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ABSTRACT
CHARACTERIZATION AND GROUND-WATER FLOW MODELING OF THE MINT

WASH / WILLIAMSON VALLEY AREA, YAVAPAI COUNTY

LUISFERNANDO NAVARRO

The characterization of the Mint Wash / Williamson Vdley Sygem (MWWVS) isa
combination of geologicd and hydrogeologica characterization of the Mint Wash / Williamson
Valey area. The characterization was used to construct a ground-water flow model, used to
research the water supply of the area.

The geological characterization included data from previous investigations aswell as
data gathered through this study. The results include a geologic map, cross sections throughout
the gte, a synopss of the known geologicd history of the area, including the identification of
lithologies, and a description of the tectonic history of the area.

The hydrogeologica characterization included anayses of existing data, and collection
and andyses of new data. A conceptud mode was developed from preliminary andyses of
data, then modified as more data was gathered.

The characterization was used in the development of a three-dimensiond finite-
difference ground-water flow model. The modd was calibrated to both the steady-state and
trandent conditions. The cdibrated model was used to smulate MWWV S using severd

different water use scenarios and to compare these scenarios to the concept of sustainable



yidd. Sustainable yield was defined as yield that would not Sgnificantly affect the availability of
ground water to riparian habitat and perennia springs.

The results of the modd indicates that the system currently does not exceed sustaingble
yidd. Some of the water use scenarios that represent regulatory limits as well as potentia future

water use in the MWWVA did exceed the sustainable yield criteria
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CHAPTER ONE
INTRODUCTION

Purpose and Objectives

The purpose of this study of the Mint Wash and Williamson Valey sysem (MWWVS)
and aguifer MWWV A) was to determine a sustainable yield for the ground-water syslem. The
focuswas to use fidd investigations to characterize the geology of the areaincluding previoudy
documented work, as well as the current hydrologica and hydrogeologicd systems. The
characterization was the foundation for anumerica finite-difference three-dimensiond ground-
water flow modd.

The objectives of this study were to characterize the geology and hydrogeology of the
MWWV S (chapters 2 and 3) and to create a three-dimensiona framework model of the study,
conduct sengtivity andyses of the ground-water conditions using the ground-water flow mode,
and cregte predictive Smulations using a transent modd to investigate water use scenarios
(Chapter 4). Other objectivesincluded estimating the volume of water stored within the aquifer
during the time of study, determining the amount of water that could be discharged
anthropogenically over the study period without exceeding sustaingble yield, determining the

location of naturd discharge of the Mint Wash / Williamson Vdley ground-water system, and



investigating connections to adjacent ground-water basins.

L ocation

The Mint Wash and Williamson Vdley areaislocated in the Trandtion Zone
physiographic province in central Arizona The Steis gpproximately 10 miles northwest of the
City of Prescott (Figure 1). The region encompasses gpproximately 480 square kilometers
(175 sqguare miles) of semi-arid grasdand. The project Site is bound to the south by Granite
Badin, to the east by adiscontinuous linear range comprised of the Sullivan Buttes and Table
Mountain, to the west by the foothills of the Santa Maria Mountains, and to the north by the
confluence of the Big Chino and Williamson Vdley sub-basins (Figure 1). The southern
boundary is a surface and ground-water divide (Figure 2). The eastern boundary represented
by the Sullivan Buttes and Table Mountain is a surface-water divide and is assumed to be the
ground-water divide between the Mint Wash / Williamson Valey aguifer and the Little Chino
aquifer in astudy conducted by the Arizona Department of Water Resources (Corkhill and
Mason 1995). The crest of the Santa Maria mountain range to the west is a surface-water
divide and in this study is assumed to be the ground-water divide. The northern boundary isa
surface-water and ground-water confluence, where the water from the Mint Wash / Williamson
Vadley ground-water system joins the water from the larger Big Chino Vdley ground-water

system.



Significance of Problem

Centrd Yavgpa County has argpidly growing population, which has more than
doubled since the 1980 census (Arizona Department of Economic Security 1999). The
population in Yavapa County in 1980 was 68,145, increasing to 142,075 by 1997 (Arizona
Department of Economic Security 1999). The cities of Prescott and Prescott Vadley and
surrounding areas are being devel oped to accommodate the increase in population, which is
occurring mogtly in thisregion of centra Yavagpa County. Mining of centrd Yavapa County’s
ground-water supply has become a mgor concern due to thisincrease in population and
development. Water resource development in the Mint Wash and Williamson Vdley areawill
rely exclusvely on ground water, asthere are very limited perennia surface water supplies, and
no water isimported to the area from the Colorado River or any other externa source.

Most of the ground-water supply in the area of Chino Valey, Prescott and Prescott
Valley is protected by the Prescott Active Management Area (AMA). It is an area overseen by
a date regulatory agency run by the Arizona Department of Water Resources to regulate the
rate of ground water pumping to “safeyidd” (Corkhill and Mason 1995). “Safeyidd” isthe
condition where the amount of ground water pumped out of an aguifer each year does not
exceed the amount of water that is naturaly recharged to the aquifer during that year. The
Ground Water Act of 1980 proposed safeyidd for dl AMA'sin Arizona by the year 2025
(Corkhill and Mason 1995).

The Mint Wash / Williamson Vdley Aquifer (MWWVA) is outsde of the Prescott




AMA. Thisaguifer is not protected by any state agencies againgt ground-water mining, so
development on the Mint Wash / Williamson Valey area has proceeded without regard for
exceeding “safeyidd’. Any redtrictions on development in the Prescott AMA may be
compensated for by increased development in the surrounding areas such as Mint Wash and
Williamson Vdley. Resdents of the MWWV S have expressed concern about how quickly
water will be mined due to recent development in the area.

Wildlife and vegetation in the region are dependent on ground water, aswell. The
MWWVA isuniquein centra Arizonadue to the shallow water table (0.10 metersto 3.0
meters) in the Vdley and dong the mgor washes. The ground water has provided water
resources for riparian ecosystems dependent on the shallow water table. The riparian habitat
found in the areais one of the aspects that makes this ground-water basin unique. Less than 1%
of theland in the state of Arizona contains riparian habitat (Briggs 1996). Many reaches of the
magor washes have perennia prings where the water table intersects land surface. These
sorings are awater resource for wildlife such as antelope, javelina, migrating Canadian geese,
mountain lions, and many others (Madansky 2000). The process of ground-water mining over
time will lower the water table, depleting and possibly removing the ability of the aquifer to
support the riparian ecosystem as well asthe perennid springs.

Natural resources need to be consdered to successfully introduce long term human
development into any natural setting. The project study arealis aregion that dependson it's
water resources to maintain the ecosystem that has evolved. Characterizing the ground-water

system through field observations and sengtivity analyses will provide ingght on the weater

4



resource that is crucid to the ecosystem in this area. Ground-water flow modeling provided a
platform to produce predictive results to interpret how the ground-water system would react to

different water use scenarios.

Previous I nvestigations

The amount of published work on the study areais limited. There is only one published
hydrologica study within the MWWV S. This Water Resources Investigation produced maps
for the ground water conditionsin Williamson Vdley dluvid basin during 1975 (Walace and
Laney 1976). Other hydrologica studies (e.g. The Ground Water Supply of Little Chino Vdley
(Matlock and Davis 1972), etc.) described basins surrounding the Prescott area. The only
published geologica studies within the field area are reconnai ssance geologic maps of the
project and surrounding areas a a 1:62,500 scale (Krieger 1967a and 1967b). These were
referred to and field checked as part of the creation of the geologic map (Plate 1).

The map for this study has one improvement in the lithologica dassification presented in
the geologic map developed by Krieger. Current literature describes the Tertiary andesite found
inthisareato be Tertiary latite (Krieger et d. 1971).

Two ground-water models have been produced for the Prescott AMA, which includes
the Little Chino Basin and the Upper Agua Fria Sub-basin. These studies were completed by
the Arizona Department of Water Resources (Corkhill and Mason 1995) and Southwestern
Ground-water Consultants, Inc. (Wellendorf 1998) and produced ground-water models for the

Prescott AMA to quantify “safeyield’. A subsequent study by Woessner (1998) compared the



accuracy of the two modds, which had produced different results. The comparison of the two

modd s described the sgnificance of the input parameters, and how they affect the ability of the
models to smulate various stresses on the system. The studies provide a basic understanding of
ground water systemsin the generd area.

Other sudies in the Prescott vicinity include “Little Chino Vdley, Artesan Areaand
Groundwater Basn” (Schwaen 1967). The Little Chino Basinisto the east of the MWWV S,
The basins are separated by a discontinuous north-south trending range composed of Tertiary
volcanic rocks (Table Mountain and Sullivan Buttes), uplifted Pdeozoic Redwall and Martin
Formations (Sullivan Buttes), and Proterozoic schist and gneiss (Plate 1). These basins are very
gmilar dueto their proximity, geomorphic smilarity and the regiona tectonics respongble for
their formation.

Little Chino Valey was characterized in other studies such as “The Groundwater
Supply of Little Chino Vdley” (Matlock and Davis 1972) and “ Definition and paeogeographic
ggnificance of Cenozoic gratigraphic units, Chino-Lonesome Vdley, Yavapa County,
Arizond’ (Buren 1992).

These publications provide an understanding of the Chino Valey geology and
hydrogeology, smilar to the geology and hydrogeology of the MWWV S. The literature
avallable for the Little Chino and Upper Agua Fria Sub-basins provides a framework for the

genera geology and hydrogeology of the Prescott area.
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Figure 1. Map showing the location of the Mint Wash / Williamson Valey sysem,
and shaded relief of the topography.



CHAPTER TWO

GEOLOGICAL CHARACTERIZATION

Purpose and Objectives

An important component of this study was to summarize the geology of the Mint Wash
/ Williamson Valey Sysem (MWWVS). Geologic studies for the study area available to the
public are limited. The results of this study have been combined with the results of previous
gudies to provide a cumulative summary of the known geology of the area. This study
describes the basic geology of the Mint Wash / Williamson Vdley area, including lithologies,
gructure and basin formation.

The geologica characterization includes a geologic map (Plate 1), cross sections
throughout the study area (Figures 5-9), fracture orientations of the Proterozoic granite (Figure
10), fault orientation, tectonic classfication of the basin, a gtratigraphic column (Figure 11), and
stream bed mapping. These features provide ingght on the geologic hitory of the area, aswell

as the causes for the formation of the basin.



Introduction

The MWWV Sis located within the Trangtion Zone physiographic province (Figure 2).
The Trangition Zone represents a gradation from the Colorado Plateau to the Basin and Range
physiographic province. The basin in the MWWV S shows morphological trends smilar to
those common in the Basin and Range (Figure 1).

The MWWV S has rocks from the Proterozoic eon, and Paleozoic and Cenozoic eras
(Krieger 1967aand 1967b). The Mesozoic Era appears to have been atime of erosion or no
active depogition for the areg, asthere are no lithologies of Mesozoic age (Krieger 1967a and

1967b).

Methods
Geologic Map

A geologic map was created and revised using traditiond fidld mapping techniques as
well as aerid photography. Aerid photography was available for the southern hdf of the field
areaand was provided by the Nationa Forest Service (NFS 2000). Field mapping was
conducted on 1:24,000 USGS quadrangles using a Brunton trangit and a protractor to map the
location of contacts relative to landmarks.

Krieger's (1967) 1:62,500 scale maps were used during severd reconnaissance trips to
verify the contacts that were easly accessible. Areas that were difficult to access were mapped

during two, week-long fidld trips, and subsequently compared to the maps produced by



Krieger. Mogt of the dluvium was mapped in the field. Areas that were inaccessble were
mapped using aerid photography. There were severd areas where dluvium was not mapped
by Krieger but was included in the map produced in this sudy due to the difference in scale
between the two maps. Krieger’s (1967) maps were found to be accurate and not many
dterations were made except for some detall of the contacts dong the Sullivan Buttes.

Mos of the field mapping was completed during aweek long field trip in August, 1999.
Accessible areas were vidted during monitoring trips. The geologic map was findized during a
week long fidd trip in duly, 2000 and subsequent aerid photo interpretation in the office.

The geologic map was digitized in ArcView (ESRI 1999), using alarge digitizing tablet
and the hard copy quadrangles that were used in the field. The lithologies were represented as
geo-referenced polygonsin ArcView. Digitd Elevation Modds (DEM) for the areawere
provided by the Arizona Land Resource Information System (ALRIS 2000). The DEMswere
imported to ArcView and contoured. The contoured surfaces were overlain by the digitized
polygons representing the lithologies.

Culturd feature GIS data was dso provided by the Arizona Land Resource Information
System. These coverages were imported into ArcView, and overlay the contoured surface as
well asthe lithology coverages. The digital cultura festure data used in this map include washes,
faults, and Universa Transverse Mercator (UTM) coordinates. These data provide landmark
references for the lithologic mapping.

Cross Sections

The cross sections were created from surface maps and lithol ogic information recorded

10



on driller’slogsfor severd wells throughout the study area. The location of the wells were
found usng the ADWR wdll registry CD (ADWR 2000). The UTM coordinates for each of the
wells were imported into ArcView and plotted on the contoured surface of the DEMswith a
contour interva of 5 meters. The proximity of the wells to the contours was cdculated, which
gave aprecison of 2.5 metersfor the well devations.

