxes that

match known values within an acceptable range of error (Anderson and Woessner, 1992).

For this model, parameter values and certain fluxes were manually adjusted through trial

and error based on known information on heads and streamflow during specified time

periods.

Steady-State Analysis

Steady-state analysis calibrates aquifer parameters and boundary conditions for

the system and produces an initial head configuration for input into the transient analysis.

Steady-state conditions represent the time period prior to development when natural

recharge into the groundwater system is equal to natural discharge out of the system.

Aquifer storage remains constant during steady-state conditions.

Model inputs for the steady-state analysis were described in Chapters 6 of this

report. The water budget parameter values that were not adjusted during the steady-state

model calibration include evapotranspiration (ET) and well pumpage. Well pumpage is

described in Chapter 7 of this report and ET is described in Chapter 8.

Hydraulic parameters, general head boundary conditions, and stream bed

conductance values were varied during the calibration process to produce the desired

streamflow at the outlet of the model and heads at the specified observation locations.



83

The original configuration of the aquifer zones were based on surface geology maps.

Streambed conductances were varied during the calibration process to produce the

desired streamflow out of the cienega and head configuration in the cienega. While

adjusting the hydraulic conductivity and streambed conductance parameters, an effort

was made to remain within the limits of values reported in Chapter 6.

The annual recharge rate in the steady-state model was adjusted during the

calibration process by applying a multiplier to the flux array in the recharge package.

This method allowed the relative distribution of recharge to remain constant while the

overall recharge rate was increased. As mentioned in the Recharge section of Chapter 6,

the annual recharge rate determined by the Anderson equation (Equation 6.1) was

increased to account for differences between the Arivaca Basin and the basins that were

used to develop the equation. An effort was made to remain within the range of annual

recharge rates reported in the Recharge Section of Chapter 6.

Water Level Measurements

As stated in Chapter 6, the time prior to 1970 would be ideal for calibration of

steady-state conditions because that is the year that the Arivaca Dam was built.

However, very few wells existed in the basin during that time and even fewer water level

measurements were available. The time period prior to 1975 was chosen because

development did not occur in the basin until after this time and because this year allowed

for a better distribution of well measurements throughout the basin. Ten water level

observations were available for the years between 1970 and 1975 and, therefore, were



84

used to represent the steady-state head configuration. The early 1970's was also a time

when annual precipitation was below normal, which suggests that hydrologic conditions

remained fairly stable during this time period. Figure 9.1 shows the locations of the wells

used during the calibration process of the steady-state model. The observed head values

represent average annual water levels at the location of the well. There might have been

dry years when water levels declined, but these were balanced by wet years when water

levels rose. Water levels in a well located on the edge of the floodplain in the center of

the basin have fluctuated up to 15 feet (4.5 m) from one year to the next (Regan, 2004).

All observations were from wells drilled into the Older Alluvium. Very few wells in the

basin are drilled into the Younger Alluvium unit and, therefore, little information is

known about water levels in this unit. Aquifer parameter values, parameter distribution,

and boundary conditions were adjusted to match the 1970-1975 head configuration.
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Figure 9.1. Locations of observation wells used in steady-state calibration.
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Figure 9.2 shows the graph of simulated heads versus observed heads for the

calibrated steady-state model, while Figure 9.3 shows the graph of residuals versus

observed heads. The residual is the simulated head value minus the observed head value.

The points with the highest residuals (either positive or negative) are located in the Older

Alluvium several miles upstream from the cienega. Simulated water levels at these

locations were lower than observed water levels.

Figure 9.2 Simulated Heads versus Observed Heads in calibrated steady-state model.
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Figure 9.3. Residuals versus Observed Heads in calibrated steady-state model.

For the calibrated steady-state simulation, the mean error was 0.4 meter (1.3 feet),

the mean absolute error was 1.3 meter (4.3 feet) and the root mean square error was 2.0

meter (6.6 feet). These statistical values were used to analyze the general trends found

within the model data.

The mean error is calculated using the following equation:

ME = —1(h,
1 "	

—h0 ) 1
	 (9.1)

fl ,= 1

where, n = the number of simulations; la, = computed head value [meters above

mean sea level]; ho = observed head value [meters above mean sea level].

