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CONVERSION FACTORS, VERTICAL DATUM, AND ABBREVIATED WATER-QUALITY UNITS

Multiply By To obtain
Length
inch (in.) 254 centimeter
inch (in.) 254 millimeter
foot (ft) 0.3048 meter
mile (mi) 1.609 kilometer
Area
acre 4,047 square meter
acre 0.4047 hectare
acre 0.4047 sguare hectometer
acre 0.004047 sguare kilometer
square foot (ft?) 929.0 square centimeter
square foot (ft?) 0.09290 square meter
square mile (mi?) 259.0 hectare
square mile (mi?) 2.590 square kilometer
Volume
acre-foot (acre-ft) 1,233 cubic meter
acre-foot (acre-ft) 0.001233 cubic hectometer
Flow rate
acre-foot per day (acre-ft/d) 0.01427 cubic meter per second
acre-foot per year (acre-ft/yr) 1,233 cubic meter per year
acre-foot per year (acre-ft/yr) 0.001233 cubic hectometer per year
foot per second (ft/s) 0.3048 meter per second
foot per year (ft/yr) 0.3048 meter per year
square foot per second (ft/s)
cubic foot per second (ft%/s) 0.02832 cubic meter per second
gallon per minute (gal/min) 0.06309 liter per second
gallons per minute per square foot [(gal/min)/ft?] 0.06791 liter per second per meter squared
inch per year (infyr) 254 millimeter per year
Specific capacity
gallon per minute per foot [(gal/min)/ft)] 0.2070 liter per second per meter

Hydraulic conductivity

foot per day (ft/d)

0.3048

meter per day

Hydraulic gradient

foot per foot (ft/ft)
foot per mile (ft/mi)

1
0.1894

meter per meter
meter per kilometer

Transmissivity! and Conductance

foot squared per day (ft?/d) 0.09290 meter squared per day
L eakance
acre-foot per day per mile [(acre-ft/d)/mi] 1 cubic meter per second per kilometer

Temperature in degrees Celsius (°C) may be converted to degrees Fahrenheit (°F) as follows:

°F=(18x°C)+32

XVi



Sea level: In this report, “sea level” refers to the National Geodetic Vertical Datum of 1929—a geodetic
datum derived from a general adjustment of the first-order level nets of both the United States and Canada,
formerly called Sea Level Datum of 1929.

Altitude, as used in this report, refersto distance above or below sealevel.

ITransmissivity: The standard unit for transmissivity is cubic foot per day per square foot times foot of
aquifer thickness [(ft/d)/ft?]ft. In this report, the mathematically reduced form, foot squared per day (ft%/
d), isused for convenience.

Specific conductanceis recorded in microsiemens per centimeter at 25 degrees Celsius (uS/cm).

Chemical concentration and water temperature are reported only in International System (SI) units. Chem-
ical concentration in water is reported in either in milligrams per liter (mg/L) or micrograms per liter (ug/
L). The chlorofluorocarbon concentration in water is reported in picomoles per kilogram (pmole/kg) or
parts per trillion (ppt). These units express the solute weight per unit volume (liter) or unit mass (kilogram)
of water. A liter of water is assumed to weigh 1 kilogram. The numerical value in milligrams per liter is
about the same as for concentrations in parts per million. One thousand micrograms per liter is equivalent
to 1 milligram per liter, one million picomoles per kilogram is equivalent to 1 mole per liter, and one mil-
lion parts per trillionis equivalent to 1 part per million. A mole of substance isits atomic or formulaweight
in grams. Concentration in moles per liter can be determined from milligrams per liter by dividing by the
atomic or formula weight of the constituent, in milligrams. Stable isotope concentration is reported as per
mil, which is equivalent to parts per thousand.

Tritium units (TU) are used to report tritium concentration. One TU equals tritium concentration in pico-
Curies per liter divided by 3.22.
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The system of numbering wells and springsin Utah is based on the cadastral land-survey system of the U.S. Government. The
number, in addition to designating the well or spring, describesits position in the land net. The land-survey system dividesthe State
into four quadrants separated by the Salt Lake Base Line and the Salt Lake Meridian. These quadrants are designated by the
uppercase letters A, B, C, and D, indicating the northeast, northwest, southwest, and southeast quadrants, respectively. Numbers
designating the township and range, in that order, follow the quadrant letter, and all three are enclosed in parentheses. The number
after the parentheses indicates the section and is followed by three letters indicating the quarter section, the quarter-quarter section,
and the quarter-quarter-quarter section—generally 10 acres for aregular section®. The lowercase letters a, b, ¢, and d indicate,
respectively, the northeast, northwest, southwest, and southeast quarters of each subdivision. The number after thelettersisthe seria
number of the well or spring within the 10-acre tract. When the serial humber is not preceded by aletter, the number designates a
well. When the serial number ispreceded by an“S,” the number designates a spring. A number having all three quarter designations
but no serial number indicates a miscellaneous data site other than awell or spring, such as alocation for a surface-water
measurement site or tunnel portal. Thus, (C-40-17)24ddd-1 designatesthe first well constructed or visited in the southeast 1/4 of the
southeast 1/4 of the southeast 1/4 of section 24, T. 40 S,, R. 17 W.

Sections within a township Tracts within a section

R.17W. Section 24
6 | 5 4 3 2 1
7 /8 |9 |10 \\K 12 a
T. 18 |17 |16 |15 |14 \g
40 .
9 |20 |21 |22 | 23|24 |
S. q\ o] Well b | a
30 |29 8 |27 | 26 | 25 S
< b, a
31 |32 33 |34 35 | 36 ¢ /r-d-
|91 felwel
6 miles
9.7 kilometers ——~

1 mile
1.6 kilometefs / —

5 A (C-40-17)24ddd-1
Salt Lake Cif
SALT t LAKZ BASE LINE
z
g
<
C ¥ D
UTAH
T.40S., R.17 W.H
] &

L Although the basic land unit, the section, istheoretically 1 square mile, many sections are irregular in size and shape. Such sections are
subdivided into 10-acre tracts, generally beginning at the southeast corner, and the surplus or shortage is taken up in the tracts along the north and
west sides of the section.

Numbering system used for hydrologic-data sites in Utah.
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GEOHYDROLOGY AND NUMERICAL SIMULATION OF
GROUND-WATER FLOW IN THE CENTRAL VIRGIN
RIVER BASIN OF IRON AND WASHINGTON

COUNTIES, UTAH

By V.M. Heilweil, G.W. Freethey, C.D. Wilkowske, B.J. Stolp, and D.E. Wilberg

ABSTRACT

Because rapid growth of communitiesin
Washington and Iron Counties, Utah, is expected
to cause an increase in the future demand for water
resources, a hydrologic investigation was done to
better understand ground-water resources within
the central Virgin River basin. This study focused
on two of the principal ground-water reservoirs
within the basin: the upper Ash Creek basin
ground-water system and the Navagjo and Kayenta
aquifer system.

The ground-water system of the upper Ash
Creek drainage basin consists of three aquifers:. the
uppermost Quaternary basin-fill aquifer, the Ter-
tiary alluvial-fan aquifer, and the Tertiary PineVal-
ley monzonite aquifer. These aquifersare naturally
bounded by the Hurricane Fault and by drainage
divides. On the basis of measurements, estimates,
and numerical simulations of reasonabl e valuesfor
al inflow and outflow components, total water
moving through the upper Ash Creek drainage
basin ground-water system isestimated to be about
14,000 acre-feet per year. Recharge to the upper
Ash Creek drainage basin ground-water system is
mostly from infiltration of precipitation and seep-
age from ephemeral and perennial streams. The
primary source of discharge is assumed to be
evapotranspiration; however, subsurface discharge
near Ash Creek Reservoir also may be important.

The character of two of the hydrologic
boundaries of the upper Ash Creek drainage basin
ground-water system is speculative. The eastern
boundary provided by the Hurricane Fault is
assumed to be a no-flow boundary, and a substan-

tial part of the ground-water discharge from the
system is assumed to be subsurface outflow
beneath Ash Creek Reservoir along the southern
boundary. However, these assumptions might be
incorrect because alternative numerical simula-
tions that used different boundary conditions also
proved to be feasible. The hydrogeol ogic character
of the aquifersisuncertain because of limited data.
Differencesin well yield indicate that thereis con-
Siderable variability in the transmissivity of the
basin-fill aguifer. Field data also indicate that the
basin-fill aguifer is more transmissive than the
underlying alluvial-fan aguifer. Datafrom the Pine
Valley monzonite aquifer indicate that itstransmis-
sivity may be highly variable and that it is strongly
influenced by the connection of fractures.