The lithologic changes identified in the driller’ slogs were interpreted usng knowledge
of the locd geology provided by previous studies (Kreiger 1967). The stratigraphy between the
wells dong the section line was assumed using the Stratigraphic rdation of the wdls and
assuming that extensond tectonics were respongble for basin formation in the Tertiary.
Fracture Orientation

The average orientation of three sets of fractures within the granite was measured at
severd points throughout the Granite Mountain Wilderness Area. The measurements were
taken to the north of the pluton gpex at three sites where large outcrops of autochthonous
granite were found (Figure 4). The measurements were taken
to the north of the pluton apex because these sites are in the direction of the fidd areardative
to Granite Peak. The dominant fracturesin a granite pluton are tension fractures and strike
radidly from the gpex of the granite pluton (Castro 1984). Tenson fractures provide ingght on
the emplacement of the granite pluton by gtriking radialy from the granite pluton gpex, and are
the magor conduit for fluid flow within a granite pluton (Larsson 1972). Shear fractures tend to
have a smdler gperture than tenson fractures and are usudly less laterdly extensve. Shear

fractures usudly strike perpendicular to tension fractures, and are responsible for dispersve

11



fluid flow between the tenson fractures (Larsson 1972).
Sream Bed Mapping

Grain-sze analyses of the materid within the washes were conducted. The
sampling Stes chosen are dong the mgjor washes within the sudy area. The Steswithin each
wash were chosen based on proximity to the sediment source and the accessibility of the
desired Sites.

The samples were collected by digging a2 foot hole in the middle of the wash. The
gratigraphy of the material was described, then samples were collected representative of the
described section. The samples were then dry sSieved and weighed to determine the percent

gran-gze digribution of the materid.

12



Figure 2. Physographic provinces map of Arizona showing the location
of the MWWV S.

Figure 3. Outcrop of Tertiary conglomerate in the MWWV S. Notice the cross
bedding typica of fluvid environments. A-A’ is gpproximately 20 feet.
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Results

The results of the geologicd characterization include a geologic map of the sudy area
(Plate 1), cross sections throughout the study area (Figures 5-9), a stereonet of the fracture
orientations for portions of the granite pluton (Figure 10), a dratigraphic column of the
MWWV S (Figure 11), and a map showing the sampling locations for the grain-size distribution
andyses within the mgor washes of the Mint Wash / Williamson Vdley area (Figure 26).
Geologic Map

The geologic map isinduded as Plate 1. The map displays the lithologies found within
the study area, and land surface contours a a 40 meter interval.

The ared digribution of the lithologiesis clear in the geologic map. There are distinct
zones of lithologies based on age and morphology. The southern portion of the udy areais
mainly Proterozoic granite (pCg), Proterozoic gneiss and schist (Yavapa Series) (pCy), or a
combination of the two (pCgy), with some volcanic deposits to the east and west of Granite
Mountain. The existing gpex of the granite pluton isthe crest of Granite Mountain. Granite
Mountain has been specificaly identified as a porphyritic quartz monzonite (Krieger 1967b). A
recent age of 1.72 Ga was measured using U-Pb dating of zircon (Dewitt 1999). To the north
and west of Granite Mountain (Plate 1) is a metamorphic belt, which is the location of most of
the Yavapa metamorphic series (pCy) present in the MWWV S (Kreiger 1967h).

Williamson Valey begins to the northwest of the metamorphic belt. The dominant
lithology within Williamson Vdley isa Tertiary conglomerate that conssts of the Paulden

Formation and Perkinsville Unit. The conglomerateis fluvia based on common cross bedding
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(Figure 3) (Buren 1992). The dastsin the conglomerate consst mainly of Proterozoic granite,
gneiss, and schigt, consstent with the description of one of the facies within the Paulden
Formation.

Volcanic deposits are common in the northern portion of the MWWV S and consist of
latite (T1) and basdt (Th) of Tertiary age. Volcanic deposits are centraized dong the eastern
boundary of the study area.

The concentration of Tertiary volcanic deposits and faults ong the eastern boundary of
the study areaindicates that there was tectonic activity in this area during the Tertiary. The
deposits are linear, and in the northern haf of the area are coincidental with topographic relief.
Previoudy mapped and inferred faults trend pardld to the topographic relief (Plate 1). The
previoudy documented faults are defined as normd, which is condggtent with the inferred faults,
determined to be normal through the documented tectonic history, as well as the topographic
relaion and age of the unitsin contact at the faults.

The Sullivan Buttes represent the remnants of Tertiary volcanism. The dominant
lithology of the buttesis Tertiary latite (Krieger 1967aand Krieger et d. 1971). At the surface
the latite is highly eroded, however outcrops of Tertiary ldtite are visible dong the flanks of the
Sulliven Buttes.

Within the topographicaly higher Sullivan Buttes there are outcrops of Paeozoic and
Proterozoic rocks. Williamson Vdley conssts of Tertiary conglomerate and Quaternary
dluvium. Older lithologies dong the buttes are topographicaly higher than younger lithologiesin
the basin, a scenario commonly related to extensiona tectonism, mechanicsthat are known to
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occur in the region during the Tertiary.
Cross Sections

The location of the section lines are plotted on Figure 4. The cross sectionsinclude two
section lines that trend dong the main washes, one dong Williamson Vdley Wash (Figure 5)
and the other dong Mint Wash (Figure 6). Three more cross sections were created traversaing
the valey and the generd direction of surface-water flow (Figures 7, 8 and 9). The location and
extent of the section lines are based on the availability of subsurface data provided by wdll logs
and interpretation of the geologica conceptudization.

Section lines A-A’ and B-B’ show the trangtion from a complex geologic setting
influenced by the granite pluton in section B-B’, to aflat “layer cake’ type of sratigraphy in
Williamson Valey dong A-A’. The granite underlies the Tertiary conglomerate in Williamson
Valey, but there are no wedlls that penetrate the entire thickness of the conglomerate to the
depth of the contact between the granite and the conglomerate in the lower hdf of Williamson
Vdley. Initid interpretation of aero-magnetic data indicates that a dense rock underliesthe
conglomerate at gpproximately 274 meters/ 900 feet. It isinferred that thislithology isthe
Proterozoic granite. No Paeozoic rocks have been identified within Williamson Vdley. The
lower haf of Williamson Vdley may contain Paleozoic rocks that have not been exposed within
the exising wdls. Wdlsin the upper haf of Williamson Vdley indicate an unconformity with
Proterozoic unitsin contact with Tertiary units. The thickness of the Paulden Formation in the
MWWV S has been estimated at 900 feet (274 meters) based on an initid interpretation of

aero-magnetic data
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recently collected by the United States Geologica Survey (USGS) (Woodhouse 2000).
Williamson Vdley has been the site of fluviad deposition since the Tertiary Period (Buren 1992).

Tertiary conglomerae is found Stratigraphicaly higher than the Tertiary volcanics as
shown in Figures 7 and 8. Thisis likely the equivaent of the Perkinsville unit, which is younger
than the Paulden Formation and the Tertiary volcanics (Buren 1992). The conglomerate within
Williamson Valey may be a combination of the Paulden Formation and the Perkinsville unit.
Tertiary volcanics can be used to differentiate between the Paulden Formation and the
Perkinsville unit, but no volcanics have been identified within Williamson Valey to distinguish
which conglomerate unit is present in the valey.

Section line C-C' shows the subsurface from Williamson Vdley to the Sullivan Buttes
(Figure 8). The cross section supports the hypothesis of extensonad tectonics occurring
between the buttes and the valley. Devonian Martin Formation and Missssippian Redwall
Limestone have been documented to be tilted in the area. The orientation of the dip is towards
the east on the eastern range bounding Williamson Valey. Thetilt of the Martin Formation and
the Redwadll Limestone is consistent with the topographical dip aong the western range
bounding Williamson Valey. The gratigrephicaly lowest plane (oldest) dong the tilted block is
in contact with younger units, which isindicative of extensond tectonics. There are inferred
normal faults which serve asindicators of extensond tectonicsin cross sections D-D’ and E-E'
(Figures 9 and 10). The faults mapped on the cross sections have a generd dtrike to the north,
which isamilar to orientations of normd faults in the adjacent Basin and Range physographic

province (Plate 1). Severd of the faultsin the Sullivan Buttes area were mapped by Krieger
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(1967), the inferred faults throughout the rest of the study areawere mapped in this study.
Fracture Orientation

A gstereonet was created of the fractures that were measured in the Granite Mountain
Wilderness (Figure 11). The three tension fractures that were measured in the fidd consstently
have a gtrike to the northwest with high angle dips to the northeast. The three shear fractures
are rdlaively perpendicular to the tension fractures with high angle dips to the southeast. These
results were expected given the location of the sample Stes reative to the gpex of the pluton.
The fault orientations that were measured are representative of the fractures at the outcrops
where they were measured. The locations where the orientations were measured were selected
based on the outcrop. Mogt of the granite at the surface of Granite Mountain is colluvium. The
locations selected represent outcrops of autochthonous granite. A radid pattern of fractures
would be concentric on astereonet if there were fault orientation Stes completely around the
pluton gpex. The Stes of fracture orientation for this study were located only to the north of the
pluton gpex (Figurell) and therefore only show tension fracture orientations to the north. The
tension fractures generdly had larger gpertures and were laterally more extensive then the shear

fractures, but tend to be less abundant (Table 1).
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Sream Bed Mapping

The results of the grain Sze andyss are included in Table 3. The sample Stesare
shown in Figure 26. Cobbles, pebbles and sand form the mgority of the materid at the Sites
closer to areas of high relief. The distribution grades towards finer grained materias away from
the high relief, towards the valey. This distribution was expected due to the mechanics of

sediment transport. Higher relief creates more kinetic energy with fluid motion, making the fluid

capable of trangporting larger materid.

Conclusions

The geologic history of the area includes emplacement of a granite pluton into what is
currently a metamorphic complex of gnelss and schist during the Proterozoic, at approximately
1.72 Ga (Dewitt 1999). There was a marine environment in the study area during the Paleozoic
as demondtrated by the Devonian Martin Formation and Mississippian Redwall Limestone.
The Martin Formation and Redwall Limestone units have been identified as marine
environments in the area by several workers (Ceestian 1979, Meader 1977, Smith 1974,
Gutschick 1943 and Kent 1975). The geologic history of the areais summarized in a
dratigraphic column showing lithologies present in the MWWV S (Figure 11).

Within Williamson Vley there are no outcrops of lithologies from the Mesozoic era, 0
there may have been a non-depositiona setting during the Mesozoic, or post-depositiond
erogon. A fluvid environment was present during the Tertiary (Buren 1992). Volcanic activity

and northeast-southwest extensiona tectonics dso occurred in the middle of the late Tertiary
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(Krieger 1967 aand b, Krieger et d. 1971). The Quaternary is marked by adluvia deposition
only within the active washes.

Norma faults are present throughout the MWWV S. Normd faults are most commonly
found at gradient changes in the topography, and strike pardle to Williamson Valey. Severd
faults are found around Granite Mountain, and may be related to the granite emplacement.

Andyses of fracture orientations were measured at three outcrops exposing
autochthonous granite. The orientation of the tenson fractures trend radialy from the crest of
Granite Mountain, which is assumed to be the pluton gpex. The fracture orientation is consstent
with amodd deveoped for fracture orientation resulting from pluton emplacement (Larsson
1972).

The basin morphology would suggest that Williamson Vdley basn isahdf graben. The
haf graben isformed by the normd fault between the Sullivan Buttes and Williamson Vdley,
and the low gradient dope from the gpex of the basin up to the west
forming the eastern flank of the Santa Maria Mountains (Plate 1). Thisbasinisin the Trangtion
Zone bounding the Basin and Range physiographic province. The tectonics that occurred in the

region during the Tertiary supports the theory that Williamson Valley is a hdf graben.
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Table 1. Fracture measurements from the Proterozoic granite in the Granite Mountain
Wilderness Area, MWWVS.

Site Orientation Dip Relative Concentration
Tension Aperture (fracture/meter)
Fracture Sze

1 67° 76° large 6

2 10° 84° Spp| 13

3 32° 71° large 5

Site Orientation  Dip Relative Concentration
Shear Aperture (fracture/meter)
Fracture Sze

1 129° 80° Spp| 11

2 122° 61° large 7

3 114° 84° Spp | 6
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CHAPTER THREE

HY DROGEOLOGICAL CHARACTERIZATION

Purpose and Objectives

A detalled sudy of the hydrogeology of the Mint Wash / Williamson Vdley areahas
not been published. The few reconnaissance-level studies that have been conducted for the
areaand are avallable to the public are outdated, and have no written documentation of the
study methods. The hydrogeology of the Mint Wash / Williamson Valey area has been
characterized in this study in greater detail than previous studies and using updated methods.

The characterization of the areaincludes a conceptua modd, hydrographs of water-
levelsin wells and a dynamic steady-state potentiometric surface map, permeability
measurements, aquifer tests, and a conceptual water budget. These tools were used to build a

numericad modd of the ground water of the MWWV S,

I ntroduction
The MWWV S is an area with complex geology, making the accurate cregtion of a

conceptual modd integrd in understanding the hydrogeology. The conceptua modd was
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created using the known geology of the area, assumed quditative vaues for the mgjor
hydrogtratigraphic units for recharge and hydraulic conductivity, the topography of the areg, and
basic hydrogeol ogic concepts.

The conceptua model displays the main areas of recharge, mgjor areas of discharge,
the hydraulic headwaters and discharge boundaries, and the generd direction of flow for the
regiond ground-water system (Figure 12). Granite Mountain, located in the southern region of
the sudy area, forms the hydraulic heedwaters for the entire system. Granite Mountain
produces the largest amounts of recharge due to the high eevation of the mountain and the
highly fractured granite, which is highly permeable (Larsson 1972). High levels of recharge also
occur dong the washes which receive additiond precipitation from runoff (Smmers 1997). The
Santa Maria Mountains are not included in the sudy area, but are responsible for alarge inflow
of ground water from the west. The main discharge areas due to pumping in housing
developments occur to the east and north of Granite Mountain in Mint Valey, and on the
western flanks of the Sullivan Buttes. There is pumping in centrd and western Williamson
Vdley, though most of that pumping is seasond, for irrigation. The main naturd discharge
boundary for the system is the northeastern corner of the study area, north of the Sullivan Buttes
through ground-water flow.