The mean error statistic describes the difference between the simulated head and

the observed head at each observation point. As mentioned above, the difference

between the simulated head value and the observed head value is referred to as the
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residual. One limitation to this statistic is sign cancellation. For example, if two

observation points were compared, one with a residual of positive three meters and the

other with a residual of negative three meters, the result would be an average difference

of zero. This can be misleading.

To eliminate the problem of sign cancellation, this study also calculated

the mean absolute error using the following equation:

MAE =	 — h,)1,	 (9.2)
n i = 1

This statistic describes the averages absolute value of the residuals instead of the

signed value of the residuals.

The final statistic used in this study compares the square of the residuals

through the use of the following equation:

RMS = (9.3)

This statistic places more weight on the few points with the greatest error than on

the greater number of points with less error.

The standard deviation of the residuals was calculated using the following

equation:

where, n = the number of data points; x = the data value.

The standard deviation for the steady-state residuals was computed as 2.0 meter

(6.6 feet). Eight of the 10 observation points fell within one standard deviation. Six of
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the simulated heads were within 1 meter (3.3 feet) of observed heads and five were

within 0.5 meter (1.6 feet).

Streamflow Mesurements

In addition to observed heads, this model utilized streamflow observations to

calibrate the steady-state model. Unfortunately, Arivaca Creek has not been continuously

monitored by a single gage over a long time period. Streamflow data were collected from

four sources for this study. Three of the datasets were from USGS stream gages and

were available online, while the fourth dataset was reported in USFWS (1999). USGS

gage #09486600 operated from 1967 to 1972 at a location approximately 5 miles

downstream from the cienega outlet, which is considered for this project to be where

Ruby Road crosses Arivaca Creek. USGS gage #09486580 operated from 1995 to 2002

and was located a few hundred meters downstream from the cienega outflow. USGS

gage #09486590 began its current operation in April 2002 and is located approximately 2

miles downstream from the cienega outflow. The USFWS (1999) dataset included

monthly measurements taken from 1991 to 1996 at the same location as USGS gage

#09486580. Changing channel morphology and/or access issues were reasons why a

consistent measurement location was not established (USFWS, 1999).

The groundwater flow model in this study simulates baseflow stream conditions.

Baseflow is produced by discharges from the aquifer. USFWS (1999) provided a

detailed analysis of surface water flows in Arivaca Creek. The median flow statistic was

used to reduce stormflow effects on the long-term average.
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As with water level data, a limited amount of observed streamflow data is

available for times prior to 1975. The 1967 and 1972 dataset was assumed to represent

steady-state baseflow conditions. The data, however, were not directly used because of

possible influences from ephemeral stormflows from tributaries located between the

cienega and the gage, such as Fraguita Wash and Yellow Jacket Wash. A simple linear

regression analysis was conducted to estimate the steady-state annual average baseflow at

the outlet of the cienega, which is located approximately five miles upstream from the

measurement point (USGS gage #09486600). A linear relationship was determined from

a scatter plot of average monthly baseflows from 1967-1972 versus average monthly

baseflows from 1991-2000. Figure 9.5 shows the values of both datasets and suggests

that the two datasets are a good fit (R2=0.91). Monthly median values for December

1967 and August 1971 were omitted from the analysis because they do not represent

baseflow conditions. The datasets do not have a good correlation when these outlier

values are included (R2=0.50). The "corrected" steady-state annual average streamflow

at the outlet of cienega was estimated to be 0.76 cfs. Coincidentally, this is the same

annual average value as that of the original 1967-1972 dataset. While the monthly

median values differed between the original and the corrected datasets, the annual

average was the same. The simulated, steady-state annual average streamflow rate was

1.1 cfs.
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Figure 9.4. Measured 1990's average monthly streamflow vs. Measured Late 1960's-
Early 1970's average monthly streamflow.

Transient Analysis

Transient simulations are needed to analyze time-dependent problems (Anderson

and Woessner, 1992). Transient analysis verifies the model response against known

information over a period of time in which the stresses to the model area are changing

(Coggeshall, 1990). Calibration of the transient analysis is conducted by varying the

storage terms and boundary conditions of the model. The calibrated steady-state head

configuration is input into the transient model as initial head conditions.
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Water Level Meaurements

The transient calibration process was very similar to the steady-state calibration

process in this study. Simulated water levels from the transient simulation were

compared to observed water levels in several wells. Twelve wells throughout the basin

have water level measurements for multiple years and, therefore, were used to calibrate

the transient model. A total of 32 water level measurements were available from these

wells. The locations of the wells used in the transient model calibration are shown in

Figure 9.5. Only two wells are included in both the steady-state and transient observation

datasets.