The Navgjo and Kayenta aguifers provide
most of the potable water to the municipalities of
Washington County. Because of large outcrop
exposures, uniform grain size, and large strati-
graphic thickness, these formations are able to
receive and store large amounts of water. In addi-
tion, structural forces have resulted in extensive
fracture zonesthat enhance ground-water recharge
and movement within these aquifers. Aquifer test-
ing of the Navajo aquifer indicates that horizontal
hydraulic-conductivity valuesrangefrom 0.2 to 32
feet per day at different locations and may be pri-
marily dependent on the extent of fracturing. Lim-
ited data indicate that the Kayenta aquifer
generaly islesstransmissive than the Navajo aqui-
fer. The aquifers are bounded to the south and west
by the erosional extent of the formationsand to the
east by the Hurricane Fault, which completely off-
setstheseformations and is assumed to be alateral



no-flow boundary. Like the Hurricane Fault, the
Gunlock Fault is assumed to be alateral no-flow
boundary that divides the Navajo and Kayenta
aquifers within the study areainto two parts:. the
main part, between the Hurricane and Gunlock
Faults; and the Gunlock part, west of the Gunlock
Fault.

Generally, the water in the Navagjo and Kay-
enta aquifers contains few dissolved minerals.
However, two distinct areas contain water with dis-
solved-solids concentrations greater than 500 mil-
ligrams per liter: alarger area north of the city of
St. George and a smaller area afew miles west of
the town of Hurricane. Mass-balance calculations
indicate that in the higher-dissolved-solids area
north of St. George, as much as 2.7 cubic feet per
second may be entering the aguifer from underly-
ing formations. For the area west of Hurricane, as
much as 1.5 cubic feet per second may be entering
the aguifer from underlying formations.

On the basis of measurements, estimates,
and numerical simulations, total water moving
through the Navagjo and Kayenta aquifersis esti-
mated to be about 25,000 acre-feet per year for the
main part and 5,000 acre-feet per year for the Gun-
lock part. The primary source of rechargeis
assumed to beinfiltration of precipitation in the
main part and seepage from the Santa Clara River
in the Gunlock part. The primary source of dis-
chargeisassumed to be well discharge for both the
main and Gunlock parts of the aquifers. Numerical
simulations indicate that faults with major offset,
such as the Washington Hollow Fault and an
unnamed fault near Anderson Junction, may
impede horizontal ground-water flow. Also,
increased horizontal hydraulic conductivity along
the orientation of predominant surface fracturing
may be an important factor in regiona ground-
water flow. Simulationswith increased north-south
hydraulic conductivity substantially improved the
match to measured water levelsin the central area
of the model between Snow Canyon and Mill
Creek. Numerical simulation of the Gunlock part,
using aquifer properties determined for the city of
St. George municipal well field, resulted in area-
sonabl e representation of regional water levelsand
estimated seepage from and to the Santa Clara

River. To further quantify the Gunlock part of the
Navajo and Kayenta aquifers, a better understand-
ing of ground-water flow at the Gunlock Fault is
needed.

INTRODUCTION

Ground-water resources in the central Virgin
River basin of Washington and Iron Counties, Utah,
were studied at therequest of the State of Utah Division
of Water Rights and the Washington County Water
Conservancy District. The central Virgin River basin
study area (fig. 1) encompasses the part of the Virgin
River drainage west of the Hurricane Fault up to and
including the Santa Clara River. Although the study
area is contiguous with respect to surface water flow,
two distinct types of aquifer systems provide most of
the available ground water in the region: alluvial-basin
sediments and consolidated-rock formations. The main
aluvia-basin aquifer islocated in the upper Ash Creek
drainage basin. The main consolidated-rock aquifersin
the study area are within the Navajo Sandstone and the
Kayenta Formation. Alluvial deposits along the Virgin
River Valley and the Santa Clara Valley also yield sub-
stantial amounts of ground water to wellsbut generally
do not provide water of sufficient quality for potable
uses. The primary objective of this study isto investi-
gate the amount and quality of ground water within the
upper Ash Creek drainage basin and the Navajo Sand-
stone and Kayenta Formation.

The population of southwestern Utah isincreas-
ing rapidly. In 1980 the popul ation of Washington
County was 26,000, whereas in 1997, the population
was estimated to be 76,350 (Utah State Data Center,
written commun., 1998) and is expected to continue
increasing in thefuture. Thisgrowth isdriving the need
for further development of existing water resourcesand
the search for additional potential ground-water
sources. To meet the growing demand for water, the
Utah State Department of Natural Resources, Division
of Water Rights, and the Washington County Water
Conservancy District provided funding for the U.S.
Geologica Survey (USGS) to conduct ahydrogeologic
study to determine the amount and quality of ground
water moving through the study area and to assess the
hydrologic character of the aquifers. The information
will be used to assess the potentia effects of increased
development on ground-water resources and to aid in
the search for additional ground-water reserves.

A better understanding of the ground-water sys-
temsis critical for the further development of ground-
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water resources, and the scarcity of hydrologic infor-
mation is a problem. The small amount of hydrologic
information availablefor the upper Ash Creek drainage
basin results in a hydrologic conceptualization that is
irresolute. Existing wells, which mostly tap the basin-
fill deposits, vary widely in yield, presumably because
of the variability in the hydraulic conductivity of the
saturated deposits. A group of more recently drilled
wells on the southwest side of the drainage basinisfin-
ished in igneous rocks commonly exposed in the Pine
Valley Mountains. A few of these wells can be pumped
at severa thousand gal/min with only asmall declinein
water level. Other wellsfinished in the same igneous
rocks have low yields. These differences are thought to
be caused by heterogeneity and anisotropy from the
varying density and connectivity of fractures. Both
properties are difficult to quantify and to map.

Ground water from the Navajo Sandstone and the
Kayenta Formation has been extensively developed in
certain areas along the formation outcrops; however,
hydrologic data are not available for many other parts
of the outcrops, or where the formations are buried in
the north part of the study area. Also, fracturing within
these formations, which is extremely variable through-
out the study areaand strongly affects the movement of
ground water, is not well defined. Therefore, the con-
ceptualization of how the hydrologic system functions
is not well understood.

Development of an accurate ground-water budget
is needed to improve the understanding of the ground-
water systems. Ground-water recharge from precipita-
tion, from infiltration beneath streams, from irrigated
fields, and possibly from overlying or underlying for-
mations, make up the inflow components of a ground-
water budget. However, these components are not well
understood or quantified for the upper Ash Creek drain-
age basin ground-water system for the aquifers of the
Navajo Sandstone and Kayenta Formation. Some com-
ponents of ground-water discharge, such aswell pump-
age, spring discharge, and discharge to streams can be
fairly accurately quantified. However, other discharge
components, including evapotranspiration and subsur-
face outflow to adjacent aquifers, cannot be accurately
determined.

Description of the Study Area

The central Virgin River basin study areaisinthe
southwestern corner of Utah, generally west of the Hur-
ricane Fault (fig. 1). The areaencompasses about 1,070
mi? along the transition between the complexly faulted

and folded formations of the Basin and Range Physio-
graphic Province and the gently dipping formations of
the Colorado Plateau Physiographic Province, as
described by Fenneman (1931). The study areais
defined on the west and north sides by the drainage
divide between the Virgin and Santa ClaraRiver basins
and adjacent drainage basins along the Beaver Dam
Mountains, Bull Valley Mountains, Pine Valley Moun-
tains, and Harmony Mountains; the boundary on the
east isgenerally the Hurricane Cliffs, except for asmall
part of the Markagunt Plateau farther east; the boundary
on the south is the Utah-Arizona State line (Cordova
and others, 1972). Most of the study areais character-
ized by sedimentary formations of Mesozoic age, igne-
ous rocks of Tertiary age, and alluvial and basalt-flow
deposits of Quaternary age (pl. 1).

The 134 mi? upper Ash Creek drainage basin is
defined as the surface-water drainage basin that drains
into Ash Creek Reservoir, which islocated 21 mi south
of Cedar City and just west of Interstate 15 (fig. 1). The
northern study areaboundary dividestheinternal drain-
age of the Great Basin from the Virgin River part of the
Colorado River drainage basin. The position of the sur-
face-water divideisabout 1.5 mi north of Kanarraville,
Utah. The ground-water divide in the unconsolidated
alluvium, whichisroughly coincident with the surface-
water divide, can shift slightly with variationsin the
location and amount of both recharge and pumpage.
Topographically, the upper Ash Creek drainage basin
consists of gently sloping lowland valley areas that are
nearly encircled by the Harmony Mountains to the
north, the Pine Valley Mountains to the southwest, and
the Markagunt Plateau to the east. The Hurricane Fault
zonetrends north-northeast near the eastern edge of the
upper Ash Creek basin, just east of Interstate 15. A nar-
row but thick deposit of unconsolidated alluvium has
accumulated along the trace of the Hurricane Fault and
connectsthe upper Ash Creek drainage basin northward
with the southern end of Cedar Valley (pl. 1).

Within the study area, the Navajo Sandstone has
an outcrop area of about 220 mi2. The Kayenta Forma-
tion has an outcrop area of about 35 mi2. Both forma-
tions are buried toward the north by overlying
formations for an additional 500 mi? within the study
area. The formations are absent in the southern part of
the study areabecause of erosion. The outcrops extend
from the Hurricane Fault on the east to the Bull Valley
Mountainson thewest (fig. 1) and vary in altitude from
about 2,900 ft to 5,300 ft. In the western part of the
study areaisthe Gunlock Fault, across which the
Navajo Sandstone and Kayenta Formation are verti-



cally offset from their southernmost erosional extents
to where these formations become buried adjacent to
Gunlock Reservair (pl. 1).