The southern boundary for the MWWV S is defined as Granite Basin in the
southeastern region, and Mount Josh in the southwest. The western boundary is formed by the
foothills of the Santa Maria Mountains. The eastern boundary, which formsthe

surface-water divide, isformed by a discontinuous range conssting of the Sullivan Buttes and
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Table Mountain. The Williamson Valey Wash and Big Chino Wash surface water confluenceis
assumed to be the confluence for the ground-water flow systems from Williamson Vdley and
Big Chino Vdley.

The main hydrogtratigraphic unitsin the MWWV Sinclude the Paulden Conglomerate
(Tc), the Prescott Granite (pCg), and the Mint Valey Basdt (Th) (Plate 1) (Figures5 - 9). The
Prescott Granite is volumetricaly the largest hydrogtratigraphic unit in the southern hdf of the
sudy area, and forms the basement for the overdl system. Tenson fractures are the dominant
conduit for fluid flow in the granite. The Mint Valey Basdt occurs in the southern portion of the
fidd areq, and isardativey thin layer in which fractures are dso responsible for fluid flow. The
Paulden Conglomerate is volumetricdly the largest water-bearing unit in Williamson Valey, and
covers most of the surface of the field area. Pore space dlows for fluid flow in the Paulden

Conglomerate.

Background

Water use in the Mint Wash / Williamson Vdley areawas predominantly for irrigation
prior to the sub-divison and development of severd ranches, and thus seasond. The only other
water use was domestic use for ranchers.

Land subdivisions of the ranches began to occur in the second half of the 1900s.
Severd ranches were sold and subdivided by developersin the 1980s. The recent population

boom in centra Yavapa County has crested demand for more development in the area.
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Presently there are over four ranches which have been subdivided creating severd hundred
gngle family home stesin the Mint Wash and Williamson Valey area

The hydrography of the areaisrare in centrd Arizona The shallow water table has
created severd perennia springs and extensive riparian vegetation in the area (Figure 13).
Sustainable yield must be addressed for the MWWV S to protect the ecosystem that has
formed, which is dependent on the availability of shdlow ground water. Sustanableyield is
water use to support human communities without degrading the hydrologica cycle and the
ecosystems that depend on water (Gleick 1998). A sustainable yied for the MWWV Sis
defined and further addressed in the sensitivity anayses produced by the ground-water flow

modd.

Methods
Well Network Monitoring

A monitoring network of 12 wells was established in August of 1999, and for the first
severd months of measurement severd additiona existing wells were added to the network to a
totd of 17 welstofill in gapsin spatid coverage. Water levelsin the wells were measured using
a Solingt ground-water sounder with a maximum range of 150 meters and an accuracy of +/-
0.01 meter (Solinst 2000). The probe was triple washed with bleach, non-phosphate soap, and
distilled water. The 15" of every month was established as the date of measurement to avoid
conflicts with any mgor holidays, in which the well owners would not be able to provide

access,
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The distance from the top of the well casing to land surface was measured for every
well. The well casings were marked so every reading was condgstently measured from the same
point on the well casing. The devation and location of each well was measured usng a Trimble
GPS receiver with an externd antenna and a Trimble Peathfinder field computer. The rover
dtation readings were differentialy corrected using the Prescott National Forest Service base
dation available through the Trimble Pathfinder software. The average horizontal 95%
confidence precison was gpproximately +/- 1.5 meter, while the average 95% confidence
precision for the vertical dimension was gpproximately +/- 2.5 meters. Appendix 1 ligsthe
wells used as monitoring wells, and the wells added for the synoptic water-level reading, their
locations, as well as the 95% confidence precision of their location.

Water-level datawas entered into a Spreadsheet in meters above searlevel.
Hydrographs were produced for each hydrostratigraphic unit in Grapher 2.0 (Golden Software
2000) (Figures 14-18). The hydrographs for each unit were used to qualitatively compare the
dorativity of the different hydrostratigraphic units.

Potentiometric Surface Map

A potentiometric surface map (Figure 19) was created using data collected during a
synoptic water-level reading on the 14" and 15" of July, 2000. The month prior to the synoptic
water leve reading was free of rainfal or any other mgor climatic events. The 17 monitoring
wells used to create the hydrographs were used aong with 19 extrawells that were added to
fill gapsin the water leve data All pumps were shut down 1 hour prior to measurement to

alow for recovery of any drawdown. This recovery time was determined from aquifer test data:
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al of the wdlsfully recovered within 1 hour during the aquifer tests, and the wdls that were
stressed only enough to Smulate average discharge from a domestic well recovered within 10
minutes

The water level datawas plotted on a TIN (Triangular Irregular Network) surface of
the study area. A topographic contour map was created in ArcView (ESRI 1999) using
1:24,000 quadrangle Digita Elevation Modds provided by the Arizona Land Resource
Information System (ALRIS 2000).The water-level contour interva is 20 meters. Mot of the
ground-water contours are dashed due to the uncertainty of the location of the ground-water
contours. Adequate spatia distribution of wells were lacking in most of the study areaand the
water-level could not be determined for large areas (Figure 19). Most of the study areais either
rurd, Nationa Forest land, or undeveloped. The potentiometric surface map was andyzed to
determine ground-water flow paths, ground-water divides, and delineate aquifers.
Permeability

Recharge to ground water is concentrated aong the washes in the MWWV S,
Saturated hydraulic conductivity was measured at severa points within the mgor washes to
determine the saturated infiltration capacity of the materid. The hydraulic conductivity
measurements provided recharge rates for the washes during saturated conditions.

A Gudph Permeameter was used to measure the saturated vertical hydraulic
conductivity of the washes. The Guelph Permeameter has a limited to arange of 10™ to 10
meters/day for hydraulic conductivity (Soilmoisture Equipment Corp. 1986). The permesbility

of severa points along the washes exceeded the capability of the Guelph Permeameter. The
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range provided a minimum for the vaue of the permesability of those points dong the washes.
The successful measurements were compared to the infiltration rates reported within the Soil
Survey of the western part of Yavapal County (Wendt et d. 1976). The rates measured
matched the range of infiltration rates reported by the soil survey. The areas that had hydraulic
conductivity vaues too high for the permeameter to measure were reported in the survey as
having possible hydraulic conductivity vaues exceeding the range of the Gudph Permeameter.
The permedbilities reported in thesoil survey of the western part Y avgpai County were assumed
to be accurate, and were used to estimate the hydraulic conductivity values of the sections of
the washes that had hydraulic conductivities out of the range of the Guelph Permeameter.

Permeability measurements and grain size andyses of the wash materid were
conducted at the same stes. Permesability of sedimentary materidsis controlled by the grain size
digribution. The grain-gze andyses were used to map out the Sites where permeability would
be mogt likdly to vary.
Aquifer Tests

Aquifer tests were conducted and analyzed on severd wels within the Sudy areato
caculae vauesfor transmissvity and ordtivity. Exiging well pumping test data were available
for three wells within the Prescott granite, and one within the Paulden conglomerate. VVaues for
transmissvity and sorativity were estimated for the Mint Vdley basdt usng the Theis method

for transmissvity and storativity estimation using specific capacity (Wellendorf 2000).

An aquifer test for the Prescott granite was conducted as part of this study on well
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number 2 (location of RS-2, Figure 24). Discharge was induced through a submersed pump,
goproximately 44 meters below land surface. Discharge was measured every 5 minutes during
the first hour of the test, then every haf hour for the remainder of the test and the mean of the
discharge vaues was used in the aquifer property cdculations. The schedule for water leve
measurement is outlined in “A Manud of Field Hydrogeology” (Sanders 1998).

All of the wells were screened in an unconfined aguifer, and the Neuman (1975)
method of aquifer test andysis was used for the pumping well. The Neuman method was the
most accurate anaytica method for pumping test andlys's based on the unconfined nature of the
aquifer and the assumptions and limitations of the method and aquifer test.

The recovery for well 2 was analyzed using the Thels (1936) straight line method;

T = 264Q/Délta(s-s)
(Driscall, 1986). Theis' corollary to the non-equilibrium equation and Jacob’ s modification to
the non-equilibrium equation are andytica methods avallable in the current literature for well

recovery andyss.

Water Budget

A water budget was calculated using precipitation data from three rain gauges
distributed throughout the field area (Figure 31) for recharge estimates, well regigtration data for
pumping estimates (ADWR 2000), and Darcy’s Law for an estimate of natura discharge
(Fetter 1996) (Domenico and Schwartz 1998). The water budget provides a quantitative

comparison of tota discharge and recharge to the system, which was used to check the
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“goodness’ of the mass baance created in the model output.

Darcy’s Law is mathematically represented by the following equation:

Q =-KA(dh/dI)

where Q = discharge (m?/yr), K = horizontal hydraulic conductivity (m/yr), A = cross sectional
area (), and dhvdl = ground-water gradient (dimensionless). Darcy’s Law was applied to
esimate the naturd discharge by using the potentiometric surface map to find the gradients
aong inflow and outflow boundaries, and the results of the aquifer tests to estimate vaues for
hydraulic conductivity. The conceptud mode and data from well logs provided information
enabling an estimation of the saturated thickness to caculate the cross sectiond area

The storage within the aguifer was caculated with the numerica ground-water flow
modd because no multiplewd| aquifer analyss data were avaladle. The trandent smulation

included storage parameters to estimate volumes of water change in storage.
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Figure 13a. Riparian vegetation dependent on a shallow ground-water supply. The Siteis
shown on Figure 19.

Figure 13b. Perennid springs supplied by shdlow ground water. The ste is shown on Figure
19.
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Results
Hydrographs

Hydrographs for dl of the wells within each hydrogtratigraphic unit (Figures 14-18)
were compiled from the water level data collected the 15" of every month, and show the
responses of the water table to stresses throughout the year. The magnitude of the response for
agiven well provides quditative information on the Sordivity of the unit.

The climate in the region of Yavgpa County has seasond preci pitation; the wet
monsoon seasons in the late summer / eaxly fdl, and in late winter / early spring snow melt. The
1999-2000 water year had below average precipitation as compared to precipitation data
reported in the western part Yavapa County soil survey (Appendix 3) (Wendt et d. 1976).
The long term average for the area as reported in the Soil Survey for Western Part of Y avapal
county is 18.24 inches (Wendt et d. 1976). The ground-water levels showed minima response
to the wet seasons during the study period. The hydrograph of the wdl within the Mint
Vadley basat showed a continud decline in water leve throughout the year. The degree of
water-level change at thiswell location was high, relative to the wels found in the other
hydrogtratigraphic units. This high magnitude of water-level change represents low storage
vauesfor the Mint Vdley basdt.

The water levelsin wellsin the Prescott granite exhibited large fluctuations of the water-
table relative to those in the Paulden conglomerate. The storage vaues of the granite are
goparently lower than those of the conglomerate.

The wellsin the conglomerate were graphed separatdly by location in the vdley or
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aong the range within the study area (Figures 17 and 18). One of the compaosite hydrographs
for the conglomerate includes the wells that are in the Williamson Vdley basin, and the other
wells that are on the dopes of the Sullivan Buttes. These locations had different levels of
response to the stresses; though both had fluctuations of lesser magnitude than Mint Valley
basat or Prescott granite wells. The wells in the conglomerate in Williamson Valey exhibited
the least amount of water-table fluctuation. Thisis most likely due to the distance from mgor
sources of recharge. The wells dong the Sullivan Buttes show a higher degree of fluctuation due

to their proximity to mgor recharge areas aong the topographic highs.

Potentiometric Surface Map

The potentiometric surface map was constructed using the synoptic water-level
readings from the July 14th-15th, 2000 measurements (Figure 19). The datawere placed on a
composite TIN surface of the DEMs available for the field area.

The hydraulic heedwaters for the entire system are Granite Mountain. Thereisradid
ground-water flow from the mountain to the surrounding topographic depressions. Ground-
water divides extend in the directions of the ridge of Granite Mountain. The ground-water
divide splays to the north at the aguitard created by the metamorphic rocks. The area of the
aquitard has been drilled severd times with little sgnificant water productivity (Figure 20).

At least three digtinct aquifers can be identified on the potentiometric surface map
(Figure 19). The upper Granite Basn aguifer flows from granite mountain toward the southeast

and consgts of Mint Valley basdt above Paulden conglomerate.  Depending on the exact

40



location of the ground-weter divide, one to three of the wells measured yield water from this
aquifer.

The second digtinguishable aquifer flows from the concave sde of Granite Mountain
toward the northeast. The upper Mint Wash aguifer is composed of highly fractured Prescott
granite, while the lower aguifer has Paulden conglomerate above the granite. The upper Mint
Wash dischargesto the east of the Sudy areatowards the Little Chino aquifer. Mogt of the flow
in this aquifer occurs through fractures.

The third aguifer is the most extensve in the MWWV S, The Las Vegas aguifer extends
from west of Granite Mountain up north through Williamson Vdley, and discharges out of the
sysem north of the Sullivan Buttes to the adjacent, Big Chino aquifer, which is down-gradient.
The main water-bearing unit in this aquifer is the Paulden conglomerate. Thisis volumetricaly
the largest aquifer. Mogt of the wellsin this sudy yied water from this aguifer.

The potentiometric surface map (Figure 19) suggests that the different aguifers are
hydraulically connected and dl have the same hydraulic heedwaters. The aquifers flow in
different directions and discharge to different sub-basins, which isimportant to consder when
managing aguifers.

Permeability

The limited range of measurement of the Guel ph Permeameter resulted in two
successful permesbility measurements (Table 2). The successful measurements were compared
to the measurements reported in the Soil Survey of the western part of Yavapa County (Wendt

etd., 1976).
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Saturated hydraulic conductivity measured in the fidld fit near or within the range of
infiltration rates reported by the soil survey. The Sites where the permesbility values exceeded
the range of the permeameter were dso compared to the dataiin the soil survey, and the
possible permesbility values reported were out of the range of the Guelph permeameter (Table
2). The sitesthat indicate that no measurement was conducted with the Guelph Permeameter
are sections dong the wash where it was determined through failed permesbility measurement
attempits that the soil was out of the range of the Guelph Permeameter.