Figure 9.6 shows the graph of simulated heads versus observed heads for the

calibrated transient model, while Figure 9.7 shows the graph of residuals versus observed

heads.

For the calibrated transient simulation, the mean error was 0.4 meter (1.3 feet),

the mean absolute error was 1.6 meter (5.2 feet) and the root mean square error was 2.1

meter (6.9 feet). As mentioned in the steady-state calibration discussion, these statistical

values were used to analyze the general trends found within the model data.

The standard deviation for the transient residuals was computed as 2.1 meter (6.9

feet). Twenty-two of the 32 observation points fell within one standard deviation. Half

of the simulated heads were within 1 meter (3.3 feet) of observed heads. The best fit

between simulated and observed heads occurred in wells near the cienega and in the

northern portions of the basin.
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Figure 9.5. Locations of observation wells used in steady-state calibration.



Figure 9.6. Simulated Heads versus Observed Heads in calibrated steady-state model.

Figure 9.7. Residuals versus Observed Heads in calibrated steady-state model.
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Possible explanations for model error include errors in the assigned surface

elevations for the observation points and the grid cells, limitations in interpolation

techniques used in GMS and MODFLOW, and errors in the observation data. The

surface elevation for each observation point was derived from a ten-meter USGS Digital

Elevation Model (DEM) that was resampled to a 75 meter grid to assign grid cell

elevations. Inherent errors in the DEM and the interpolation process in assigning an

elevation to a point are possible sources of error. In addition to this type of technological

error, it is possible that the observed water levels have errors associated with them due to

the method of measurement, data entry, or spatial limitations of the well databases.

These potential sources of error are not presented here to discourage the use of the

model results. Rather, this discussion serves to inform the user of potential limitation in

using the observed data to evaluate the overall value of the model.

Streamflow Measurements

As in the steady-state calibration process, annual average baseflows were

calculated from monthly median values. Due to data limitations, observed streamflow

values were available only for the years 1992 through 1999. The observed average

annual streamflow rate during this time period was 0.86 cfs. The simulated average

annual streamflow for the same time period was 0.60 cfs.

Sensitivity Analysis 

A limited sensitivity analysis was conducted to quantify the uncertainty in the

calibrated model caused by the uncertainty in the estimates of aquifer parameters,
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boundary conditions, and stresses. During the sensitivity analysis, calibrated values for

streambed conductance, vertical hydraulic conductivity of the floodplain, storage

coefficients, and recharge were systematically changed one at a time. The magnitude of

change in heads and streamflow from the calibrated solution is a measure of the

sensitivity of the solution to the particular parameter. Streambed conductance (SC) and

vertical hydraulic conductivity (VC) were chosen because they are important parameters

for interactions between groundwater and surface water. Vertical hydraulic conductivity

is applied in the model as vertical anisotropy, which is the ratio between horizontal

hydraulic conductivity (Kh) and vertical hydraulic conductivity (Ky). The storage

coefficient (S) was also included in the sensitivity analysis.

Stream bed Conductance

Streambed conductance was varied along Arivaca Creek. The calibrated values

were modified over a range of five orders of magnitude by multiplying by 0.01, 0.1, 10,

and 100. The changes were applied to the steady-state model and streamflow and head

values were compared with the calibrated steady-state results.

Figure 9.8 shows the sensitivity of streamflow in Arivaca Creek with changes in

streambed conductance, while Figure 9.9 shows the sensitivity of heads in observation

wells in the basin. Reducing streambed conductance by a factor of ten produced a

decrease in streamflow and a slight rise in water levels near the creek and within the

cienega. Reducing the conductance by a factor of one hundred caused a further decrease

in streamflow and rise in water levels near the cienega. Increasing the streambed
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conductance by factors of ten and one-hundred caused instability within the model and,

therefore, did not allow for a convergence in head. Figure 9.10 shows changes in water

level elevations in cells along a single row of grid cells. The model row transects the

cienega and the central portions of the basin. When the streambed conductance is

decreased by a factor of one hundred, water levels rise in cells immediately east of the

cienega. Only a slight increase in water levels occurs in the same cells when the

conductance is decreased by a factor of ten.
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Figure 9.8. Sensitivity of Streamflow in Arivaca Creek to Changes in Streambed
Conductance (SC). Note: model heads did not converge when conductance was
increased by factors of ten and one hundred.
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Figure 9.10. The Effect of Varying Streambed Conductance (SC) on the Calibrated
Steady-State Water Level Elevation in cells in Row 35, Columns 1 through 45.
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Vertical Hydraulic Conductivity