At the latitude of the study area (about 37°15 N),
the effects of both the subtropical and polar jet streams
influence the local climate. Also, alarge variation in
preci pitation within the study arearesultsfromthelarge
variation in altitude. During 1947-97, precipitation at
St. George (altitude 2,820 ft) averaged about 8 in/yr,
whilethe precipitation at New Harmony (altitude 5,290
ft) averaged about 17.8 in/yr. Average precipitation
(1961-90) was about 23 in/yr at the highest altitudein
the Harmony M ountains (about 8,400 ft), about 30in/yr
at the highest altitude of the Pine Valley Mountains
(about 10,400 ft), and about 33 in/yr at the highest alti-
tude of the Markagunt Plateau (about 8,000 ft) (fig. 2).
Most of the precipitation in the study area occurs from
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December through March, athough substantial precip-
itation also can occur from August through November
and isrelated to amonsoonal weather pattern that
brings warm, moist air northward from the Gulf of
Mexico. The monthly distribution of precipitation at St.
George and New Harmony is shown in figure 3.

Previous Investigations

Several reports have been written describing the
geology and hydrology of the central Virgin River basin
study area. Most recently, Hurlow (1998) did an exten-
sive geologic compilation, aswell as field work, to
delineate the structure, lithology, and fractures of the
Navaj o Sandstone, aswell asthe structure and lithol ogy
of basin fill and older consolidated-rock formations
along the Ash Creek drainage basin. Cordova, Sand-
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Utah State Climate Center,
Utah State University).

Figure 2. Average annual precipitation contours for the central Virgin River basin study area, Utah, 1961-90.
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Figure 3. Monthly average precipitation at St. George and New Harmony, Utah, based on data from 1980 to 1989.

berg, and McConkie (1972) described the hydrogeol -
ogy of both the unconsolidated and consolidated-rock
aquifers, including aquifer propertiesand ground-water
budgets. A follow-up study by Cordova (1978) provides
amore detailed investigation of ground-water condi-
tions in the Navajo Sandstone within the study area,
including aguifer testing and the compilation of a
hydrologic budget. A report by Budding and Sommer
(1986) describes an assessment of the low-temperature
geothermal potentia of the Santa Clara River and Vir-
gin River Valleys in Washington County, including
extensive water-chemistry data. Clyde (1987) compiled
and summarized hydrologic information for both the
central Virgin River and upper Virgin River drainage
basins. Herbert (1995) described a seepage study of a
section of the Virgin River within Washington County.
Jenson, Lowe, and Wireman (1997) provided adetailed
hydrologic analysis of Sheep Spring near Santa Clara.
Cook (1960) presented an overview of the geology of
Washington County and a more-detailed description
(Cook, 1957) of the geology of the Pine Valley Moun-
tains. Spencer Reber (written commun., 1994) wrote a
number of unpublished reportsfor the municipalities of
St. George, Washington, and Leeds, including detailed
geologic maps and cross sections. With regard to geo-
hydrology of the upper Ash Creek drainage basin, Tho-
mas and Taylor (1946) and Bjorklund, Sumsion, and
Sandberg (1978), as part of their overall hydrologic
study of the more populated Cedar City and Parowan
Valleys, briefly described ground-water occurrence and
use near Kanarraville, Utah.

Scope of study

The purpose of the study was to assess the quan-
tity of ground water in the central Virgin River basin
and to document, to the closest extent possible, direc-
tion and rate of movement of ground water through the
aquifer systems. In general, the approach of this study
wasto (1) compile available geologic information on
the various aquifer formations; (2) collect additional
hydrologic, geologic, and chemical data, where possi-
ble and practical; (3) formulate hydrologic conceptual -
izations of ground-water movement through the
principal aquifers; (4) develop computer simulations
representing the aquifersto test various aternative
hydrologic conceptualizations; (5) compare model-
computed results with measured hydrologic datato
determine how confidently the models can be used as
tools for the management of ground-water resources;
and (6) determine which additional data collection
would be most helpful in refining present hydrologic
conceptualizations.  Water chemistry was also inves-
tigated when it could be used to aid in the analysis of
recharge, ground-water movement, and discharge.
Generally, well and spring locations within the study
areawere selected on the basis of proximity to munici-
palities, depth to water, quality of water, and natural
factors such astopography and surface recharge. Thus,
more information is available for certain parts of the
aguifers, which allows for more detailed hydrologic
analyses in those areas. Conversely, only asmall
amount of information is available regarding ground-
water conditionsin many parts of the upper Ash Creek
drainage basin ground-water system and the Navajo
and Kayenta aquifers.



Purpose and Scope of Report

The purpose of the report isto document the find-
ings of the study, which include descriptions of the geo-
hydrologic framework, analyses of the chemical and
isotopic character of the ground water, and conceptual
and mathematical representation of three separate agui-
fer systemsin the study area. This report describes the
geohydrology of the upper Ash Creek drainage basin
ground-water system and the aquiferswithin the central
Virgin River basin formed by the Navgj o Sandstone and
the Kayenta Formation. The Navajo Sandstone and the
Kayenta Formation are two of the formationsthat make
up the principal regional aquifer of the Colorado Pla-
teau, the Glen Canyon aguifer. For thisreport they will
bereferred toindividually asthe Navajo aquifer and the
Kayenta aquifer. Information was compiled and ana-
lyzed regarding their lateral and vertical extents,
hydraulic properties, ground-water budgets, and direc-
tions of ground-water flow.

In addition to the data provided by previous
investigations, hydrologic data collected for this study
included water level measurementsin wells, discharge
measurements from pumping wells and springs, dis-
charge measurements in streams, aquifer testing, and
the collection of water samples for the analysis of gen-
eral chemistry, stable and radioactive isotopes, dis-
solved gases, and chlorofluorocarbons (Wilkowske and
others, 1998). Water levels were measured in about 30
wellsin the upper Ash Creek drainage basin and in
about 80 wellsin the Navajo and Kayenta aquifers to
determine the configuration of water-level contours
(Wilkowske and others, 1998, tables 1 and 2). Most of
the municipal well pumpage information was available
from the Utah Division of Water Rightsand privatewell
owners; however, power consumption and discharge
were measured at 14 irrigation wellsin the Navajo and
Kayenta aquifers southwest of Hurricane and at 8 irri-
gation wells in the upper Ash Creek drainage basin to
estimate annual average rates of ground-water dis-
charge (Wilkowske and others, 1998, table 1). Surface-
water discharge was measured at 58 sitesin the study
areato determinetherel ative amount of stream lossand
gain and the locations where these losses and gains
occur (Wilkowske and others, 1998, table 6). Four agui-
fer testswere conducted at wells that pump water from
the Navajo Sandstone and one aquifer test was con-
ducted at awell that pumps water from the igneous
rocks in the upper Ash Creek drainage basin.

Field and laboratory analyses were done on
ground- and surface-water samples, not to characterize

water quality, but to eval uate surface- and ground-water
relations and to get a sense of how water enters, moves
through, and |eaves the ground-water systems of inter-
est. Specific conductance, water temperature, and pH
were measured at many of the surface water and
ground-water sites inventoried to determine the range
and the areal and temporal trends of the values
(Wilkowske and others, 1998, tables 3, 4, 5, 6). Water
samplesfor general chemistry werecollected at 7 wells,
in addition to a compilation of 113 previously reported
analyses (Wilkowske and others, 1998, table 4). Thirty-
four samples were analyzed for the stable isotopes of
oxygen and hydrogen; 25 water samples and 2 rock
samples were analyzed for strontium isotopes; and 2
water sampleswere analyzed for theradioactiveisotope
of hydrogen (tritium) (Wilkowske and others, 1998,
table 5). Water samplesfrom 36 siteswere analyzed for
chlorofluorocarbons and 6 samples were analyzed for
dissolved gases (Wilkowske and others, 1998, table 5).
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GEOHYDROLOGIC FRAMEWORK

The central Virgin River basin study areais
located at the transition zone between the Basin and
Range and the Colorado Plateau Physiographic Prov-



inces (Fenneman, 1931). Thisarea containsavariety of
geologic structures and outcropping formations, many
with proven or potential ground-water reserves. Gener-
ally northward-dipping sedimentary rock formations of

Permian through Tertiary age cover most of the study
area and include water-bearing sandstones, siltstones,
conglomerates, and limestones (table 1). In addition,
the cores of the Pine Valley and Harmony mountain
ranges are composed of fractured igneous rocks which
can yield from small to large amounts of water.

The Navajo Sandstone and Kayenta Formation
provide most of the potable water in theregion. Normal
faulting along the Hurricane and Gunlock Faults has
resulted in offset of most of the outcropping sedimen-
tary formations, including the Navagjo Sandstone and
the Kayenta Formation, likely resulting in lateral

boundariesto the flow of ground water in these forma-
tions (pl. 1). Fracturing, commonly observed in the
Navajo Sandstone and the Kayenta Formation, can
greatly enhance the movement of ground water. In addi-
tion, unconsolidated alluvial depositsline the valley
bottoms along Ash Creek, the Virgin River, and the
Santa Clara River and generally consist of coarse-to-
fine-grained, unconsolidated sediments that generally
have been devel oped as a source of irrigation water (pl.
1). Recent Quaternary volcanic eruptions have left a
veneer of basalt aong large parts of the Ash Creek and
Santa Clara River Valleys, as well as on top of the
Navajo Sandstone outcrop east of Hurricane and north
of St. George (pl. 1). Some of the fractured basalt acts
as shallow, highly permeable aguifers, and provides
conduits for rapid recharge to underlying formations.