The limited results of the permesbility study were considered during the cdibration of
the ground-water flow modd to estimate recharge through the washes during saturated
conditions. Saturated conditions in mgjor washes is felt to be amgor component of recharge in

asemi-arid ground-water bagin.
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Figure 14. Hydrograph for well 18 in the Proterozoic gneiss and schist (Y avapa Series)
from Aug ‘99 through Sep ‘00, MWWV S.
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Figure 16. Hydrograph for wells 8, 9, 10, 11, 12, and 13 in the Paulden Conglomerate
from Aug ‘99 through Sep * 00, Williamson Valey, MWWVS.
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Figure 17. Hydrograph for wells 6, 7, 14, 15, 16, and 17 in the Paulden Conglomerate from
Aug ‘99 through Sep ‘00, Sullivan Buttes, MWWV S,
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Figure 18. Hydrograph for well 1 in the Mint Vadley Basalt from Aug ‘99 through Sep
‘00, MWWVS.
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Table 2. Reaults of the grain-gze andyses and permesbility measurements. See Figure 26 for
location of measurements.

Site Gueph Grain-Size Analyses (% of Per meability
Permeameter sample) reported by Soil
measurement Gravel | Sand Fines (st Survey (cm/sec)
(cm/sec)

and clay)

Cw-1 Out of Range 33 66 1 0.0014-0.0042

CW-2 Out of Range 25 74 1 0.0014-0.0042

CW-3 Out of Range 28 72 1 0.00042-0.0014

Cw-4 No 19 81 0 0.00042-0.0014
Measurement

DW-1 No 71 29 0 0.00042-0.001
M easurement

DW-2 No 30 70 0 0.00014-0.00042
Measurement

DW-3 Out of Range 64 35 1 0.00014-0.00042

DW-4 0.00013 34 64 2 0.00014-0.00042

HW-1 Out of Range 21 79 0 0.00014-0.00042

HW-2 0.00021 29 65 6 0.00014-0.00042
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Aquifer Tests

The datafrom severd aguifer tests were andyzed using graphicd andyss methods. The
aquifer tests available included one aquifer test in the Paulden conglomerate (Las Vegas
aquifer), and three aquifer tests in the Prescott granite (Mint Wash aguifer). Transmissvity and
dorativity were estimated for the Mint Valey basdt using average specific capacity vaues
(Wellendorf 2000) and the Thels equeation for estimating transmissvity and Sorativity from
specific capacity data (Fetter 1994).

The pumping data for the aquifer test on the Navarro conglomerate were plotted semi-
logarithmicdly with drawdown on alinear y-axis and time on alogarithmic x-axis (Appendix 3).
The Neuman anadyticd method (Neuman 1975) for an unconfined aguifer was used to andyze
the data. The early time datafit well on the ™ = 0.01 Neuman type curve. There was no late
time data evident to match to the Neuman late time curve nor was there an observation well, so
an egtimation of specific yield was not attained. The results produced are reported in Table 3.
The same method was used for the pumping datafor al of the aguifer tests avalable for the
Prescott granite (Table 3).

The aguifer test for well-2 is the only test conducted as part of this study. All of the
assumptions for the Neuman andytica method were met to secure avadid aquifer test. The test
did not last long enough to produce late time data to estimate specific yield.

The aquifer test for well 52 was deemed invaid, though the results are till reported.
The total drawdown exceeded 20% of the assumed saturated thickness of the aquifer.

Anaytical methods are only vaid for aquifer tests in which the drawdown does not exceed
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10% of the saturated thickness.
Specific yield was estimated using the late time data from the aguifer test on well 51.
The test on well 51 was the most complete of the tests. All of the assumptions for the Neuman

method were met. The initid hydraulic conductivity vaue in the ground-water flow modd is

based on this aquifer test.

Table 3. Aquifer parameters for the mgor hydrogtratigraphic units usng aquifer tests and
gpecific capacity estimates.

Aquifer Test Hydrostrat. Unit  T(m2yr)  Thickness K(mlyr) Storativity

(m)
ARwdl-51 Prescott pCg 69000 152 460 na
ARwd|-52 Prescott pCg 10000 152 69 na
ARwdl-54 Prescott pCg 15000 152 95 0.00035
Well-2 Prescott pCg 18000 152 120 n‘a
Well-2 Prescott pCg 440000 152 2900 na
(recovery)
Wedl W-1 Paulden Tc 44000 44 990 na
Th-specific Granite Basn Tb 4400 50 88 0.0004
capacity

The recovery data for well-2 were analyzed using the Theis sraight line recovery
method (Driscoll 1986). Residua drawdown after the cessation of pumping ismeasured a a
logrithimic interva until full recovery. The caculated recovery is plotted on alinear y-axis,

while the time since pumping stopped t” is the logarithmic x-axis (Table 3) (Figure 21).
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The transmissivity and Sorativity of the Mint Valey basalt were etimated using an

equation created by Theis (1963) for specific capacity measurements.
T=(Q/(h,-h))(2.3/4B)log(2.25Tt/r?S)

where Q/(ho-h) is the specific capacity of the well (m?/day/m), t isthe period of pumping (day),

r isthe radius of the pumping well (m), T is aquifer transmissivity (n?/day), and Sis aquifer

dorativity (dimengonless). Storativity and transmissvity are both variables for the specific

capacity equation, so an accurate approximation of either values must be determined to

accurately estimate the other.

Aquifer tests provide values for aguifer parameters, but the mgor limitationisthet itisa
local value, and may not be representative of the entire hydrogiratigraphic unit. Aquifer test
andysisisbest usad in locd studies, or regiond studies when sufficient aquifer tests are
available to use gatistics to create semi-variograms. For the purpose of this study, the limited
datawere gpplied asinitid vaues in the ground-water flow model, and the parameter vaues
were varied through the calibration process and representative vaues for the hydrogtratigraphic
units were determined.

Water Budget

The water budget includes estimates of discharge and recharge to the MWWV S
utilizing limited data and severd assumptions. Recharge was estimated from precipitation data
from three rain gages dationed at different locations in the study area (Figure 31) (Appendix 3).
A percentage of 4 to 5% has been estimated to be the amount of total precipitation that goesto

recharge the ground-water in this region (Corkhill and Mason 1995). Precipitation was
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assumed to vary with devation throughout the study area. Areas that were lacking in
precipitation data were assigned approximate values based on the nearest precipitation data
source and the assumption that in Arizonathere is an additiond 1.5 inches (3.8 cm) of
precipitation per year per 1,000 feet (300 meters) of additiona eevation (Allen 1995). Initia
recharge va ues were estimated throughout most of the study area using this assumption.
Recharge through washes is a combination of direct precipitation recharge and the permegbility
of the washes during saturated conditions multiplied by the amount of time during the study
period that the washes were saturated. Mint Wash adjacent to Granite Mountain was assumed
to be saturated approximately 30 to 45 days during the study period (Madansky 2000) at
approximately 40% of the wash area. Washes dong the Sullivan Buttes, Santa Maria
Mountains, and Williamson Vdley were assumed to be saturated due to precipitation events
agpproximately 2 to 3 days (Madansky 2000) during the study year at 10% of the wash area.
The use of percentages of precipitation vaues for recharge can produce errors and should not
be used by practitioners to calculate recharge vaues (Watson et d. 1976, Gee and Hille
1988), s0 the cdibrated vaues in the ground-water flow model are assumed to be the most
accurate recharge vaues for the MWWV S,

Naturd discharge through sub-surface flow in or out of the MWWV S was estimated
using Darcy’s Law (Domenico and Schwartz 1998). Discharge due to pumping was estimated
using the Arizona Department of Water Resources Well Regisiry CD to find the number of
wellswithin the study area (ADWR 2000). Using the same database, the wells were

differentiated by use: domestic, irrigation, and second family home, based on the well owner’s
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address. The rule of thumb for the region on vaues for water use were used to find the average
water use per well per year. These assumptions include 180 galons/day/person and 2.3 people
per home (Wedlendorf 2000). Second family homes were assumed to use the same quantity of
water, but only for haf of the year.

The reaults of the water budget are included in Table 4. This conceptua water budget is
used to help cdibrate the mass baance of the steady-state modd. The inflows and outflows
reported by the modd should be within the same order of magnitude as the vaues reported in
the water budget.

There are discrepancies in the water budget due to the uncertainty in the recharge vaue
and the inflow and outflow through the boundaries of the sudy area. Many of the boundaries
were assumed in the potentiometric surface map due to the lack of available water-level data
The gradient and saturated thickness of the aquifer a these boundaries could vary from the
actud vaues. The uncertainty of the inflow vaue and the recharge vaue could both introduce
error in the water budget. The recharge vaue seems the most likely cause for the error in the

water budget due to it's high value relative to the other components in the water budget.

Table 4. Initid water budget for the MWWV S,

Ground-Water Inflow (m3yr) / (ac- Outflow (m¥yr) / (ac- Difference/ (ac-ft/yr)
M ovement ft/yr) ftlyr) (m3yr)
Recharge 29x107/ 24x10¢ e e

I nflow 1Ix107/ 8.9x10F e e
Pumping e W RS NaTo < 1o 10—
Outflow - 16x107/1.3x10* -

Total 4.0x10" / 3.2x10* 1.6x107/ 1.3x10* 2.4x107 / 1.9x10¢

55



CHAPTER FOUR

GROUND-WATER FLOW MODELING

Model Purpose

Ground-water flow through the Mint Wash and Williamson Vdley Sysem (MWWVYS)
was smulated using a three-dimensiond finite-difference ground-water flow modd (Figures 21,
22 and 23). The purposes of the ground-water flow mode were to quantify sustainable yield
for the ground-water flow system, create sengitivity anayses of the MWWV S aquifers
properties, produce predictive modeding results based on safe yield and sustainable yield water
use scenarios, and predictive results to the current pumping condition and the proposed
American Ranch Build Out condition. The sustainable yield was determined to be ground-weter
yield through pumping without significantly affecting the perennia springs nor the riparian habitat
of the area. The sengitivity analyses quantified the uncertainty of the cdibrated mode by
quantifying the effects that uncertainty in the aguifer parameters had on the mode (Anderson
and Woessner 1992), and provided insight to how the aquifers might react to changesin
recharge, e.g. due to climatic changes. The predictive modeling results were compared to the

concept of sustainable yield.
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Model Objectives

The objectives for this ground-water flow modd included caibrating the modd to a
steady-state condition using the geologica and hydrogeologica characterization to establish an
interpretive modd. Additionally, the mode was cdlibrated to the trangent condition using the
established steady-dtate cdibration and hydrographs. The model results document a method to
quantify the sustainable yidd of a ground-water flow system using a numerica ground-water
flow modd. The trangent cdibration was used to Smulate potentia future water use scenarios.
A find objective was to document the effects that current water usage is having on the
hydrologicd system of the Mint Wash and Williamson Vdley Area
Methods
Conceptual Model

The Paulden Conglomerate and the Prescott Granite are volumetricaly the most
extengve hydrogtratigraphic units in the MWWV S, and therefore have the greatest storage of
the active model area. Cross sections show that the Paulden Conglomerate is gpproximeately
900 feet (252 meters) thick (Woodhouse 2000) in the Williamson Vdley Basin (Figures 6, 8,
9). The conglomerate is the main unit in the northern haf of the sudy area a land surface (Plate
1). The southern half of the study area is predominantly Prescott Granite and Y avapal Series
Metamorphic rocks, or a combination of the two.

The layers of the model were established based on the conglomerate and the granite.
The granite is assumed to be 400-500 feet (120-150 meters) thick as awater bearing unit due

to the overburden of the rock sealing most fractures below that depth (Driscoll 1986, Freeze
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and Cherry 1979, Meinzer 1923). Depth of granite fractures for use as a ground-water flow
conduit has been determined for severd plutons through case sudies. Many of the studies were
conducted in granite located in areas that do not have a history of extensona tectonics.
Extensond tectonics would likely increase the depth of granite fractures that contribute to
ground water flow. The assumed 400-500 feet thickness of the Prescott Granite
hydrogtratigraphic unit may be conservative due to the extensona tectonics that have been
documented in the area.

The conglomerate was assumed to be gpproximately 900 feet (274 meters) thick based
on preliminary analyses of geophysicd data for the area (Woodhouse 2000). The layersfor the
model were descritized by the assumed thicknesses of these two units.

Two layers of equd thickness were created to Smulate the vertica distribution of
hydrostratigraphic units. Each layer was set at 450 feet (137 meters) thick. Areasthat were
composed of fractured Proterozoic media were represented by the top layer, while layer two
was set as ano flow or inactive area (Figures 22 and 23). The areas that had conglomerate at
the surface were modeled using a combination of both layers to represent the assumed 900 feet
(274 meters) thickness.

The other hydrostratigraphic units that were modeled include the Mint Valley Basdlt,
Yavapa Series schigt and gnelss, and the Mixed granite/gneiss/schist hydrostratigraphic unit.
The Mixed granite/gneiss/schist hydrogtratigraphic unit (Mixed unit) islocated towards the
center of the field area north-northwest of the Yavapa Series metamorphic complex and west

of Table Mountain (Plate 1).The Mixed unit was treated as a fractured medium, and was
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amulated in the first layer only, based on the same assumptions used for the Prescott granite.

The areas that were smulated in both layers include the northwestern portion of the
model area representing Williamson Valey, and the lower haf of the Mint Wash and Granite
Basin aquifers. These regions represent mapped conglomerate and associated dluvium (Plate
1). The areawhere conglomerate is exposed was mode ed using both layers.

Recharge zones were digtributed throughout the model based on the permesbility of the
lithologies, and the elevation of the region. The assumption that precipitation increases 1.5
inches (3.8 cm) per 1,000 feet (305 meters) eevation increase was used when assgning
recharge zones to the model grid (Springer 1998). Recharge zones were ddineated dong
lithological contacts due to the different permegbilities between fractured media (Larsson 1976)
versus sedimentary media, and was concentrated along washes due to the saturated conditions
caused by runoff from precipitation events.