As mentioned previously, vertical hydraulic conductivity was applied in the

model through a vertical anisotropy term. The calibrated values of vertical anisotropy

were modified over a range of five orders of magnitude by multiplying by 0.01, 0.1, 10,

and 100. The changes were applied to the steady-state model and streamflow and head

values were compared with the calibrated steady-state results.

Figure 9.11 shows the sensitivity of streamflow in Arivaca Creek with changes in

vertical hydraulic conductivity, while Figure 9.12 shows the sensitivity of heads in the

basin. The changes in vertical hydraulic conductivity of the floodplain material showed

little or no change in either streamflow or water levels in the observation wells.
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Figure 9.11. Sensitivity of Streamflow in Arivaca Creek to Changes in Vertical
Hydraulic Conductivity (VC).



100

2.5

2.0

(7

F-2	 1.0
L

0.5 -

't

r

A
ME MAE RMS

• Calibrated 0.4 1.3 2.0

o VC x 0.01 0.3 1.2 1.9

0 VCx 0.1 0.3 1.2 1.9

EVCx 10 0.3 1.2 1.9

0 VC x 100 0.3 1.2 1.9

Error Type

Figure 9.12. Sensitivity of Hydraulic Heads at Observation Points to Changes in Vertical
Hydraulic Conductivity (VC).

Storage Coefficient

Streamflow and heads in the last stress period of the transient model did not

change when the storage coefficient (S) was varied within one order of magnitude.

Figure 9.13 shows the sensitivity, or the lack of sensitivity, of streamflow in Arivaca

Creek with changes in the storage coefficient. The errors in heads at the observation

wells during the sensitivity model runs were identical to those of the calibrated model.
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Figure 9.13. Sensitivity of Streamflow in Arivaca Creek to Changes in the Storage
Coefficient (S).

Recharge

The recharge parameter was varied from -50% of the calibrated recharge rate to

+50% of the calibrated rate. Figure 9.14 and Figure 9.15 show the sensitivity of

streamflow in Arivaca Creek to changes in recharge; Figure 9.16 shows the sensitivity of

heads at the observation wells. As seen in Figure 9.15, changes in streamflow have a

roughly linear relationship with changes in recharge. Figure 9.16 shows that error in

heads at the observation points are greater when recharge is decreased by 50% than when

recharge is increased by 50%. The largest changes occur several miles upstream from the

cienega, where residuals were highest in the calibrated model.
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Figure 9.15. The Effect of Varying Recharge on Streamflow in Arivaca Creek.
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Chapter 10. Results and Analysis

The effects of groundwater pumping in the Arivaca Basin were analyzed through

capture analysis and water level declines. The results of the model simulations were

analyzed using a post-processing program called RIP-GIS, which was developed by

Dragoo (2004) for the RIP-ET program.

Capture Analysis

Capture analysis can be used to assess the impacts of groundwater pumping on

surface water and evapotranspiration. Capture is the decrease in discharge minus the

increase in recharge (Lohman, 1972; Maddock and Vionnet, 1998). Water developed by

wells is derived from a decrease in aquifer storage, a reduction in previous aquifer

discharge, and an increase in aquifer recharge, or a combination of these (Maddock and

Voinnet, 1998; Theis, 1940). Capture is represented in the following equation:

(R + AR)— (D + AD)— Q = AS
At

(10.1)

where, R = natural recharge; AR = change in recharge due to groundwater pumping; D =

natural discharge; AD = change in discharge due to groundwater pumping; Q = pumping

rate; AS/At = change in storage per unit of time.