Table 1. Hydrostratigraphic section of selected water-bearing formations within the central Virgin River basin study area, Utah

[Adapted from Hurlow, 1998]

. . Abbrev- Thickness Lithologic .

Age Geologic unit iation (feet) character Aquifer
Quaternary | Sediments and basalt | Qs 0-1,200 |Boulders, gravel, sand, and silt Quaternary
Quater- Basalt QTb 0-550 | Fractured, broken basalt basin-fill, alluvial-
nary— i fan, and basalt

_ Alluvial-fan QTaf 0-350 | Poorly sorted boulder conglomerate | aquifers
Tertiary deposits
Tertiary Undifferentiated igne- | Tsi 0-9,500 | Fractured monzonite, volcanic ash-

ous and sedimentary flow tuff, andesite, volcanic breccia, Pine Valley
deposits sandstone, conglomerate, and lime- | monzonite aquifer
stone
Cretaceous | Undifferentiated Ks 3,800-4,000 | Sandstone, siltstone, mudstone, and
conglomerate
Jurassic Carmel Formation Jc 700 |Limestone, shale, and gypsum
Navajo Sandstone Jn 2,000-2,800 |Fractured, cross-bedded sandstone Navajo aquifer
Kayenta Formation Jk 800-900 | Sandstone, siltstone, and silty mud- Kayenta aquifer
stone
Moenave Formation |Jm 450 | Siltstone
Petrified Forest Mem- Shale, claystone, and siltstone
ber of Chinle Forma- | Trcp 400
tion
o Shinarump Member Medium-to-course grained sandstone
Triassic of Chinle Formation | Trcs 80-150 |and chert pebble conglomerate
Moenkopi Trm 1,550- |siltstone, mudstone, and shale
2,500
Permian Undifferentiated Pu 3,350- |Limestone, shale, sandstone, dolo-
3,550 |mite




Upper Ash Creek Drainage Basin

Hurlow (1998) describes 13 different formations
of varying lithology represented within the upper Ash
Creek drainage basin. Eleven of those formations have
been consolidated into three aquifers for this report
(table 2). The aquiferswere named for usein thisreport
on the basis of the lithologic unit that was deemed of
greatest importance to ground-water movement in that
formation. The principal aguifers that are thought to
form the ground-water system in the upper Ash Creek
drainage basin are the Quaternary basin-fill aquifer, the
Tertiary alluvia-fan aguifer, and the Tertiary Pine Val-
ley monzonite aquifer. The Quaternary basin-fill aqui-
fer consists of Quaternary sediments, Quaternary
basalt, and Quaternary-Tertiary alluvial-fan deposits.
The Tertiary aluvial-fan aquifer consists of the upper,
middle, and lower members of the Pliocene-Miocene
alluvial-fan deposits. The Tertiary Pine Valley monzo-
nite aquifer consists of the Racer Canyon Tuff, the Pine
Valley monzonite and latite, the Stoddard Mountain
Intrusion, the Quichapa Group, the Claron Formation,
and the Iron Springs Formation as shown in Hurlow
(1998, p. 42).

Basin-Fill Deposits

Sedimentary depositsincluded in the Quaternary
basin-fill aquifer originated from aluvia and fluvia
erosion from surrounding mountains and plateaus. The
deposits are interbedded with basalt from alocal erup-
tive center. The deposits contain material that rangesin
size from boulders to silt. Thickness of the depositsin
the upper Ash Creek drainage basin is generally about
100-500 ft in the western part of the basin near New
Harmony, but increasesto about 1,000-1,500 ft near the
Hurricane Fault.

Alluvial-Fan Deposits

Asdescribed in Hurlow (1998), erosion of the
volcanic material to the west of the study areais pre-
served in the upper Ash Creek drainage basin as allu-
vial-fan and debris-flow deposits. The Tertiary aluvial-
fan deposits underlie the Quaternary basin fill in the
upper Ash Creek drainage basin. Only afew wellsinthe
area are completed in the alluvial-fan deposits. Maxi-
mum thickness for the deposits could be as much as
1,500 ft along the presumed east-west axis of the

Table 2. Hydrostratigraphic section of the upper Ash Creek drainage basin area, Utah

[Adapted from Hurlow, 1998]

. . Thickness Lithologic .
Age Geologic unit (feet) character Aquifer
Quaternary sediments 0-1,500 |Boulder gravel, sand, and silt
Quaternary basalt 0-500 |Fractured, broken basalt L
Quaternary ; _ Basin fill
Alluvial-fan deposits 0-150 |Poorly sorted boulder conglomerate
Upper 0-700 |Unconsolidated boulder gravel
. Middle 0-450 | Siltstone with conglomerate beds .
Alluvial-fan i Alluvial fan
deposits 350 |Cemented breccia, sandstone, and
Lower siltstone
Racer Canyon Tuff
. Pine Valley monzonite & Fractured monzonite and latite
Tertiary .
latite
i 1,000
Stoddard Mountain Intru-
sion . )
i . Pine Valley monzonite
Quichapa Group 1,000 |Cemented to partially cemented
volcanic ash
Claron Formation 700-1,000 |Sandstone, limestone, shale, and con-
glomerate
Cretaceous | Iron Springs Formation 3,800 |Sandstone, shale, and conglomerate




inferred New Harmony structural basin. Hurlow (1998)
indicated that the deposits consist of three members;
lower, middle, and upper. The lower and middle mem-
bers are consolidated to semiconsolidated where they
crop out, and are considered to be poorly permeable
because of poor sorting, fine grain size, and substantial
cementation. The upper member is poorly sorted, but
also unconsolidated and coarse grained, and is known
to yield water to afew domestic wells on the flanks of
the Harmony Mountains.

Pine Valley Monzonite and Other Formations

The igneous and sedimentary formations that
underlie and laterally bound the aluvial-fan and basin-
fill deposits are designated the Pine Valley monozonite
aguifer in this report. Igneous plutonic and volcanic
rocks associated with the mid-Miocene Pine Valley
Mountain igneous center (Cook, 1957) are exposed
south and southeast of New Harmony, including basalt
flows, rhyalitic ash-flow tuff, andesite flows, volcanic
breccia, sandstone, conglomerate, siltstone, and mud-
stone (Hurlow, 1998). Other igneous and sedimentary
rocks are exposed to the north and west of New Har-
mony in the Harmony Mountains. These rocks are
faulted and folded in the Harmony Mountains and
faulted beneath the alluvial-fan deposits under New
Harmony. The subsurface geometry isnot well known.
Hurlow (1998), on the basis of his and previous work
on the structure and stratigraphy of the area, put the
thickness of the Pine Valley monozonite at about 1,000
ft. Other Tertiary intrusions and volcanics are thought
to be about 1,000 ft thick. The Claron Formationis
from 700to 1,000 ft thick. Thus, thetransitionfrom the
Pine Valley monzonite agquifer to deeper formations
probably happens at about 1,000 to 3,000 ft below land
surface. The hydrologic nature of this transition is not
known.

Navajo Sandstone and Kayenta Formation

The Navajo Sandstone and underlying Kayenta
Formation are of Jurassic age and are stratigraphically
near the center of asuite of Permian to Quaternary sed-
imentary formations found within the study area (table
2). In general, the Navajo Sandstoneiswell sorted, con-
sisting primarily of fine-to-medium sand-size quartz
grains (Cordova, 1978, table 1). Petrographic analysis
of borehole cuttings indicates that the cementation
between sand grains includes varying amounts of cal-
cite, silica, and hematite (J. Wallace, Utah Geological
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Survey, written commun., 1997). Because the Navgjo
Sandstone was deposited under eolian conditions, bed-
ding and cross-bedding features are prominent through-
out the formation. A detailed lithologic description of
the Navgjo Sandstoneis given by Hurlow (1998). The
Navajo Sandstone, where buried by overlying forma-
tions, is about 2,400 ft thick; individual measurements
include 2,800 ft west of the Gunlock Fault, about 2,300
ft at Harrisburg Junction, and about 2,000 ft at Sand-
stone Mountain. The lowest 100 to 150 ft of the Navajo
Sandstone is defined by Hurlow (1998) as a transition
zone containing siltstone and fine-grained sandstone
typical of the Kayenta Formation interbedded with
cross-bedded sandstone typical of the Navajo Sand-
stone. The Kayenta Formation consists of laminar beds
of sandstone, siltstone, and silty mudstone. Where bur-
ied by overlying formations, thickness of the Kayenta
Formation ranges from about 380 to 930 ft but is esti-
mated to be about 850 ft through most of the study area
(Hugh Hurlow, Utah Geological Survey, oral commun.,
1998). The vertical thickness of the Navajo Sandstone
and Kayenta Formation generally decreases to the
south are due to erosion (fig. 4).