Water Budget

Inputs of water to the MWWV Sinclude direct recharge, flow from the hydraulic
headwaters at Granite Mountain, and flow from the Santa Maria Mountains. The outputs
include pumping for irrigation and resdentid use, discharge through baseflow, and
evapotranspiration.

The inflows and outflows of the ground-water system influenced the modd design.
Modd boundaries were set at areas of baseflow, inflow and outflow. Specified flows were
defined a cdllslocated with wells. The totd vaue for discharge due to pumping was evenly

digtributed through the specified flow cells by taking the caculated pumping value defined in
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Chapter Three and digtributing it evenly to each cdll assgned to represent pumping wells.
Recharge was distributed throughout the study area to account for the recharge vaue reported
in the water budget.

Software Selection

The processor software chosen for this model is MODFLOW, a three-dimensiond
finite-difference ground-water flow mode (McDondd and Harbaugh 1996). Though the
geology and topography of the study area are complex, afindy spaced finite-difference grid
was used to Smulate the system.

MODFLOW isthe standard finite-difference modd code used today. It isfree and
widdy used, making the MWWV S modd easy to replicate. Updated versions of MODFLOW
have improved many limitations of the origina code, and have made the software more
versatile. The most up to date verson available with the selected pre and post-processor is
MODL FOW"in32 (ES| 1998), and was used for this moddling effort.

MODFLOW is solved using afinite-difference governing equation. Hydraulic heed is
caculated a the node in the center of each cell, and is the average vaue cdculated from the
adjacent cells (McDondd and Harbaugh 1988). All of the hydraulic properties are constant
throughout the cell.

The pre and post processor used for the moddl was ESI’s Groundwater Vistas version
2X (ESI 1998). Groundwater Vigtas verson 2.0 is congtantly being updated with patches
avallable on the internet as errors are encountered by users, making the software versatile and

up to date.
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ESl’s Groundwater Vistas has a highly developed graphical user interface making it
user friendly. Errors found in the MODFLOW output file are easy to fix due to Groundwater
Vidas file structure and graphica user interface. Groundwater Vidtas has an effective
import/export utility compatible with widely available GIS software dlowing for the crestion of
figures digplaying the modeing output as well as georeferenced surfaces of the sudy area
crested in the GIS software.

ES’s Groundwater Vidtas providesit's own verson of MODFLOW aswell asthe
USGS version of the modeling code (ESI 1998). ESI has created a Windows version of
MODFLOW called MODFLOW"I"32 (ESI 1998) which is a Windows platform (Microsoft
2000) based verson of MODFLOW. The Windows verson of MODFLOW dlows Microsoft
Windows to communicate to Groundweter Vistas when asmulétion is terminated, so
Groundwater Vistas can automate the modeling process.

Automated sengtivity andyses and automated cdibration are options available on
Groundwater Vistas due to MODFL OW"i"*2, The modeler can write atext file listing changes
in parameter vaues for automated modeling runsin Groundwater Vigtas. The results are
presented by Groundwater Vidtas as text files, graphs, and contoured hydraulic head files
produced for each run. Both the automated cdibration and the automated sengtivity anayses
functions were used in the creation of the MWWV S modd. The results of the automated
sengitivity analyses were used to determine the most senditive parametersto help atain
cdibration. The automated calibration was not very useful for this sudy because it was used

while the modd was till numerically ungtable, which did not dlow the automated cdlibration
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attempts to converge.
Spatial Descritization

The region was divided into a grid with two layers of cdls. Each layer has 156 columns
and 272 rows of cells (Figures 22 and 23). Each cell represents 125 metersin the x-direction,
125 metersin the y-direction, and 137 metersin the z-direction. The model contains 84,864
total cellswith 43,410 active cells. The totl model surface areais 663 kn?, the total mode!
volume is 182 km?® with an active mode volume of 94 k.

Inactive areas were established where no water level data could be collected due to
lack of wells. Layer 2 dso hasinactive cdls that underlie the fractured media due to the
assumed thickness of the hydrogiratigraphic units in the fractured crystaline rock.

Elevation of the mode grid was imported from Digitd Elevatiion Modds (DEM) made
avalable by ALRIS (2000). The elevation data in the DEMs were imported as top elevation
zonesto layer 1in Vigas. The eevation databases were set to 1 meter accuracy for the
elevation vaue assgned to each cell from the imported DEM.

The top eevation of layer 2 and the bottom elevation of layer 1 were both 137 meters
below the top of layer 1. The top elevation zones from layer 1 were copied into the bottom of
layer 1 and the top of layer 2 with a zone decrement of 137 meters. This set layer 1 to be
exactly 137 metersthick at each cell.

The bottom devation of layer 2 was set the same way as the bottom elevation of layer
1. The zones from the top devations of layer 2 were copied into the bottom of layer 2 with a

zone decrement of 137 meters. This made layer 2 exactly 137 meters thick at each cell.
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Boundaries

The boundaries for the numerica modd are smilar to the boundaries of the MWWV'S
conceptua modd and are shown in Figures 22 and 23. The boundaries are physicd,
hydrologica, or based on the availability of data The boundaries were dtered throughout the
modding process as areas of numericd ingability were identified.

The northern boundary is the confluence of the Williamson Vdley surface water flow
system with the Big Chino Valley flow system (Figure 21). The confluence islocated just north
of the Sullivan Buites, and is pardle to the UTM northing base line. The boundary isa
hydrologic boundary.

The eastern boundary is the western base of the Sullivan Buttes, and extends farther
eadt, south of the Sullivan Buttes to include Table Mountain and the residentid developments
east of Mint Wash. The boundary was determined by the availability of dataaswell asa
surface-water divide. The boundary at the Sullivan Buttes was established due to alack of
wells within the buttes and is not the physical divide represented by the crest of the Sullivan
Buttes. The southern portion of the eastern boundary is avery subtle physicd divide as
represented by the surface hydrology. The area adjacent to this boundary within the model
drainsinto Mint Wash, the adjacent area outsde of thismodel boundary drainsinto Little Chino

Vdley.
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The southern boundary was determined by the avallability of water level data. Granite
Mountain was excluded from the model area due to the lack of wells and water-level data. The
southern boundary is set at the base of Granite Mountain. Mixed hydraulic head boundary cells
were placed around Granite Mountain and represent mountain front recharge (Figure 22).

The southern boundary west of Granite Mountain was aso established by the
availability of data. The area excluded from the modd is either Nationa Forest or minimaly
developed, and wells were not available to collect water level data.

The western boundary is set a the foothills of the Santa MariaMountains. The western
boundary represents the physical boundary present at the crest of the Santa Maria Mountains.
The western boundary is linear, parale to the UTM Easting base line, amilar to the linear crest
of the Santa MariaMountains.

Aninternd boundary is present extending north from the southern boundary covering
Granite Mountain connecting to the eastern boundary of the modd area representing the
Sullivan Buttes (Figure 21). This boundary represents the ground-water divide indicated on the
potentiometric surface map of the MWWV S (Figure 19), and was inserted during the

cdibration process to optimize the caibration of the modd.



Parameter Values - Hydraulic Conductivity

Initid estimates of hydraulic conductivity vaues for the hydrogratigraphic units were
developed from aguifer tests and specific capacity estimates (Table 5). The values atained in
the hydrogeologica characterization of the MWWV Swere used asinitid parameter vaues for
the modd (Table 3). The vaues were dtered through trid and error during cdibration.

The limited aquifer test and specific capacity data for each hydrogratigraphic unit made
it difficult to create an error limit for the vaues of the parameters. Variograms are commonly
used in modding to cregte error limits for parameter values based on the variability of the values
in space. Heterogeneous materids will produce different parameter values based on the
location of the measurement. Several measurements of the same parameter a different points
within a heterogeneous materid will provide arange of vauesfor that parameter. Variograms
quantify the uncertainty of parameter vaues based on heterogeneity. The uncertainty can
provide an alowable error range, which can be used to vaidate the find calibrated property
vaues. The only measure of the vdidity of thefind calibrated hydraulic conductivity valuesisa
range of measured vaues for different lithologies as reported in hydrogeology text books (Table
5) (Domenico and Schwartz 1998).

Initid valuesfor the vertica anisotropy of the hydraulic conductivity (K) were assumed
to vary between 3:1 (horizonta K:vertica K) and 100:1. Theinitial values were not consdered
to be representative of the actud vaues, and cdibration was the process responsible for
ataining representative vaues of vertica anisotropy.

Anisotropy was not available through any of the aquifer tests. Neuman's (1975)
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unconfined andytica method provides anisotropy estimates for aquifer tests where water level
is monitored a an observation well. The only aquifer test with water level datafrom an
observation well was the test performed on ARwell 52 with observation well ARwell 54, but
the test was deemed invalid due to significant dewatering of the aquifer during the aguifer test,
and k,k, could not be determined.

Parameter values - Recharge

Initial estimates of recharge were cdculated using the precipitation data from threerain
gages located throughout the study area (Figure 25). Two methods for estimating recharge from
precipitation data were used.

A previous study in the vicinity of the MWWV S assumed that 4% to 5% of total
precipitation forms direct recharge (Corkhill and Mason 1995). This assumption was used as
aninitid esimate of the recharge vaues for the different zones in the MWWV S modd.

The other method for caculating recharge was by using an equation developed by
Rabinowitz et d. (1977) for a precipitation-recharge relationship. Rabinowitz estimated the total
amount of recharge to an aguifer in New Mexico from precipitation by measuring tritium
concentrations of the water discharging from the aquifer. The equation is:

R=fP, wheae f=k(P/p)
and R = annud recharge, P, = annud precipitation of theith year, f = proportiondity factor, p =
mean annud precipitation (al in the same units), and k = normadizing factor. These vdues are
reported aong with the values attained using the 4% to 5% precipitation assumption and the

find caibrated vaues (Table 6).
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As can be noted from Table 6, the two methods of recharge estimation from
precipitation data overestimated the representative recharge va ues attained through caibration.
Methods of recharge estimation based on percentages of precipitation data can be mideading
and should not be used by practitioners (Watson et d. 1976, Gee and Hillel 1988). Empirica
preci pitation-recharge expressons can be useful estimates of recharge if the congtants have
been derived from careful observation and measurement, and should not be used on any other
ground-water basin for recharge determination (Smmers 1997). The vaues cdculated using
these different methods of recharge estimation were used to provideinitid vauesto the
recharge zones, but calibration was used to provide representative values of recharge for the
zones and conceptua water budget.

The recharge vaues used in the mode account for natural recharge, recharge induced
anthropogenicdly through septic systems, and evapotranspiration caused by features other than
riparian vegetation or perennid springs. Septic systems are a variable that could not be
accounted for in this recharge model due to the limited septic return deta available for the
MWWV S. This may have been another factor contributing to the discrepancy between the
caculated recharge vaues and the cdibrated recharge values. Evapotranspiration that was not
caused by perennia springs or riparian vegetation was included in the recharge parameter to
minimize the number of variables presenting uncertainty to the cdibration process. No
measurements of field evapotranspiration were collected, and no vaues for average fidd
evapotranspiration representative of the climate a the study area were found in the existing

literature.
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Parameter Values - Storage/pecific Yield/Porostiy

Storage, specific yidd and porosty were modeed in the transent condition (Figure 24).
No vaid absolute storage data was available for the MWWV S, so the condtraint on the values
used were based on literature values. A quditative relation of the storage vaues between the
lithologies was established through analyss of  the hydrographs included as Figures 14 through
18. Average absolute storage vaues for lithologies found in the MWWV S were estimated
(Domenico and Schwartz 1998), and arein Table 7.

Initial storage, specific yield, and porosity vaues were adjusted through the trangent
mode cdibration process. The storage parameters affected the magnitude of water level
change with time. These vaues were adjusted until the smulated hydraulic heads hydrograph
had a smilar degree of water-level change over the sudy period to the observed hydraulic
head hydrographs. The storage/specific yidd/porosty vaues used in the calibrated mode fdll
within the range indicated in Domenico and Schwartz (1998).

Parameter Values - Evapotranspiration

Zones of active evapotranspiration were modeled in areas of observed perennial or
ephemerd springs and riparian vegetation (Figure 26). Vaues of evapotranspiration and
extinction depths were established from a previous water use study by Wright (1997). Wright's
study established water use by riparian plantsin centra Arizona The study established average
water use for mature cottonwood, young cottonwood, and mesguite. Wright also established
vaues for pan evaporation in semi-arid centrd Arizona. The pan evapotranspiration value was

modeed in areas of observed perennia springs. Wright aso established the extinction depths
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for evapotranspiration dong springs and for different species of riparian vegetation. The
extinction depths were incorporated into the model smulations.

Evapotranspiration was not dtered during mode calibration process from the vaues
that Wright established. Evapotranspiration was a negligible percent of the tota water budget,
and it was assumed that any dteration of these vaues would not create a Sgnificant changein
the modeling results (Table 8).

Parameter Values - Drains

Drain cellswere input to the cdibrated steady-state and transgent models to dewater the
areawhere the amulated water levels exceeded the top devation of layer one. This occurred in
the modd grid that represented perennid springs in the MWWV S. The cells where the
smulated water levels exceeded the top of layer one had to be dewatered until the water table
was at or below the top of layer one so MODFLOW would account for dl of the water in the

mass balance.

69



The conductance of the drain cells were dtered until the vaues were optimized by
assigning the lowest vaue of conductance to the cdlls to dewater the cdllsto the levd of the top
of layer one. The drain cdlls were only activated to attain the mass balance / water budget
output of the modd smulations. No drains were active when the water table was modeed so
asto not affect the modeled water table with drains that were input as atool to correct the
water budgets. The drains are virtud dewatering features that affect the modeled water table.