Natural recharge is assumed to equal natural discharge during steady-state

conditions:

R = D.	 (10.2)

Therefore, Equation (10.1) can be rewritten as:
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AS
(AR + AD)— Q

At
(10.3)

The term (AR + AD) represents the capture.

The primary source of capture in the Arivaca Basin is stream discharge.

Evaluating the impacts on ET was difficult because there has been a substantial increase

in riparian vegetation growth during the transient model time frame. Table 10.1 and

Figure 10.1 show the simulated water budget for the basin. When considering the entire

transient time frame, the increase in well pumping is outweighed by the much sharper

increase in riparian ET. This makes an assessment of the impact on streamflow by

groundwater pumping more difficult. Therefore, a capture analysis was conducted for the

years prior to the time when ET fluxes were increased in the model (1990). As pumping

increases during this time, the rates of storage loss and stream capture also increase. The

increase in stream capture is illustrated by a decrease in streamflow, which is essentially

a measure of leakage from the aquifer to the stream. Because riparian ET was increased

in such a sudden and artificial manner in the model, the water budget for the simulated

years 1990 through 1995 probably reflect an initial response to the rapid outflux of water

rather than long-term impacts. This is shown by the sharp rise in storage loss followed

by a gradual decrease. In reality, riparian ET probably increased to its current rates in a

much more gradual manner, which in turn would have caused a more gradual response in

storage. The water budget suggests that current riparian ET has a larger impact on

streamflow and the overall water budget than well pumping. However, this does not
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mean that well pumping is not impacting the system; it merely suggests that ET

discharges more groundwater from the system than well pumping.

Table 10.1. Simulated Water Budget in acre-feet er year AF/ r .
Stress
Period Year Recharge

Well
Pumping

Riparian
ET

Boundary
Flux

Storage
Loss Streamflow

0 pre 1975 945 36 96 23 0 794
1 1975-78 945 79 98 24 26 778
2 1979-83 945 137 96 24 48 739
3 1984 945 194 96 24 92 728
4 1985 945 172 95 24 58 715
5 1986 945 210 93 24 66 687
6 1987 945 203 93 24 63 687
7 1988 945 208 93 24 60 684
8 1989 945 188 93 24 44 685
9 1990 945 188 445 24 231 527
10 1991 945 188 440 24 181 488
11 1992 945 186 436 24 154 460
12 1993 945 173 435 24 129 446
13 1994 945 148 434 24 102 442
14 1995 945 160 433 24 109 440
15 1996 945 152 432 24 89 430
16 1997 945 165 431 24 86 417

17 1998 945 140 430 24 68 418

18 1999 945 169 430 24 93 416

19 2000 945 164 429 24 80 412

20 2001 945 168 428 24 79 406

21 2002 945 149 428 24 55 407
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Figure 10.1. Simulated Input and Output Components of Water Budget.

Water Level Analysis 

Water levels decline when there is a storage loss in the groundwater system.

While water levels have remained relatively stable throughout the basin, water level

decline has occurred throughout the basin. Simulated steady-state water levels and

depths to water are shown on Figure 10.2 and Figure 10.3, respectively. Simulated

transient water levels and depths to water for 2002 are shown on Figure 10.4 and Figure

10.5, respectively. The contour patterns are very similar in Figure 10.2 and Figure 10.4;

however, heads throughout the model area are about one meter lower in 2002 than in

1975 (steady-state). The largest changes in water levels occurred north of the cienega
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and are probably due to the increase in ET from the emergence of the mesquite bosque

and pumping from the municipal wells in that area. Water level decline was also

noticeable in the northern portions of the basin, where a natural groundwater depression

occurs and a large number of domestic wells are located. Water levels in the western

portions of the cienega remained stable through time, which is also illustrated by the

constant groundwater flow across the boundary out of the cienega (Table 10.1 and Figure

10.1). The fact that the majority of ET discharge occurs in the vicinity of the cienega

suggests that water level declines in the center of the basin, which is upgradient from the

cienega, are more due to groundwater pumping than ET.