Tectonic forces have folded and faulted the
Navajo Sandstone and Kayenta Formation. The mgjor
folds within the study area (fig. 5), from east to west,
are (1) the Hurricane Bench syncline, (2) the Virgin
anticline, (3) the St. George syncline, and (4) the Gun-
lock (or Shivwits) syncline (Cordova, 1978, p. 11; Hur-
low, 1998). Because of ageneraly northward dip, the
Navajo Sandstone and Kayenta Formation become
deeply buried toward the northern boundary of the
study area. The ARCO Three Peaks #1 oil exploration
drill hole 10 miles northwest of Cedar City (about 50 mi
northeast of St. George) reached the top of the Navajo
Sandstone at a depth of 6,286 ft beneath land surface,
or about 900 ft below sealevel (Van Kooten, 1988).
Tilting associated with the Hurricane Fault causes the
Navajo Sandstone and Kayenta Formation in the north-
east part of the study areato dip steeply; the top of the
Navajo Sandstone is estimated to be buried as deep as
2,000 ft below sealevel (Hurlow, 1998, pl. 5B). The
Hurricane Fault completely offsets the Navajo Sand-
stone and Kayenta Formation along itsentiretrace. The
Gunlock Fault offsets the Navajo Sandstone and the
Kayenta Formation to some point north of Gunlock
Reservoir (Hintze and Hammond, 1994). West of the
Gunlock fault, the Navajo Sandstone and Kayenta For-
mation dip northeast more steeply than the gently dip-
ping synclines east of thefault (fig. 5; Hurlow, 1998, pl.
5b). Other faults that partly offset the Navajo Sand-
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e  Average CFC-11 concentration of replicate sample
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GLASS-AMPOULE SAMPLE ANALYZED AT U.S. GEOLOGICAL SURVEY
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15
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AVERAGE CFC CONCENTRATION, IN PICOMOLES PER KILOGRAM, FROM
COPPER-TUBE SAMPLE ANALYZED AT UNIVERSITY OF UTAH

Figure 5. Average CFC-11 and CFC-12 concentration in replicate samples collected with the glass-ampoule method
and analyzed at the U.S. Geological Survey versus samples collected with the copper-tube method and analyzed at the

University of Utah.

stone and Kayenta Formation within the study area
include the Washington Hollow Fault north of Wash-
ington and an unnamed series of faults between Ander-
son Junction and Toquerville (pl. 1). Thesefaults, along
with other numerous faults whose actual offset is diffi-
cult to measure, such asthe Snow Canyon Fault and the
Washington Hollow Fault, likely act as barriersto
ground-water flow perpendicular to the fault plane, yet
may act as conduits parallel to the fault plane. Low
transverse permeability isexpected perpendicular tothe
fault because of poorly-sorted breccia and finer clay-
rich materials generally found along the plane of the
fault, such as cataclasite, gouge, and secondary calcite
cementation (Hurlow, 1998, p. 20).

Extensive joints and joint zones are found in the
Navajo Sandstone and K ayenta Formation outcrops.
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Unlike faults, there was no movement along the frac-
ture plane of joints during their formation, so they do
not contain low-permeability gouge or breccia zones
and thus allow ground water to move perpendicular to
the joint plane. Similar to fault zones, joints probably
act as conduits parallel to the joint plane. Joints within
the study area are essentially vertical, dipping at angles
generally greater than 70 degrees. Surface fracture
mapping indicates that individual joints have surface
traces of asmuch as600 ft in length, and interconnected
joint networks may extend thousands of feet laterally
(Hurlow, 1998).

Aerial photographs published by Cordova(1978)
generally show a prominent north-south fracture trend
in the central part of the study area. However, amore
detailed fracture analysis of the Navgjo Sandstonein



the study area based on both aeria photographs and
outcrop data shows large variation in both the orienta
tion of prominent fractures and the fracture density
(Hurlow, 1998, pl. 6). In general, the aeria photograph
data and the outcrop dataindicate prominent fracturing
in the north-south orientation between Anderson Junc-
tion and the Gunlock Fault (Hurlow, 1998, p. 27). How-
ever, some rose-diagram plots of data from Anderson
Junction, Sandstone Mountain, Washington Hollow,
and the Red M ountains show an additional east-west to
northwest trending set of fractures (Hurlow, 1998, pl.
6). Rose diagrams from aerial photographs depicting
joint frequency weighted by fracture length emphasize
the orientation of thelonger jointsand joint zones. Rose
diagrams from outcrop data are not weighted toward
the longer joints and thus may be less meaningful with
regard to the regional movement of ground water. In
addition, the outcrop data contain an inherent sampling
bias because moreresistant, lessfractured outcrop loca-
tions provide the best surfaces for conducting the sur-
veys. Thisislikely a problem along the Santa Clara
River west of the Gunlock Fault, where outcrop data
show the main fracture orientation to be east-northeast,
whereas aeria photographs (Cordova, 1978) and field
observations indicate predominant north-south trend-
ing fractures. The recent study by Hurlow (1998) sug-
geststhat no correl ation exists between outcrop fracture
density and aerial-photograph-determined fracture den-
sity. Generalized conclusions based on aeria photo-
graph dataindicate that fracture density generaly is
high at Snow Canyon, Anderson Junction, Sandstone
Mountain, and near the Gunlock Fault zone; contrarily,
fracture density from aerial photographsisrelatively
low near Mill Creek and Sand Mountain (Hurlow,
1998).

About 25 percent of the outcrop surface of the
Navajo Sandstone and Kayenta Formation is covered
by sand dunes, alluvial deposits, and basalt flows (pl.
1). Sand dunes and alluvial deposits generally are less
than 150 ft thick (Hurlow, 1998, pl. 4). However, two
areas of the Navajo Sandstone outcrop are overlain by
thicker wedges of alluvial deposits at Anderson Junc-
tion (more than 350 ft thick) and south of Hurricane
near Gould Wash and Frog Hollow Wash (pl. 1). The
thickness of basalt covering the Navajo Sandstone out-
crop generally islessthan 100 ft (Hugh Hurlow, Utah
Geologica Survey, oral commun., 1998).

HYDROCHEMICAL
CHARACTERISTICS

Knowledge of the role of ground water in the
hydrochemical framework of aground-water systemis
asimportant as knowledge of how aquifersfit into the
geologic framework of an area. To investigate ground-
water direction and rate of movement withinthe Navajo
and Kayentaaguifersand theAsh Creek drainage basin,
chemical and isotopic data from water samples were
collected or compiled from previous investigations
(Wilkowske and others, 1998, tables4 and 5). CFC, dis-
solved gas, general chemistry, and stable isotope data
were used to evaluate potential sources of recharge to
the aquifers and average residence times within the
aguifers, both of which aid in determining possible
ground-water flow directions.

Methods and Limitations

Chlorofluorocarbon Collection Methods

Concentrationsof chlorofluorocarbons (CFCs) in
the modern atmosphere are greater than in older ground
water that entered the water table in the past, so care
must be taken to avoid sample contamination via con-
tact with modern air. Two methods have been devel-
oped to collect water samples for CFC analysis that
prevent atmospheric contamination—the copper-tube
method and the glass-ampoul e method.

The copper-tube collection method requires that
CFC samples be collected in sealed 3/8-in.-diameter
copper tubes approximately 30 in. long (about a 30-mL
sample). Prior to sampling, the tubes were annealed in
an argon atmosphere at 600 °C, which cleaned the tubes
and made them easier to seal. Rubber and plastic gas-
kets can absorb CFCsand be asource of contamination;
therefore, the tubes were connected directly to well
heads using all metal connections. For the collection of
spring and surface-water samples, the copper tubes
were placed directly in aflowing spring or stream. A 2-
ft piece of Tygon tubing with a plastic pinch valve was
connected to the downstream end of the tubeto prevent
any back diffusion of atmospheric CFCs into the sam-
pler. The tubes were then flushed with at least 10 sam-
plevolumes of ambient water. Whilewater wasflowing
through the sampler, the copper tube was crimped off
using a hand-held crimping tool. This seal holds best
under a vacuum, so prior to sampling, a 1-to 2-in. sec-
tion of the copper tube was flattened using pliersto
reduce the volume of the sampler. After crimping the
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ends of the tube, the flattened part was re-rounded, cre-
ating a negative pressure inside the tube. If agood seal
ismade, awater hammer will make a clicking noise
when the tubeismoved in arapid up and down motion.
Copper-tube samples were analyzed for CFCs at the
University of Utah with a gas chromatograph within 1
month after collection to ensure sample integrity. Sam-
ple blanks were run with each batch of copper-tube
samples to ensure that no CFC contamination was
introduced by the copper tubing or the hand-crimping
tool.