The water budgets were dtered as aresult of the introduction of drain cells. The
conductance was minimized so the drains would have aminima affect on the smulated water
budgets. The drains affected the evapotranspiration (ET) and flux out vauesin the
MODFLOW meass badance. The volumes of water discharged through the drain cells are likely
acombination of water removed from ET and flux out. For the purposes of this study the
volumes of water discharged through drains was assumed to be removed entirely from ET. The
ET ratesliged in Table 11 - Table 14 include the value of water discharged through the drain
features. This assumption dtered the water budgets because the water accounted for through
the drainsis a combination of ET and flux out.

Sustainable Yield Estimation

Sugtainable yidd has been defined as water use to support human communities without
degrading the hydrological cycle and the ecosystems that depend on water (Gleick 1998).
Sugtainable water yidd for the MWWV S was determined to be ayield above which perennia
springs would dry out or the root zone of the riparian habitat would significantly dewater

through ground-water drawdown due to pumping. Most of the perennid springs within the
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MWWV S have water levels within 1 foot (0.30 meters) of land surface. Lowering the water
table one foot (0.30 meters) would dry out the springs located in the MWWV S, and may
sgnificantly dewater the root zone of the riparian habitat.

Virtuad Observation wells were placed in mode cdlls representing springs and riparian
communities within the MWWV S (Figure 28). Discharge rates were varied to create different
drawdown scenarios at the observation cells. Sustainable yield was defined as awell discharge
that created 1 foot (0.30 meters) of drawdown from the non-pumping condition to the
respective pumping condition at any of the observation cells.

The mode areawas divided to represent the three aquifersidentified in the
hydrogeologica characterization (Figure 29). Zone water budgets were produced for the
Granite Baan Aquifer, Mint Wash Aquifer, and Las Vegas Aquifer (Table 12 - Table 14). The
zone budget for the whole modd areaiisincluded as Table 11 for a comparison of the individud

aquifers versusthe MWWV S..
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Figure 24 (b) - Zone distributions of horizontal and vertica hydraulic conductivity, storage, specific yield, and porosity in layer 2.
Refer to Table 5 for Zone values. Refer to Figure 21 for georeference.
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Results
Seady-Sate Calibration

Steady-sate modd cdibration was initiated usng the initial parameter vaues estimated
from the aquifer tests and specific capacity vaues discussed in Chapter Three. The modd was
cdibrated using 24 targets representing wells where monthly water-level measurements were
collected and additiona wells to provide more targets for the caibration. The water-level data
were collected at the end of the study period in August, 2000.

The mode was cdibrated through trid and error parameter adjustment. The most
sendtive parameters were identified through an initid sengitivity andyd's, and these parameters
were adjusted until the model gpproached cdibration. Changes were made in the grid cdll
gpacing as well as the active versus inactive regions.

When the modd approached the cdlibration criteria, parameter values in problem zones
were dtered through trid and error to improve cdibration. The ground water divide between
the Las Vegas aquifer and the Mint Wash aquifer was modeled as an inactive boundary. The
model could not be calibrated without the smulation of the ground-water divide as an inactive
areaunless the k,=k,, (horizontal hydraulic conductivity) and k, (vertical hydraulic conductivity)
zone vaues were changed to unredligtic vaues.

Two datistica measures of the cdibration of amodel are the root mean square error
(RMSE) and the mean absolute error (MAE). The mean absolute error is the mean of the
absolute vaue of the difference between measured and smulated hydraulic heads. The root

mean square error isthe average of the squared difference in measured and smulated hydraulic
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heads (Anderson and Woessner 1998):
1o
MAE==3 [(hm-hs)|
Nz
n 05

(1 :
RMSE= §-8 (hn- h) 2
en u

i=1
where n is the number of observations, h,, is the measured hydraulic hydraulic head, and h, is
the amulated hydraulic hydraulic head.

The cdibration criteriafor the steady-state modd was established using the criteria
outlined in Anderson and Woessner (1992). The criteria outlined for a steady-state model
include a Root Mean Squared Error (RMSE) of observed versus smulated hydraulic heads no
greater than 5% of the total hydraulic head change across the model. A model that reachesthis
criterion is consdered a*“good model” (Anderson and Woessner 1992) (Figures 30 and 31).
Another criterion for steady-state as well astrangent caibration is how well it's smulated water
budget compares to the conceptua water budget. A condition of a ground-water model is that
al water in and out of the system is accounted for, as well as any change in the storage.
Therefore the mass baance for any time step in amode should have less than a 1%
discrepancy (Table 9).

After the steady-state model was cdibrated, the transent model was cdibrated. The
trangent cdibration involved dtering severd modd parameters, including parameters that had

been established through the steady-date cdlibration. Upon the calibration of the transent

condition, the steady-state condition was re-calibrated with the trangent parameter vaues to
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assure that the modd satisfied the cdlibration criteriafor both the steady-state and trangent
conditions.
Transient Calibration

The transent modd was cdlibrated using a semi-quantitetive cdibration. The cdibration
criteriaincluded maintaining the mass balance requirements for each time step (lessthan 1%
discrepancy), but the hydraulic heads were not vdidated quantitatively. The quditetive criteria
for the trangent cdlibration was to create smulated hydraulic heads which had the same trends
and the same magnitude of change as the observed hydraulic heads.

The trangent cdlibration had two objectives. The first was that the transent cdibration
would serve as avdidation of the steady-date cdibration. The trangent cdibration would aso
establish the framework for the crestion of predictive scenarios, which is an objective of this
sudy of the MWWV S, The predictive scenarios had different pumping scenarios to smulate
potentid water usein the area. All of the other model parameters remained congtant for the
predictive scenarios.

The stresses included in the steady-state model were broken down into 12 time steps
that were used in the trangent design. The boundary conditions included recharge,
evapotrangpiration, and discharge wells.

Recharge was distributed throughout the stress periods to reflect the precipitation
throughout the study area. The cdibrated steady-date recharge vaues (Table 6) were
distributed throughout the stress periods to represent the percentage of tota precipitation during

the respective month (Appendix 3), based on the data gathered at the nearest rain gauge.
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Periods of increased recharge were modeled to reflect the late summer during the monsoon
season, and winter. The distribution of recharge was based on preci pitation data collected at
three rain gages distributed throughout the study area.

Discharge of the domestic pumping wells was temporaly divided to represent the
assumptions of water use that were described in Chapter Three. Twenty percent of the wells
reflected field observed pumping schedules for irrigation wells, with discharge occurring in the
goring and early summer. The remaining 80% were modeled as domestic wells, with continuous
water use year round. The digtribution of water well use was established from the ADWR well
registry for the area (ADWR 2000).

Evapotranspiration was modeled in cells representing areas of surface water or riparian
habitat (Figure 26). Evapotranspiration was distributed throughout the stress periods to
represent the summer months where evapotranspiration would be grestest. No
evapotranspiration was modeled for the winter months from October ‘99 through March ‘ 00.
Though there may be evapotrangpiration during the winter, this amount was assumed to be
negligible in the scope of the water budget.

Sengitivity Analyses

Sengitivity was defined as an absolute vaue of the cdibrated versus observed hydraulic
head residuds for this model as a change in a parameter vaue to the extent that the model
departs from the cdibration criteria. Sengtivity was d o defined quditaively dong ardative
scde. The parameters that were andyzed for sengtivity were compared to each other and

identified as the most or least senditive parameter.
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Senstivity andyses were crested for one parameter and one boundary condition at a
time. Hydraulic conductivity for al active zones was anayzed for sengtivity in the Seady-date
condition (Figure 32). The anadlyss was quantified by using the cdibration criteria The variable
was changed increasingly away from the cdibrated vaue until the mode no longer met the
steady-state cdibration criterion based on the RMSE vaue.

Recharge was andyzed for sengtivity in the steady-state condition (Figure 33). This
variable was changed by orders of magnitude greater than, and less than, the calibrated value to
quantify the sengtivity. Aswith hydraulic conductivity, recharge was varied until the modd no
longer met the steady-dtate calibration criterion based on the RMSE value.

Recharge and hydraulic conductivity have amilar sengtivities. Sengtivity in thismodd is
more afunction of the zone than the parameter. Some of the zones for both recharge and
hydraulic conductivity were highly sendtive relaive to other zonesthat are not very sendtive
over aparameter change of severd orders of magnitude. Comparatively, recharge zones
appear to be dightly more sengtive than the hydraulic conductivity zones, due to severa
recharge zones that make the mode exceed the cdibration criteria represented by the top of
the graphs (Figures 32 and 33) with ardatively low variance from the cdibrated value.

The recharge and hydraulic conductivity zones that were closer to the headwaters
(Granite Mountain) appear to be more sengtive to changesin recharge and hydraulic
conductivity vaues. The area closer to the headwaters have a higher ground water gradient
(Figure 19), as well as more recharge (Figure 32 and Table 6). These factors may be

respongble for the relatively high sengitivity of these zones to changes in parameter vaues.
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Table 5 - Initid vaues, literature values, and cdibrated vaues for hydraulic conductivity.

Lithology Initial Value Literature Calibrated Calibrated
(miyr) Value (m/yr) Value (m/yr) Vertical
Anisotropy
Granite (zone 1) 460 0.2-9000 330 171
Conglomerate 990 30-20,000 990 141
(zone 2)
Basdt (zone 3) 88 10-600,000 220 111
Gnessschigt N/A 0.2-9000 50 10:1
(zone 4)
Granite/Gneisy N/A 0.2-9000 300 100:1
Schist (zone 6)
Weathered N/A 100-2000 300 150:1
Granite (zone 7)
Conglomerate N/A 30-20,000 6,000 11
(zone 8)
Buried N/A 30-20,000 700 11
Conglomerate
(zone 9)
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Table 6 - Initid vaues and calibrated vaues for recharge.

Recharge Zone Initial Values (m*/yr/cell) Calibrated Values
(m3fyr/cell)

1 0.024 0

2 0.022 0

3 0.017 0.03

4 0.016 0.01

5 0.014 0.0005

6 4.82 25

7 0.3 0.001

8 0.3 0.0003

9 0.3 0.0001
10 3.2 0.2

11 6.8 3.6

12 N/A 0.001
13 N/A 0.04



Table 7 - Literature and cdlibrated values for specific yield and porogity.

Lithology Literature Calibrated Literature Calibrated
SpecificYield  Specific Yidd Por osity Por osity
Range Range
Granite (zone 1) N/A 0.15 0.01-0.6 0.2
Conglomerate 0.35-0.03 0.2 0.01-0.4 0.2
(zone 2)
Basdlt (zone 3) N/A 0.15 0.01-0.6 0.2
Gnesyschigt N/A 0.1 0.01-0.6 0.15
(zone 4)
Granite/Gneiss/'Sc N/A 0.1 0.01-0.6 0.1
hist (zone 6)
Weathered N/A 0.2 0.01-0.6 0.3
Granite (zone 7)
Conglomerate 0.35-0.03 0.2 0.01-0.4 0.2
(zone 8)
Buried 0.35-0.03 0.1 0.01-0.4 0.1
Conglomerate
(zone 9)

Table 8 - Evapotrangpiration rates and extinction depths used in cdibrated modd.

Evapotranspiration Evapotranspiration Value Extinction Depth (meters)

Zone (m3fyr/cell)
1 0 0
2 3.68 3.0
3 2.06 18
4 2.8 10
5 3.74 3.0
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Table 9 - Cdlibration gatistics for the steady-state and transgent models.

Time (Stress) Tota Head RMSE (meters) RMSE % of Water Budget

Period Change Across Tota Head Error (%)
Moded (meters) Change (%)
Steady-state 239.73 5.42 23 0.04
Aug, 99 (1) 240.04 7.87 33 -0.11
Sep, 99 (2) 237.37 8.06 3.4 -0.07
Oct, 99 (3) 234.03 8.14 35 -0.10
Nov, 99(4) 234.85 8.10 35 -0.12
Dec, 99 (5) 234.44 7.94 34 -0.12
Jan, 00 (6) 239.68 8.10 34 -0.13
Feb, 00 (7) 239.80 8.33 35 -0.14
Mar, 00 (8) 238.67 8.46 35 -0.14
Apr, 00 (9) 236.26 8.30 35 -0.15
May, 00 (10) 234.83 7.30 31 -0.17
Jun, 00 (112) 237.88 4.18 18 -0.18
Jul, 00 (12) 239.93 4.40 1.8 -0.18
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Table 10 - Drawdown observations made at areas of interest (AOIlS) representing springs and
riparian habitat for comparison with the sustainable yield criteria

Observetion Point Current Condition SHeYidd Sudtainable Yidd
Drawdown (meters)  Drawdown (meters)  Drawdown (meters)

1 0.23 8.0 0.3

2 0.15 7.0 0.2

3 0.18 6.5 0.27

4 0.24 9.5 0.3

5 0.2 7.5 0.25

6 -0.1 0.7 -0.1

7 -0.08 0.8 -0.07

8 -0.005 0.62 0.0
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Predictive Smulation Scenarios
Safe Yied

Safeyidd is aconcept used by Arizona Department of Water Resources (ADWR) to
manage ground water in the Active Management Areas (AMA) within Arizona. Safeyidd is
defined as a quantity of water use per year that does not exceed the amount of water that is
naturaly recharged to the ground-water system. The threshold for safe yield was modded for
this scenario. Thetotd discharge out of the private and irrigation wells was set to equd the
amount of recharge that was determined through calibration of the steady-state model. This
recharge rate was applied for 10-year long stress periods in the transent, predictive scenario.
The length of the stress periods was changed to ten years to examine the long term affects of
these water use scenarios. The water budgets cd culated by the moddl smulation for the
predictive scenarios are included in Tables 10-13.

The results of the model smulation indicate that drawdowns for the safe yield scenario
exceed the sustainable yield criteria (Figure 34, Table 10, Appendix 6). Drawdown at the
modeled springs and riparian habitats (areas of interest, AOI) exceeds 0.3 meters (1 foot), and
therefore exceeds sustainable yidd. Drawdown averages 5.1 meters a the AOIs, which isan
order of magnitude greater than the drawdown dlowed by the sustainable yidd criteria.
Sustainable Yield

The threshold of sustainable yield was modeled to be able to quantify the maximum
yield that could till be consdered sustainable. This was smulated using atrid and error method

varying the pumping vaues at the wells until a stable hydrograph was produced. This was
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determined to be the sustainable yield threshold. All of the other parameters were maintained at
their respective cdibrated vaues.