Drawdown occurred in the basin, but was generally about one meter in most

areas. The largest drawdown occurred north of the cienega and is probably associated

with the emergence of the mesquite bosque and groundwater pumping from the

municipal wells. Drawdown contours in the vicinity of the cienega are shown on Figure

10.6.
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Figure 10.2. Simulated Water Levels in Steady-State (1975).
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Figure 10.3. Simulated Depths to Groundwater in Steady-State (1975).
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Figure 10.4 Simulated Water Levels in 2002.
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Figure 10.5. Simulated Depths to Groundwater in 2002.
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Figure 10.6. Simulated Drawdown in the Vicinity of the Arivaca Cienega.
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Recharge Scenario

The water levels in most areas of the Arivaca groundwater basin are highly

variable and respond directly to recharge from rainfall at the surface, as described in the

Groundwater Conditions section of Chapter 4 in this report. To provide insight on how

the groundwater system might respond to variable recharge, a transient model scenario

was run with recharge rates varying between each stress period. Annual precipitation

was used to estimate the recharge rates for each simulated year, using the method

described in Chapter 6. Table 10.2 includes the recharge estimates assigned to the model

scenario and Figure 10.7 shows the simulated input and output components of the water

budget. Trends in aquifer storage minor recharge trends: a gain in storage during wet

years and a loss in storage during dry years. The results of this scenario do not show the

fluctuating streamflows that were observed. This might be due to the annual time periods

used in the model simulation, which considers the annual average flow rate instead of

seasonal fluctuations. It might also be a limitation caused by the lack of knowledge of

the aquifer parameters.

The error statistics for heads at the observation points were almost identical to

those from the calibrated model that used an average annual recharge rate. This was

probably due to the fact that Arivaca received average rainfall during the years when

most observations were made (1982 and 1995).
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Table 10.2. Annual Recharge Estimates for Transient Model Scenario.
Stress
Period Year

Recharge Rate
(AF/yr)

0 pre1975 807

1 1975-78 916

2 1979-83 945

3 1984 1912

4 1985 873

5 1986 843

6 1987 1350

7 1988 1157

8 1989 387

9 1990 1397

10 1991 746

11 1992 1119

12 1993 1892

13 1994 1425

14 1995 1033

15 1996 1240

16 1997 741

17 1998 1692

18 199 632

19 2000 1231

20 2001 995

21 2002 441
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Pumping Scenarios 

Pumping rates were increased to analyze the potential impacts on streamflow and

water levels in the basin. Pumping rates were increased by 50% in all wells that were

active in 2002. These rates were applied for a five-year time period. This simulated

scenario produced a reduction in streamflow in Arivaca Creek and an increase in storage

loss, which indicates that increased well pumping could negatively impact the Arivaca

groundwater system.



118

Chapter 11. Conclusions and Recommendations

Conclusions 

Due to the general lack of hydrologic data and understanding of the Arivaca

Basin, this model was not designed to be a predictive model. The model was created and

used to help describe the hydrologic characteristics of the basin. It also provides a means

to simulate how the system might behave under certain scenarios. The model and our

understanding of the system would be improved with more data.

Data limitations and mathematical approximations in the groundwater flow model

led to the simplification of the dynamic Arivaca hydrologic system. Though this

simplification process leads to a loss in accuracy, the model simulations provide insight

on the system dynamics of the groundwater basin. Model results suggest that water

levels have declined throughout the basin since 1975 and streamflow in Arivaca Creek

and water levels in the cienega are vulnerable to groundwater pumping and drought.

However, the increased growth of riparian vegetation in the basin since the mid-1970's

might have caused a larger impact on the overall water budget of the basin than well

pumping. Groundwater pumping near the cienega might have a greater impact on the

cienega's water budget than pumping farther away in the uplands of the basin.

The overall lack of data, especially on aquifer parameters, was probably the

primary cause for inaccuracies in the model results. It is likely that the groundwater

system is more heterogeneous than was presented in the conceptual model. Aquifer
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layering and aquifer zones were kept simple in the conceptual model because little

information was known about aquifer material.

Many groundwater flow models have been created for basins in Southern

Arizona, but few have focused on a basin as small as the Arivaca Basin. Most focus on

much larger basins, such as the Tucson Basin or the San Pedro River Basin. A single

model grid cell in the regional models often encompass the same area as dozens of grid

cells used in this model. Smaller cells were used because of the narrow extent of the

cienega and the small size of the basin. Having small grid cells might inappropriately

hint that information is known on such a small scale. This difference in cell size can

impact the conceptual model, especially the recharge component where fluxes are

assigned to single rows of cells along the margins of the model area. The Anderson

equation and the Maxey-Eakin equation are often used to estimate recharge in basins in

the Southwestern United States. But these equations were determined for large basins

and the results were found to be inaccurate for the Arivaca Basin, which is more directly

connected to precipitation and recharge events.