The glass-ampoule method for collecting CFC
samplesis described by Busenberg and Plummer
(1992). Replicate samples were collected in sealed
borosilicate glass ampoules for comparison with sam-
ples collected in copper tubes. These sampleswere ana-
lyzed by both the University of Utah Department of
Geology and Geophysics and the U.S. Geological Sur-
vey (USGS), Eastern Region Office of Hydrologic
Researchin Reston, Virginia. Becausethe University of
Utah lab primarily analyzes water collected in copper
tubes and the USGS primarily analyzeswater collected
in glass ampoules, a comparison was made between
CFC-11 and CFC-12 concentrations from water col-
lected in copper tubes and analyzed at the University of
Utah versus water collected in glass ampoules and ana-
lyzed at the USGS (fig. 4) (table 3). Mean apparent
recharge ages of water calculated from CFC-12 sam-
ples collected in copper tubes and analyzed at the Uni-
versity of Utah were within about 2 years of ages
calculated from samples collected in glass ampoules
and analyzed at the USGS. Comparison of CFC-11-
determined ages did not correlate as closely. Mean
apparent ages calculated from CFC-11 samples col-
lected in copper tubes and analyzed at the University of
Utah were about 4 years different than ages calculated
from samples collected in glass ampoules and analyzed
at the USGS. Onthebasisof thiscomparison and other
published information, only CFC-12 concentration was
used for determination of apparent agesreported in this
study.

Limitations of Chlorofluorocarbon Age Dating

The calculated equivalent-air concentration of
CFCs assumes that concentrations in the unsaturated
zone are the same as those in the atmosphere. Gener-
ally, thisisthe casein aguiferswith shallow unsaturated
zones (Cook and Solomon, 1995). However, depth to
the water table in the central Virgin River basin varies
from just below land surface to more than 800 ft

14

Table 3. Chlorofluorocarbon concentration measured from samples from the central Virgin River basin collected by copper-tube versus glass-ampoule method

[U of U, University of Utah; pmole/kg, picomoles per kilogram; USGS, U.S. Geological Survey]

CFC-12

USGS glass-ampoule

method average
concentration and
standard deviation

(pmole/kg)

25+.26

1.53 ++ .02
1.30++.03
1.09++ .04

.00+ .003

46 ++.03

U of U copper-tube
method average
concentration and
standard deviation

(pmole/kg)

207++04

1.42 ++.23
1.11 ++ .09
1.15+ .12

.02 +.03

U of U glass-ampoule

method average
concentration and
standard deviation

(pmole/kg)

2.21+0.22
1.37 .04

1.23 +.08

1.11+.08

.00+0

A7 +.08

CFC-11

USGS glass-ampoule

method average
concentration and
standard deviation

(pmole/kg)

3.87++£ 0.10

2.72+.01

1.78+ + .01

.79 =+ .03
.01 ++ .0004

.20+ £ .001

U of U copper-tube
method average
concentration and
standard deviation

(pmole/kg)

3.32 ++ 0.07

2.27+.04
1.43+ .03

.78 .03
.06 .03

09

U of U glass-
ampoule method

average
concentration and
standard deviation

(pmole/kg)
2.85+0.31

2.03 +.01

1.34+.04

.65 + .06
.01 +.0003

.19 +.02

Sample

Sample date

Sample type

Location

number?t

6-04-97

9
15

Stream

8abc)

AN AN A AN AN~

D

6-05- 97
6-05-97
6-05-97
6-06-97
6-06-97

ISample numbers correspond to CFC data in table 4.



(Wilkowske and others, 1998, table 1). Where depth to
thewater tableis more than afew tens of feet, the move-
ment of water through the unsaturated zone could effec-
tively lower or raiseits CFC concentration asaresult of
interaction with unsaturated zone pore air not in equi-
librium with the atmosphere. Cook and Solomon
(1995) indicated that unsaturated-zone pore air is typi-
cally lower in CFCs than recharging pore water. How-
ever, in some geologic environments such as fractured
basalt, pore air may move more quickly to depth and be
asource of higher CFC concentration for water moving
through the unsaturated zone (D.K. Solomon, Univer-
sity of Utah, oral commun., 1998). Other factors, such
as anaerobic microbial degradation, contamination by
the atmosphere during sampling, contamination from
sampling equipment such as submersible pumps con-
taining plastic or rubber, CFC enrichment from dry
organic matter in the vadose zone, or incorporation of
excessair in the recharge water also can affect the mea-
sured CFC concentrationsin ground water and result in
an inaccurate age determination (Plummer and others,
1993; Russell and Thompson, 1983). Additionally,
ground water often is stratified with depth, so that
younger ground water isfound at shallower depths. In
this study, most of the wells are constructed with open
intervals over hundreds of vertical feet. Because hori-
zontally stratified flow paths converge at the well bore,
the apparent CFC age may be an average of ground
waters with varying ages. Similarly, springs may be
points of convergencefor ground-water flow pathswith
different aquifer residence times (D.K. Solomon, Uni-
versity of Utah, oral commun., 1998). Because ages
determined for a particular site may not represent the
actual recharge age of the water sampled, agesin this
report are shown as apparent rather than actual .
Although aquifer residence times based on these CFC
data should be considered approximate, the presence of
CFCsinwells and springsindicates that some fraction
of recently recharged water is traveling to these dis-
charge points, showing the importance of protecting
recharge zones.

Age-Dating of Ground Water with
Chlorofluorocarbons

CFC samples were collected at 36 ground- and
surface-water sites to investigate sources of recharge
and ground-water residence times (fig. 6; table 4).
CFCs are anthropogenic compounds that were first
released into the atmosphere in the 1930s (Lovel ock,
1971). They have since been used asrefrigerants, blow-

ing agentsfor expanded foams, and propellantsin spray
cans. Because CFCs are man-made substances, their
concentration in the atmosphere is a function of their
rate of production (Rowland and Molina, 1975). The
steady growth of CFC-12 (CCl,F,) in the atmosphere
during the last 50 years (Busenberg and Plummer,
1992; Elkins and others, 1993) is shown in figure 7.
CFCsare water soluble and can therefore enter ground
water by dissolving in rainwater that enters the water
table as recharge. Because the total concentration of
CFCsreleased to the atmosphereis a function of time,
the amount of CFCs dissolved in ground water at equi-
librium conditionsis a function of age and solubility.
Therefore, by measuring the CFC concentration in
water, an equivalent air concentration of CFCs can be
calculated by assuming atemperature and elevation of
water recharging the aquifer. This concentration isthen
compared to the atmospheric CFC concentration (fig.
7) to estimate the recharge age of the ground water.
Because CFC solubility in water is temperature
dependent, the age of ground water determined from
CFC concentration depends on the water temperature
asit enters the water table, known as the recharge tem-
perature. In areaswhere the water tableis morethan 10
ft below land surface, including most of the CFC-sam-
pling sitesin the study area, the recharge temperature
generaly corresponds to the mean annual temperature
of the recharge location (Plummer and others, 1993, p.
271). Therecharge temperature, however, can be lower
than the mean annual temperature in late winter and
early spring when most recharge is likely to occur.

To determine recharge temperature, six samples
(fig. 6; table 4) were collected for analysis of a suite of
dissolved gases including nitrogen and argon
(Wilkowske and others, 1998, table 5). Dissolved con-
centrations of these gasesis afunction of the air tem-
perature at the point where the ground water enters the
water table. Therefore, by measuring the dissolved con-
centration of these gases in ground water and knowing
their solubilities, the recharge temperature can be cal-
culated. Calculated recharge temperatures for the six
dissolved-gas samples range from 6.1 to 12.6°C (table
4). Dissolved-gas samples from LDS Church Well B
((C-38-13)35aba-1) had the lowest calculated recharge
temperature of 6.1°C, probably because it receives
most of itsrecharge from higher (thus colder) altitudes
in the Pine Valey Mountains. Dissolved-gas samples
from Newell Matheson’swell ((C-40-13)22dcd-1) had
the highest cal culated recharge temperature of 12.6°C,
consistent with the oxygen and hydrogen isotope data
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assumed (Elkins and others, 1993).

Datafrom 1940 to 1992 from Busenberg and Plummer (1992). After
500 1992, alinear increase of 14 parts per trillion per year has been
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Figure 7. Global atmospheric concentration of CFC-12 as a function of time.

that indicated lower-altitude recharge. The recharge
temperatures for the other ground-water sites were esti-
mated on the basis of their proximity to the six dis-
solved-gas sample sites and to St. George, where the
average annual air temperatureis 16 °C.

Use of Age-Dating to Investigate Sources of
Recharge to the Main Part of the Navajo and
Kayenta Aquifers

Tenwellsand 4 springsin the main part (between
the Gunlock and Hurricane Faults) of the Navgjo and
Kayenta aquifers were sampled for CFCs (fig. 8, wells
and springswithformationtype*Jn” or “Jk” intable 4).
Apparent ground-water recharge years range from pre-
1950 to the late 1970s (fig. 8).