The sugtainable-yield threshold was found to be greater than the current water use
scenario, but less than the safe yied scenario (Figure 35, Appendix 7). The sustainable yield
smulation had a maximum drawdown of 0.3 metersa an AQOI, which is near the definition of
sugtainable yidd for this system. The yield for this scenario is 15% gregter than the yield used
for the calibrated current water use scenario.

Calibrated Water Use

A modd scenario was created to examine the long-term impacts to the MWWV S of
current amounts of water use. All parameter values derived during the steady-state calibration
were used fir this scenario, except longer stress periods were gpplied. The stress periods were
extended to ten years for each stress period. Ten stress periods were modeled to examine the
potentia effects of water consumption at the current rate over the next one hundred years.

The current water use scenario remained within the sustainable-yield criteriaand
therefore is consdered sustainable (Figure 36, Appendix 5). Drawdown did not exceed 0.30

meters at any of the AOIs a any time throughout the 100 year, current-use scenario.
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American Ranch Build Out

The American Ranch Build Out scenario was developed using the current-use scenario,
with four additional pumping wells to smulate the proposed development at the American
Ranch. The pumping values for the wells were established using water demand vaues that were
reported in the ground-water study conducted by Clear Creek Associates (Glotfelty 2001).

The Clear Creek report provided water use values of 149.8 acre-feet / 1.84x10°
meters® for the first year, 126.4 acre-feet / 1.55x10° meters® for the following nine years, and
109.9 acre-feet / 1.35x10° meters® for the remaining ninety years of a one hundred year period
for the proposed development. This water use was divided between the four wells (Figure 37)
added to the mode for this scenario. Tables 11 through 14 display the output water budget
caculated in the modd smulation.

The hydrographs of observation points four and five in the Las Vegas Aquifer indicate
that the water demand required for the American Ranch devel opment exceeds the sustainable
yidld criteria established for the MWWV S (Appendix 8). Drawdown at two of the observation
points within the Las Vegas Aquifer exceed 0.30 meters/ 1 foot. Drawdown &t these

observation points exceeds the sustainable yield cdlibration by tenths of ameter.
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Table 11 - Water budgets of the cdibrated current-use condition and three predictive scenarios
for the MWWV S mode area.

Water Current Water SafeYield Sustainable American
Budgets Use (m*/ac-ft) (m*/ac-ft) Yidd Ranch
(m*/ac-ft) Buildout
(m*/ac-ft)

In

Changein N/A N/A N/A N/A

Storage

Hux In - 0.1x107 / 7.4x10%  1.2x10°/ 7.9x107 / 9.2x10"/

Underflow 9.8x10* 6.4x10* 7.5x10*

Recharge 9.4x107/ 7.6x10*  9.4x107/ 9.4x10°/ 9.4x10" /
7.6x10% 7.6x10% 7.6x10%

Out

Changein 980/ 0.80 240/0.20 1.4x10°/1.1 870/0.71

Storage

Hux Out - 1.3x10%/ 1.1x10° 1.1x108/ 1.3x108/ 1.3x108/

Underflow / 8.9x10* 1.1x10° 1.1x10°

Drans

Pumping Wells ~ 4.2x10°/ 3.4x10°  9.8x10"/ 4.9x10°/ 5.6x10°/
8.0x10* 4.0x103 4.6x10°

ET 5.4x107 / 4.4x10%  2.4x10°/ 3.5x107 / 5.4x107 /
2.0x10° 2.8x10* 4.4x10*

Per cent -0.002% -0.003% -0.003% -0.003%

Discrepancy

102



Table 12 - Water budgets of the cdibrated current-use condition and three predictive scenarios
for the Las Vegas Aquifer.

Water Budgets Current Water SafeYidd  Sustainable American
Use (m*/ac-ft) (m*/ac-ft) Yidd Ranch
(m*/ac-ft) Buildout
(m*/ac-ft)

In

Changein N/A N/A N/A N/A

Storage

Hux In - 6.4x10"/5.2x10*  8.4x10"/ 5.2x10"/ 6.5x10" /

Underflow 6.8x10* 4.2x10* 5.3x10*

Recharge 2.6x10"/2.1x10*  2.6x107/ 2.6x10"/ 2.6x107/
2.1x10* 2.1x10* 2.1x10*

Out

Changein 450/ 0.37 67/0.054 1000/0.81 380

Storage

Flux Out - 3.3x10/ 2.7x10*  2.9x107/ 4.0x107 / 3.3x107/

Underflow / 2.4x10% 3.2x10% 2.7x10*

Drans

Pumping Wels 2.2x10°/1.8x10°  7.8x107/ 2.8x10°/ 3.6x10°/
6.3x10" 2.3x10° 2.9x10°

ET 54x107/ 4.4x10*  2.4x10°/ 3.5x107/ 5.4x107 /
2.0x103 2.8x10* 4.4x10*

Per cent -0.001% -0.003% -0.004% -0.002%

Discrepancy
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Table 13 - Water budgets for the cdibrated current-use condition and three predictive
scenarios for the Mint Wash Aquifer.

Water Budgets Current Water Safe Sustainable American
Use (m*/ac-ft) Yidd  Yidd (m¥ac- Ranch
(m*/ac-ft) ft) Buildout
(m*/ac-ft)
In
Changein Storage N/A N/A N/A N/A
Hux In - 2.8x107/ 2.3x10* 2.6x10"/ 2.8x107/ 2.8x107 /
Underflow 2.1x10¢  2.3x10° 2.3x10*
Recharge 6.8x10" / 5.5x10* 6.8x10°/ 6.8x10"/ 6.8x107 /
5.5x10* 5.5x10* 5.5x10*
Out
Change in Storage 500/0.41 160/ 460/ 0.37 470/0.38
0.13
Flux Out - 9.4x107/ 7.6x10* 7.7x10"/  9.4x107/ 9.4x10%/ 76
Underflow / Drains 6.3x10*  7.6x10°
Pumping Wdls 1.8x10°/1.5x10° 1.8x107/ 1.9x10°/ 1.7x10°8/
1.5x10% 1.5x10° 1.4x10°
ET -- -- -- --
Percent Discrepancy  -0.003% -0.002%  -0.002% 0.0006%
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Table 14 - Water budgets for the cdibrated current-use condition and three predictive

scenarios for the Granite Basin Aquifer.

Water Current Water  SafeYield Sustainable American
Budgets Use (m*/ac-ft) (m¥ac-ft)  Yidd (m¥ac-ft)  Ranch Buildout
(m*/ac-ft)

In

Changein N/A N/A 2.8/0.0023 N/A

Storage

Hux In - 1.2x10°/ 98 1.0x10°/ 6.0x10° / 490 6.0x10° / 490

Underflow 810

Recharge 5.3x10°/ 430 7.7x10°/ 8.2x10°/ 670 8.2x10°/ 670
630

Out

Changein 14/0.012 22/0.018 N/A 16/0.013

Storage

Flux Out - 4.03x10°/ 330 7.8x10°/ 1.2x10°/ 980 1.2x10°/ 980

Underflow / 630

Drains

Pumping Wdls ~ 8.30x10%/ 67 1.0x10°/ 2.6x10°/ 210 2.5x10°/ 200
810

ET - - - -

Per cent 0.0008% -0.0007% -0.003% 0.0006%

Discrepancy

105



CHAPTER FIVE

SUMMARY AND CONCLUSIONS

Geological Characterization Summary

The geology of the MWWV S was characterized through mapping, creation of cross
sections, and fracture characterization. The results of this study were combined with results
from previous studies to provide a summary of the known geology of the area. Rocksthat are
exposed in the area range from Proterozoic granite, gneiss and schist; Paeozoic limestone;
Tertiary basdt, andesite and conglomerate; and Quaternary aluvium.

Proterozoic granite is exposed in severd regions within the sudy area (Plate 1). Granite
Mountain represents a 1.72 Ga granite pluton that was emplaced during the Proterozoic
(Dewitt 1999). The location of the gpex of the granite pluton is a the crest of Granite Mountain
(Figure 10) asindicated by the fracture orientation and the relief of the granite complex
(Larsson 1976). The absolute ages provided by the granite pre-date the Y avapa Series
metamorphic complex, which has been dated at 1.61 Ga +/- 85 m.y. usng Rb-Sr dating

(Lanphere 1968).
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The Tertiary was dso atime of tectonic activity for the Mint Wash and Williamson
Valey area Extensond tectonics occurred throughout the southwestern United States during
middle Tertiary time. The Mint Wash and Williamson Valey areais located within the
Trangtion Zone, an area that accomodated the trangition from the highly extended Basin and
Range physiographic province to the un-extended, Colorado Plateau physiographic province.
The extensond tectonics within the area are represented by the inferred normal faults indicated
throughout the study area (Plate 1). Most of the contacts at these faults are Tertiary depositsin
contact with Proterozoic or Paeozoic rocks.

Depositiond environments include a marine depositiona environment represented by
the Devonian Martin Formation and the Missssippian Redwal Limestone in the northeast
portion of the study area (Plate 1). There are no Paleozoic deposits throughout the rest of the
study area.

Sedimentary and igneous deposition occurred during the Tertiary within the study area.
The Paulden Formation and the Perkinsville unit are Tertiary fluvia conglomerates which cover
mogt of the study area (Plate 1) (Buren 1992). Tertiary igneous rocks include latite and basalt
concentrated along the eastern and southern boundaries of the study area (Plate 1).

In summary, the geologic history of the areaincludes the emplacement of agranite
pluton with subsequent metamorphism to the north and west of the granite pluton cregting the
Yavapa Series metamorphic complex during the Proterozoic Eon. The Paeozoic Erawas
characterized with a marine environment during the Devonian and Mississppian Periodsin the

northeast corner of the study area. The Mesozoic Erais not represented in the Mint Wash and
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Williamson Vdley area, and therefore was ether a non-depositiona environment, the section is
buried under Cenozoic deposits, or subsequent erosion has removed the Mesozoic section.
The Tertiary was atime of deposition and tectonic activity. A fluvid environment was
present throughout most of the field area. Extensiond tectonics were respongble for the
creation of normd faults throughout the study area (Plate 1), and is assumed to be the
mechanism responsible for localized volcanic deposits of latite and basdt. The Quaternary
Period has had limited deposition, with deposits dong ephemerd and perennid washes, with no

evidence of continued tectonic activity.

Hydrogeological Characterization Summary

The ground-water system of the Mint Wash and Williamson Valley areawas ddlineated
into three digtinct aquifers. The potentiometric surface map (Figure 19) shows radid flow from
Granite Mountain into at least three aguifers.

The aquifer to the southeast of Granite Mountain isthe Granite Basn Aquifer (Figure
36), and flows from Granite Mountain towards the southeast where it is assumed to discharge
into the upper Little Chino Sub-basin. The hydrodratigraphy includes the Mint Valey Basalt
overlaying Prescott Granite in the southern part of the aguifer and Paulden Conglomerate in the
northern end of the aquifer. The Mint Valey unit is unconfined. The Prescott Granite and the
Paulden Conglomerate may be confined due to the overlaying basdlt, which has alower
average hydraulic conductivity. The bottom of the granite aguifer is assumed to be 450 feet due

to the overburden weight of the rock sedling the fractures to fluid flow, and 900 feet in the
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lower hdf where Tertiary conglomerate is present (Figure 10). Aquifer properties of the Granite
Basn Aquifer were estimated at a hydraulic conductivity of 88 meterslyear and a storage
coefficient of 0.0004 (Table 3) usng average specific capacity vaues of wells drilled into the
aquifer (Wdlendorf 2000). The aguifer is assumed to be low yield relative to the other aquifers
in the MWWV S due to the aquifer property vaues, and the small watershed area represented
by the southeastern dope of Granite Mountain.

The aquifer that isto the east of the granite complex is the Mint Wash Aquifer (Figure
36), in which ground water flows from Granite Mountain toward the east and northeast, where
it isassumed to discharge into the mid Little Chino Sub-basin. The hydrostratigraphy includes
Prescott Granite at the upper end of the aquifer, with Paulden Conglomerate overlaying
Prescott Granite at the lower end. The bottom confining layer is assumed to be 450 feet at the
upper haf based on the same assumptions that were established for the Granite Basin Aquifer,
and 900 feet at the lower haf where the conglomerate is present (Plate 1). The aquifer
properties were estimated using aguifer tests. Hydraulic conductivity was estimated to be 460
meterslyear. There were no vaid pumping tests to estimate a value for a storage coefficient.
The aguifer is assumed to produce a higher yield than the Hobbs Aquifer due to the larger
surface area of the aquifer, alarger saturated thickness due to the shalow water table, and the

larger watershed represented by the concave east Sde of Granite Mountain.
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The aguifer that comprises most of the study arealis the Las Vegas Aquifer, to the west
and north of Granite Mountain (Figure 36). Ground water in the Las Vegas Aquifer flows from
Granite Mountain and the Santa Maria Mountains towards the north to the confluence of
Williamson Valey with Big Chino Valley. Ground-water flow then proceeds towards the esst,
to the downstream end of the Little Chino Sub-basin. The hydrogtratigraphy of the Las Vegas
Aquifer includes Paulden Conglomerate overlaying an assumed basement of Prescott Granite.
The Paulden Conglomerate is assumed to be 900 feet thick based on preliminary interpretation
of aero-magnetic data (Woodhouse 2000). The underlying Prescott Granite is assumed to be
the basement due to the weight of the overriding rock seding any ground-water conduits.
Aquifer parameters were estimated usng an aquifer well test within the Las Vegas Aquifer.
Hydraulic conductivity was estimated to be 990 meters'year. There was insufficient data to
estimate a vaue for the storage coefficient. The Las Vegas agquifer produces the highest yield of
the three aguifers within the MWWV S. The Las Vegas Aquifer is volumetricdly the largest
aquifer within the MWWV S. The Las Vegas Aquifer has the largest watershed area of the

MWWVS.
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Ground-Water Flow Modding Summary

The ground-water flow modeding study produced some predictive results that provide
ingght into the trangent nature of the MWWV S. The steady-state model was cdibrated to less
than half ( RMSE compared to head change across model area of 2.3%) of the RMSE
required for the “good modd” (Anderson and Woessner 1992) criteria (RMSE compared to
head change across model area of 5%) with respect to measured versus caculated hydraulic
head. The results of the steady-state caibration aso produced a mass ba ance discrepancy that
was over an order of magnitude less than the alowable discrepancy under the definition of a
“good modd”. The cdibrated steady-state modd results showed that recharge appears dightly
more sengtive than hydraulic conductivity, and that model sengtivity is more zone-dependent
than parameter-dependent. The sengtivity andyses were quantified by setting alimit of change
of 5% of the tota head change across the modd that a parameter vaue could have on the
RMSE of the modd.