Recommendations 

Given the ecological and cultural importance of Arivaca and its vulnerability to

potential threats to its water resources, Pima County land use planners should assess

possible impacts on water resources when reviewing land use plans for Arivaca.

Arivaca deserves sub-basin management status within the Tucson AMA because

current state water policy does not provide adequate protection from large-scale
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groundwater pumping. The Arivaca Basin is an example of how small, isolated

groundwater basins within an AMA might be negatively impacted by AMA water

policies. One possible solution to this potential problem is for the ADWR to designate

Arivaca as a sub-basin management zone. A sub-basin (or micro-basin) management

status would provide an opportunity to manage the area under a set of rules that would be

tailored to the needs and issues that apply specifically to Arivaca. The goal of sub-basin

management would be to prevent long-term local water level declines within Arivaca.

ADWR has put forth a proposal to incorporate sub-basin management in its Assured

Water Supply Rules for the Santa Cruz AMA. This type of management could be applied

to Arivaca without impacting the overall goals of the Tucson AMA and without

threatening the water resources of downstream groundwater users.

Additional water level data would help future hydrologic assessments and

modeling efforts. The Watershed Education Taskforce (AWET) should continue to

collect water level measurements from participating well owners throughout the basin

and periodically analyze the data to better understand trends that might occur. The

Buenos Aires National Wildlife Refuge could install monitoring wells on their properties

along the floodplain, particularly within the cienega, immediately east of the cienega

where water levels are sensitive to variations in hydrologic parameters and stresses, and

closer to the bedrock narrows of Cedar Wash in the southern portions of the basin where

the majority of recharge occurs. Water level data is also needed for areas in the uplands,

away from the floodplain and cienega, especially in the eastern portions of the basin.
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Future groundwater flow modeling efforts would greatly benefit from additional

studies on the hydrology of the basin and its watershed. The primary limitation to this

study is the lack of data. The model could be refined as more information is compiled.

A detailed study on hydrologic properties of the aquifer material and bedrock units might

provide a better understanding of aquifer layering and overall heterogeneity of the aquifer

materials, as well as any hydrologic connections between the alluvium and bedrock. This

type of information is important when considering system dynamics of a small area, such

as the Arivaca Basin. Pump tests, geophysical surveys, and geochemical studies might

provide useful information about aquifer parameters and boundary conditions.

Because riparian evapotranspiration is a major component of the water budget, a

detailed riparian plant inventory would be useful for future assessments. While aerial

photographs were useful for estimating vegetation types and densities, no site-specific

information is known on ET rates and root depths. Reassessing riparian ET might lead to

the incorporation of seasonality into the groundwater flow model, which would more

accurately describe how the groundwater system responds to short-term fluctuations of

certain water budget components, such as riparian ET and recharge.

The Arivaca Townsite Water Cooperative serves water to parcels in the townsite.

Although it is currently mostly vacant, the population of the townsite is likely to increase

in the future. This increase in population would cause an increase in demand from the

Water Coop municipal wells, which are located immediately north of the cienega. An

increase in pumping from these municipal wells would likely increase the potential for

negatively impacting water levels in the cienega and streamflow in Arivaca Creek. If
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additional municipal wells are needed to meet demand, they should be drilled in areas

away from the cienega within the Older Alluvium, if possible.

The management plan for Arivaca Dam should be updated. The dam captures

runoff from about 30% of the Arivaca watershed and greatly reduces recharge to the

groundwater system. This decline in recharge poses a threat to the availability of water to

the cienega, the creek, and the local residents, especially during times of drought. While

the lake has recreational value, the value is greatly diminished by mercury contamination.

The Arizona Game and Fish Department, which operates and maintains the lake and dam,

should consider the possible impacts these features have on the downstream groundwater

system and riparian area. The model developed for this study could be used to assess

possible alternatives to the current management of the lake, which only allows for

incidental releases of water in response to large rainfall events. A plan could be

developed that addresses species concerns, downstream human water needs, and the

recreational values of the lake.
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