Water discharging from wells and springs with a
ground-water recharge year in or prior to the 1950s had
avery low or no CFC concentration, generally indicat-
ing long, deep flow paths with little local recharge or a
very thick unsaturated zone. The oldest water sample

collected from the main part of the Navajo and Kayenta
aquifers was from Winchester HillsWell 1 ((C-41-
16)23bba-2), where the water table is more than 700 ft
deep (Wilkowske and others, 1998, table 1). The low
CFC concentrations from this well are within the error
of analysis, indicating an apparent ground-water
recharge age during or prior to the 1950s. The St.
George City Mill Creek Well 2 ((C-41-15)27dda-1), the
St. George City Creek Well 2 ((C-42-15)6dcd-1), West
City Spring ((C-42-16)13dcb-S1), and the Washington
City Grapevine Pass Well ((C-41-15)36aad-1), al had
apparent recharge ages in the mid-to-late 1950s. Their
CFC concentrations are just above the error of analysis
and may indicate mixing of older, deeper ground water
with asmall amount of younger, shallower water. These
wells and springs are mostly in the central part of the
Navajo and Kayenta aquifers north of St. George and
Washington, and may receive recharge from higher-
atitude parts of the outcrop near the base of the Pine
Valley mountains (table 4, fig. 6).
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Table 4. Average chlorofluorocarbon-12 concentration and estimated recharge year for selected springs, surface-water sites,
[NA, not applicable; vmoles/kg, picomoles per kilogram]

Site no.: Seefigure 8 for map location
Location: See “numbering system” at beginning of report for an explanation of the numbering system used for hydrologic data sitesin Utah.
Owner (Well name): WCWCD, Washington County Water Conservancy District; Well name given in parentheses.

Formation: Qtb, Quaternary and Tertiary basalt; Tvip, Pine Valley quartz monzonite; Ks, undifferentiated Cretaceous sedimentary
the Moenave Formation; Trcs, Shinarump Member of the Chinle Formation.

Casing Finish: P, perforated; X, open hole; S, screened; —, no information.

Recharge temperature: Estimated temperature of water asit entered the aquifer as recharge; e, estimated recharge temperature; m, measured
Average CFC concentration, water: Average concentration of CFC-12 in water in replicate samples measured at the University of

Standard deviation: Standard deviation of replicate samples.

CFC concentration, air equivalent: ppt, parts per trillion; Calculated atmospheric concentration of CFC-12 in equilibrium with sample
Apparent recharge year: Apparent year that water entered the ground-water flow system as recharge based on CFC-12

Approximate Casing
Altitude depth to finish
Site of water below below
no. Location Owner (Well name) Formation land land land
surface surface surface
(feet) (feet) (feet)
Springs and surface-water sites
1 (C-40-13)35acd-S1 Toquerville Spring QTb 3,440 NA NA
2 (C-40-15)14bab-S1 Cottonwood (Main) Spring Tvip 7,800 NA NA
3 (C-40-15)15chd-S1 West Fork Spring Tvip 6,900 NA NA
4  (C-40-16)36cda-S1 Diamond Valley Spring Ks 4,780 NA NA
5 (C-41-13)11cad-S1 Ash Creek Spring QTb 3,200 NA NA
6 (C-41-17) 5acd Santa Clara River at hydro plant NA 3,540 NA NA
7 (C-41-17) 5acd-S1 Seep below Gunlock dam NA 3,540 NA NA
8 (C-41-17) 5dcc Santa Clara River (1,500 feet from dam) NA 3,520 NA NA
9 (C-41-17) 8abc Santa Clara River (2,250 feet from dam) NA 3,510 NA NA
10 (C-41-17) 8bdc Santa Clara River (3,000 feet from dam) NA 3,500 NA NA
11  (C-42-14) 1bcb-S1 Berry Springs QTb/In 2,860 NA NA
12  (C-42-15)15bbd-S1 Green Spring Jn 2,880 NA NA
13 (C-42-15)16ddd-S1 Huntington Spring Jk 2,880 NA NA
14  (C-42-16)13dcbh-S1 West City Spring Jn 2,960 NA NA
Wells
15 (C-38-13)35aba- 1 LDS Church (Well B) Tvip 5,010 59 P 220-620
16  (C-40-13)22dcd- 1 Newell Matheson Qs 3,830 220 P 320-340
17  (C-40-13)31bcc- 1 Leeds Domestic (Well #1) Jk 3,980 204 X 69-400
18 (C-41-13) 5dba- 2 Alan Howard JIn/Jk 3,600 21 X 83-97
19 (C-41-13)16bcd- 1 Sullivan Flowing Well Jmss 3,240 — — —
20 (C-41-15)27dda- 1 St. George (Mill Creek Well #2) Jn 3,325 249 P, S 330-768
21 (C-41-15)36aad- 1 Washington (Grapevine Pass Well) Jn 3,490 347 S 496-900
22 (C-41-16)16bbd- 1 St. George (Snow Canyon Well #2) Jn 3,460 301 S 350-830
23 (C-41-16)23bba- 2 Winchester Hills (Well #1) Jn 3,840 722 P 740-940
24 (C-41-17) 7ada-2 St. George (Gunlock Well #6) Jn 3,598 246 S 123-573
25 (C-41-17) 7ddb-1 St. George (Gunlock Well #2) Jn 3,570 227 P 176-466
26 (C-41-17) 8acc-1 St. George (Gunlock Well #7) Jn 3,485 74 S 200-800
27 (C-41-17) 8bad-1 St. George (Gunlock Well #5) Jn 3,443 24 P 100-384
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and wells within the central Virgin River basin study area, Utah

rocks; Jn, Navajo Sandstone; Jk, Kayenta Formation; Qs, Quaternary sediments; Jmss, Springdale Sandstone Member of

temperature of the water sample; ¢, recharge temperature cal culated from dissolved gas concentrations; °C, degrees Celsius.

Utah; pmoleg/kg, picomoles per kilogram.

water at recharge temperature.

concentration.

Average Stan- CFC

Re- Number CFC dard concen- Stan- Esti- Stan-

charge Sam- of concen- devia- tration, dard mated dard

Site temper- pling rep- tration, tion air devia- re- devia-
no. Location ature date licates water (pmoles/ equivalent tion charge tion
(°c) (pmoles/kg) kg) (ppt) (ppt) year (vears)

Springs and surface-water sites

1 (C-40-13)35acd-S1 12.0 e 10-27-96 3 1.39 0.18 331 43.4 1982 3

12.0 e 06-04-97 4 1.43 .15 339 36.0 1982 2

2 (C-40-15)14bab-S1 6.0 e 10-23-96 3 2.42 .22 426 39.4 1987 2

3 (C-40-15)15chd-S1 6.0 e 10-23-96 3 1.70 .18 299 32.2 1980 2

4 (C-40-16)36cda-S1 8.0 e 10-26-96 2 .00 NA 0 NA pre-1950 NA

5 (C-41-13)11cad-S1 12.0 e 10-25-96 3 1.84 .45 436 107 1987 5

6 (C-41-17) 5acd 19.0 m 10-07-97 3 1.57 .08 354 26.3 1983 2

7 (C-41-17)5acd-S1 125 m 06-04-97 4 .310 .02 74.6 5.29 1967 1

8 (C-41-17) 5dcc 19.0 m 10-07-97 3 1.41 .26 393 22.7 1985 1

9 (C-41-17) 8abc 125 m 06-04-97 4 2.07 .04 497 8.75 1991 1

19.0 m 10-07-97 3 1.25 .04 389 11.2 1985 1

10 (C-41-17) 8bdc 19.0 m 10-07-97 3 1.19 .06 368 17.8 1984 1
11 (C-42-14) 1bcb-S1 12.0 e 10-26-96 3 1.42 .32 338 76.6 1982 4
12 (C-42-15)15bbd-S1 12.0 e 10-22-96 3 .34 .16 79.9 37.2 1966 4
13 (C-42-15)16ddd-S1 12.0 e 10-25-96 2 .93 .13 222 31.7 1976 2
14 (C-42-16)13dcb-S1 12.0 e 10-25-96 3 .04 .04 10.3 8.94 1953 5

Wells

15 (C-38-13)35aba- 1 6.1 ¢ 10-28-96 4 1.82 .22 321 39.2 1981 3
6.1 e 06-05-97 4 1.42 .23 250 41.2 1977 2

16 (C-40-13)22dcd-1 12.6 ¢  10-30-96 3 1.12 .22 273 54.1 1979 3
17 (C-40-13)31bcc-1 12.0 e 10-26-96 2 .23 .22 52.8 51.6 1962 8
18 (C-41-13)5dba-2 12.0 e 10-30-96 3 .67 .24 158 57.8 1972 3
19 (C-41-13)16bcd-1 12.0 e 10-26-96 3 72 .22 170.7 52.2 1973 3
20 (C-41-15)27dda-1 12.0 e 10-23-96 3 .07 .08 15.9 18.2 1953 7
21 (C-41-15)36aad-1 12.0 e 10-26-96 1 .09 NA 21.1 NA 1957 NA
22 (C-41-16)16bbd-1 11.0 e 10-24-96 2 .52 A1 119 247 1970 1
23 (C-41-16)23bba-2 10.0 e 10-24-96 3 0 NA 0 NA pre-1950 NA
24 (C-41-17) 7ada-2 10.0 e 02-24-97 3 .04 .00 8.99 0.520 1952 0
25 (C-41-17) 7ddb-1 10.0 e 02-24-97 3 42 .21 87.7 43.6 1967 5
26 (C-41-17) 8acc-1 10.0 e 02-24-97 3 A1 .07 24.2 14.9 1957 4
27 (C-41-17) 8bad-1 10.8 ¢ 02-28-97 3 1.14 .29 246 62.3 1977 3
10.8 e 06-05-97 4 1.11 .09 239 20.2 1977 1
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Table 4. Average chlorofluorocarbon-12 concentration and estimated recharge year for selected springs, surface-water sites,