The steady-dtate cdibration was vaidated with a transgent cdibration. The trangent
cdibration smulated a one year period during which field data was collected for the Ste.
Hydrographs were created for wells in each of the mgor hydrogratigraphic units. The
hydrographs were used as a basis for the transgent modd calibration. Both the steady-state
model and the trangent model remained within the cdlibration criteria set forth by Anderson and
Woessner (1992) for a“good modd”.

Safeyidd is aconcept defined by ADWR (2000) as discharge through pumping not
exceeding naturd recharge. Thiswas one of the scenarios Smulated using the transgent modd.
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The results indicate that safe yield would exceed sustainable yidd by lowering the water table
below land surface in areas that currently contain perennid or ephemerd springs, or lowering
the water table below the root zone a areas that contain riparian vegetation, which is
dependent on maintaining roots in the water table.

The trangent modd was run severd times attempting to quantify a sustainaole yied
threshold. Thisyield would lower the water table to the limit of the sustainable yidld criteria, but
would not exceed a specified threshold. The results indicate that the sustainable yield threshold
dlowsfor goproximately 15% more yied from the ground-water system then the current yield.

The calibrated transent model was extended to Smulate the current condition 100
yearsinto the future. The extenson of the current condition for 100 years did not exceed the
sugtainable-yield threshold at any point during the extended smulation. This result implies that

the current water use in the MWWV Siis hydrologically and ecologicaly sustainable.

Water demand vaues for the American Ranch development were estimated in a sudy
conducted by Clear Creek Associates (Glotfelty 2001). The water demand values presented in
the Clear Creek study were added to the current water used scenario to smulate conditions
including water use through the American Ranch development. Two of the five observation
points within the Las Vegas Aquifer exceeded the 0.3 meter drawdown criteria established as
an indicator of sustainable yield exceedance. The modd indicates that the water usein the

American Ranch Build Out scenario exceeds sustainable yidd, but not safe yield.
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Model Limitations

The model islimited by severa aspects. The conceptuad modd was built on severd
vaues from literature as well asinitid collection and andyss of datafirst obtained in this study.
The cdibration of the modd to both the steady-state and trangent conditions lends some
confidence that the parameter values and grid setup for the moddl are adequate, but the lack of
parameter and stress data was a limitation of the model. Data that can improve confidence in
the modd vaidation includes more aquifer tests, caculations of septic tank recharge, and a
better definition of the bottom confining layer.

The predictive scenarios are limited by the lack of long-term hydrologic monitoring
data. There are not enough data available to represent the climatic fluctuations of the area, nor
are there exact data on the amount of water use. The predictive scenarios are more properly
titled extended interpretive scenarios. Scenarios that Smulate potentia water use assuming that
al of the remaining variables including climate are congant. Additiond cdibration is necessary
to use thismode for predictive purposes because of the influence of constant-head and

general-head boundaries on the solution.

Implications

The predictive smulaions imply that the MWWV Sis within the sustainable yield
criteriaat present, and can alow for more water consumption. The scenarios aso imply that the
ADWR defined “safe yidd” does not account for hydrologica and ecologicd susainability.

The model developed through this study should be used as aframework for future
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modeling efforts. This modd was constructed from scratch, and needs to be revisited and
updated in the future. The most powerful step in the use of amodd of anatura systemisa
post-audit to quantify the accuracy of the modd, and make improvements as more data

becomes available.

FutureWork

Severd boundaries of the MWWV S need to be further devel oped. The bottom
confining surface for al three aquifers needs to be better defined. Find interpretation of the
aeromagnetic data should provide insght on the bottom confining surface of the Las Vegas
Aquifer. Geophysics can possbly hep determine the bottom confining surface for the Mint
Wash and Granite Basin Aquifers. The boundary across the Sullivan Buttes needs to be better
defined. The degp water table underneeth the crest of the Sullivan Buttes has made it difficult to
andyze ground-water flow across this boundary.

More aquifer tests would benefit the aquifer parameter estimation. The aquifer tests
should be conducted with an observation well alowing for the estimation of storage coefficients.
Severd aquifer tests within each aguifer will dlow for Satidticd vdidation of the aquifer
parameter values used in the ground-water flow modd. Variograms could be crested usng the
results from severa aguifer teststo set error limits to parameter values. The error limits would
provide ingght into the “goodness’ of the cdibrated parameter values.

Water level data, pumping averages, and precipitation data should be collected

continualy through severd yearsto develop the predictive capabilities of a ground-water flow
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model. Data should be collected through at least one El Nino cycle to account for multi-annual
climatic fluctuations. The mode will need a post-audit of the transent condition to improve
predictive modding.

Individuad modes for each aguifer identified through this sudy should be produced. The
moddswill be able to address smdler scae questions regarding ground-water flow and supply.
Individuad models for each aquifer should provide sengtivity andyses and sustainable yield

estimates for each aquifer, which may vary between the aguifers.
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Appendix 1:
Location and devation of the monitoring and synoptic wells, and the 95% confidence interva

for the horizontal and verticd precison
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Table 15 - Location and eevation of the monitor and synoptic wellsin the MWWVS,

wdlID UTM (Eading UTM (Northing) Elevation  horizonta vertical
zonel?) (meters)  95% 95%
confidence  confidence
(meters) (meters)
1 361092.442 3834311.145 1608.110 1.470 3.024
2 358952.667 3836680.034 1554.853 1.404 1.660
3 359249.728 3838115.416 1547.315 1.563 1.821
4 358963.285 3839114.035 1538.466 1.585 1.803
5 358061.043 3839949.101 1520.602 2.267 2.523
6 352691.153 3851845.254 1422.965 1.280 2411
7 352549.263 3854547.457 1427.348 1.174 2.072
8 352800.094 3848649.489 1413.076  1.657 2.672
9 352814.555 3847666.947 1417578 0.887 1.602
10 351992.850 3847014.430 1444887 1.449 3.726
11 351262.255 3847892.171 1423.408 1.337 2478
12 348400.332 3847375.046 1406.467 1.323 2.484
13 348205.199 3847654.541 1406.362 1.304 2.384
14 351413.521 3851964.512 1402.598 1.218 2.080
15 351069.094 3854036.361 1386.556 1.138 2.062
16 352179.071 3856519.615 1381.938 0.982 1.665
17 351101.872 3855981.749 1391.781 1.366 2.078
18 357958.298 3842735.108 1575.992 1.042 1.742
19 360688.846 3838865.963 1555.882 1.136 2.202
20 360831.050 3838340.175 1556.356 1.010 1.609
21 360314.419 3838335.154 1556.154 1.212 1.875
22 362087.691 3834419.732 1592.166 1.501 1.942
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wdlID UTM (Eagting UTM (Northing) Elevation  horizonta vertica
zonel2) (meter) 95% 95%
confidence  confidence
(meters) (meters)
23 362045.835 3833562.247 1605.259 1.248 1.8047
24 361407.005 3835896.812 1582.496 80.79 127.3
25 362219.334 3832976.161 1627.497 80.94 127.5
26 352920.582 3848320.650 1415.768 0.958 1.796
27 354121.263 3852487.395 1475.920 0.986 1.428
28 352381.648 3854469.583 1420.240 1.237 2.156
29 358267.549 3852887.199 1533.965 1.067 1.788
30 358218.998 3852860.300 1532.024 0.980 1.721
31 358724.926 3852793.250 1526.168 0.912 1.666
32 357996.205 3852474.756 1518.536 0.881 1.606
33 357862.607 3842807.415 1576.549 1.076 2.041
34 357703.241 3842553.281 1574.093 0.975 1.599
35 360163.447 3845813.776 1516.989 0.868 1.255
36 359012.358 3836880.485 1539.662 1.241 2.257
37 353821.874 3860651.968 1355.761 1.043 1.312
38 358976.372 3836611.965 1552.715 1.111 1.953
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Appendix 2:

Water level datafor monitoring wells
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Table 16 - Ground water elevation data (meters above sea-level) collected at the monitor wells
from Aug 99 to Sep’ 00.

WdlID  Aug-99 Sep-99 Oct-99 Nov-99 Dec-99  Jan-00 Feb-00

1 155412 155391 1553.88 1553.74 1553.59 1553.46 1553.34
2 1535.64 153598 1536.36 1536.51 1536.46 1536.30 1536.11
3 1532.75 1531.16 1531.44 153159 1531.79 1531.74 1531.88
4 152420 1523.78 1523.71 1523.68 152359 152352 1523.45
5 1519.12 151945 1519.22 1519.70 1519.65 1519.64 1519.58
6 1392.09 1392.02 1392.05 1392.02 1391.94 1391.89 1391.81
7 1379.87 1379.72 1379.92 1379.99 1379.95 1379.95 1379.94
8 1407.46 1407.38 1407.39 1407.29 1407.22 1407.14 1407.09
9  eeeeeeee mmeeeeee eeeeeees 1384.64 1384.27 1384.06 1384.9

10 1411.27  -------- 1411.28 141127 141119 141121 1411.22
11 e 1408.23 1408.28 1408.27 1408.24 1408.26 1408.26
12 1406.26 1406.47 1406.32 1406.18 1406.44 1406.40 1406.39
1 S 1406.01 1406.28 1406.35 1406.66 1406.36 1406.35
14 1390.07 1389.98 1390.01 1388.93 1389.85 1389.79 1389.72
15 1382.14 138221 138224 138223 1382.22 1382.23 1382.22
16 W e 137450 137452 137450 137450 137450 1374.50
17 137426 137433 137436 1374.05 137434 137437 13744

18 W mmmeemen mmmmmeee emeeeee- 1517.68 151755 1517.19 1516.56
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wdlID Mar-00 Apr-00 May-00 Jun-00 Jul-00 Aug-00  Sep-00

1 1553.32 1553.12 155294 1552.75 155252 155243 1552.27
2 1536.02 1536.04 1535.95 1535.67 153542 1535.27 1535.19
3 1531.91 1531.97 1532.00 1531.89 1531.79 1535.73 1531.76
4 1523.40 152329 152322 1523.12 152297 1522.87 1522.78
5 1519.84 151956 1519.40 1519.02 1518.82 1518.72 1518.79
6 1391.77 1391.68 1391.61 139154 139145 --------- 1391.30
7 1379.96 1379.93 1379.92 137990 137986 --------- 1379.79
8 1407.05 1406.97 1406.90 1406.84 1406.78 1406.76 1406.70
9 1383.81 1383.70 1383.62 138351 138342 1383.33 1383.24
10 1411.27 141122 1411.18 1411.18 1411.04 1411.00 1410.91
11 1408.30 1408.26 1408.21 1408.15 1408.06 1408.02 1407.97
12 1406.40 1406.39 1406.25 ---------  —mmmmmmm mmmmeeem —meeeeee

13 1406.35 1406.36 -------- = -mmm-mmm —mmmeee- 1405.60 --------

14 1389.68 1389.60 1389.52 1389.39 1389.27 1389.19 1389.07
15 1382.26 1382.18 1382.12 1382.05 138199 --------- 1381.86
16 137452 137450 137447 137446 137442 137440 ---------
17 137445 137432 137437 -------- 137381 -------- e
18 1516.61 1516.52 1517.02 1516.74 1515.63 1514.49 1513.92
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Appendix 3:

Precipitation data used for the MWWV'S
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Table 17 - Precipitation data collected at the rain gauge stationsin the MWWVS,

Date! Rain Station 1  Rain Station  Rain Station Soil Survey
(inches) 2 (inches) 3(inches)  Averages’ (inches)
Sep. 15, 1999 1.76 3.78 3.16 161
Oct. 15, 1999 3.98 29 5.44 1.08
Nov. 15, 1999 0.00 0.00 0.00 0.95
Dec. 15, 1999 0.00 0.00 0.00 1.93
Jan. 15, 2000 0.08 0.15 0.15 171
Feb. 15. 2000 0.20 0.05 2.69 1.67
Mar. 15, 2000 2.46 3.23 0.30 1.48
Apr. 15, 2000 0.46 0.29 0.07 0.92
May 15, 2000 0.12 0.25 0.00 0.35
Jun. 15, 2000 0.00 0.00 0.00 0.46
Jul. 15, 2000 1.66 0.57 1.04 2.72
Aug. 15, 2000 2.8 4.47 0.99 3.36
Total 13.52 15.69 13.84 18.24
Notes:

! Precipitation includes total precipitation measured during the preceding month.
2 Soil survey averages are for arain gauge in Prescott, AZ from 1936-1965.
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Appendix 4:

Hydrographs for the transent targets
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Appendix 5:

Hydrographs of the observation points for the extended current water use scenario
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Appendix 6:

Hydrographs of the observation points for the extended safe yied water use scenario
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Head vs. Time at Observation Point 7
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Appendix 7:

Hydrographs of the observation points for the extended sustainable yield water use scenario
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Appendix 8:

Hydrographs of the observation points for the American Ranch Build Out scenario
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