Approximate Casing
Altitude depth to finish
Site of water below below
no. Location Owner (Well name) Formation land land land
surface surface surface
(feet) (feet) (feet)
Wells—Continued
28 (C-41-17) 8cda-2 St. George (Gunlock New Well #4) Jn 3,445 94 S 123-573
29 (C-41-17) 8dba-1 St. George (Gunlock Well #8) Jn 3,454 47 S 200-800
30 (C-41-17)17bdb-1 St. George (Gunlock Original Well #3) Jn 3,444 115 X 9-626
31 (C-41-17)29aba-1 BIA (Shivwits Flowing Well) Trcs 3,240 — P 100-700
32 (C-42-13) 7bba-3 Winding Rivers Jn 2,960 51 X 50-705
33 (C-42-13)30bdc-1 WCWCD (Sky Ranch Well) Jn 3,040 131 X 52-590
34 (C-42-14)12ddb-3 Winding Rivers Jn 2,920 60 S 140-503
35 (C-42-15) 6dcd-1 St. George (City Creek Well #2) Jn 3,308 279 P 260-660
36 (C-42-16)22cdd-1 St. George (Sunbrook Golf Course Well) Trcs 2,660 130 P 260-580

Wells and springs with apparent recharge agesin
the 1960s and 1970s probably receive a greater compo-
nent of younger recharge than those in the central part
of the aquifers. These apparent recharge ages indicate
younger, more localized recharge which may be enter-
ing the water table more rapidly through fracture zones
or along ephemeral stream channels. Two Winding Riv-
erswells ((C-42-13) 7bba-3 and (C-42-14)12dbb-3),
Leeds Domestic Well (C-40-13)31bcc-1, along with
Green Spring ((C-42-15)15bba-S1), have apparent ages
in the 1960s. Alan Howard's Well ((C-41-13)5dba-2),
St. George City Snow Canyon Well 2 ((C-41-16)16bbd-
1), the Sky Ranch Well ((C-42-13)30bdc-1), and Hun-
tington Spring ((C-42-15)16ddd-S1), al have apparent
ages in the early-to-mid-1970s (table 4).

The highest measured CFC concentrations from
the Navgjo and Kayenta aquifers are from Berry
Springs ((C-42-14)1bcb-S1), indicating an apparent
recharge age of early 1980s. Berry Springs emerge at
the contact of basalt with the underlying Kayenta For-
mation. Ground water moving through basalt aquifers
within the study areatypically hasrelatively high (36-
44 mg/L) silica concentrations. Berry Springs, how-
ever, had asilica concentration of 26 mg/L on February
24,1986 (Wilkowske and others, 1998, table 4), similar
to the lower silica concentrations found in the Navajo
and Kayenta aquifers. Thus the young apparent
recharge age, in combination with the lower silica con-
centration, may indicate a mixing of waters from both
the basalt and Kayenta aquifers.
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In summary, age-dating with CFCsindicate that
residence times for the main part of the Navajo and
Kayentaaquifers range from more than 50 yearsto less
than 20 years. These agesare likely dependent on both
thelateral length of theflow path from point of recharge
to point of discharge, aswell asvertical stratification of
the aquifer such that shallower ground water has been
recharged more recently from local infiltration than
deeper ground water. However, the relatively small
number of sampling sites (14), the vertical averaging
because of large perforated borehole intervals, and the
inability of CFC techniquesto age date water older than
the 1950s all indicate the need for a more comprehen-
sive age-dating study, in combination with particle-
tracking computer analysis, beforethisinformation can
be readily incorporated into the hydrologic conceptual -
ization of ground-water flow within the main part of the
Navajo and Kayenta aquifers.

Comparison of Apparent Ages Calculated
from Chlorofluorocarbon Concentration to Radio-
Isotope Age-Dating Methods

Tritium (3H) is a radioactive or unstable isotope
of hydrogen that decays with a half-life of about 12.3
years. Tritium occurs naturally in the atmosphere, but
the largest source has been atmospheric nuclear testing
between 1952 and 1969. The natural level for tritium
prior to atmospheric nuclear testing ranged from 2 to 8
tritium units (TU). Large scale testing during 1962-63
raised tritium levels to more than three orders of mag-
nitude larger than natural concentrations (Plummer and



and wells within the central Virgin River basin study area, Utah—Continued

Average Stan- CFC

Re- Number CFC dard concen- Stan- Esti- Stan-

charge Sam- of concen- devia- tration, dard mated dard

Site temper- pling rep- tration, tion air devia- re- devia-
no. Location ature date licates water (pmoles/ equivalent tion charge tion
(°C) (pmoles/kg) kg) (ppt) (ppt) year (vears)

Wells—Continued

28 (C-41-17) 8cda-2 104 ¢ 02-24-97 3 A2 .08 89.5 16.1 1968 1
104 e 06-05-97 4 1.15 12 242 25.0 1976 1

29 (C-41-17) 8dba-1 99 ¢ 10-24-96 3 0 NA 0 NA pre-1950 NA
99 e 06-06-97 4 2 .03 5.08 7.05 pre-1950 NA

30 (C-41-17)17bdb-1 9.7 ¢ 02-28-97 2 .35 31 73.0 64.2 1965 8
10.2 e 06-06-97 4 .56 21 118 44 1970 3

31 (C-41-17)29aba-1 10.0 e 10-23-96 3 0 NA 0 NA pre-1950 NA
32 (C-42-13) 7bba-3 12.0 e 10-24-96 3 A7 .03 39.2 6.30 1962 1
33 (C-42-13)30bdc-1  12.0 e 10-30-96 2 .56 .01 133.2 3.47 1971 0
34 (C-42-14)12ddb-3 12.0 e 10-25-96 3 37 A2 87.0 27.4 1967 3
35 (C-42-15) 6dcd-1 120 e 10-25-96 3 .10 .06 22.8 14.4 1957 4
36 (C-42-16)22cdd-1 12.0 e 10-24-96 4 .03 .03 6.06 7.07 1950 5

others, 1993, p. 258). In 1998, while still above pre-
nuclear testing values, atmospheric tritium concentra-
tions have decreased back down to arange of about 10
to 30 TUs as aresult of radioactive decay and the ces-
sation of most atmospheric testing (D.K. Solomon,
Univ. of Utah, oral commun., 1999).

Two wells were sampled for tritium analysis
(Wilkowske and others, 1998, table 5) to compare esti-
mated recharge ages with those determined by CFC
sampling. Tritium concentrations were less than the
detection limit at both the St. George City Gunlock
Well #8 ((C-41-17)8dba-1) and the Sky Ranch well
((C-42-13)30bdc-1) (Wilkowske and others, 1998,
table 5), indicating that water recharging these wells
entered the aguifers prior to 1953. Thisis consistent
with the pre-1950s apparent recharge age estimates at
the St. George Gunlock Well #8 (water table at 47 ft),
which are based on CFC sampling (table 4). Apparent
recharge ageisthe estimated year when water entersthe
water table. However, apparent recharge age estimated
on the basis of CFC sampling at Sky Ranch well #1
(water table at 131 ft), indicated that water recharging
thiswell entered the aquifer in the early 1970s. One
possibility for this discrepancy isthat CFC enrichment
may occur by exchange with unsaturated-zone pore air
above the water table. Vertical sampling done at other
study siteswith thick unsaturated zones has determined
the tritium peak to bein the unsaturated zone; samples
at the water table have had detectable CFC concentra-
tions.

Differences in apparent recharge ages between
the tritium and CFC samples may be explained by dif-
ferencesin theway the two are transported through the
unsaturated zone. Transport of tritium is primarily by
water, whereas CFCs diffuse between air and water and
can be transported to the water table by both phases
(D.K. Solomon, oral commun., 1998). Thus, asdis-
cussed in the “Methods and Limitations” section, the
presence of CFCsin ground water beneath thick unsat-
urated zones may falsely give a more recent apparent
recharge age where pore-gas transport of CFCsreaches
the water tables sooner than pore water transport of
CFCs. However, other wells with similar depths to
water (St. George City Sunbrook Golf Coursewell), or
shallower depths to water (St. George City Gunlock
well 8) had no detectable CFC-12, arguing against the
mechanism of pore-gas transport of CFCs (table 4).

Another possible reason for the discrepancy in
apparent recharge year at the Sky Ranch well isthat the
CFC sampling method had a higher level of accuracy
than the selected tritium analysis method, which had a
detection limit of 2.5 TUs. The apparent CFC recharge
year of 1971 could result from the mixing of a small
fraction of younger, shallow ground water with alarge
fraction of older, deep ground water. If one assumes a
two-member mixing model with young and old waters
such that 30 percent of the water isyoung (1984) water
with aCFC-12 concentration of 1.5 pmoles’kgand 15.0
TU initial tritium concentration. The 1997 tritium con-
centration after one half life (10.7 yr) of decay would be
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7.5 TUs. The other 70 percent is old (pre-1950) water
with a CFC concentration of O pmole/lkg and 0 TU’s.
Theresulting CFC-12 and tritium concentrationswould
be about 0.5 pmoleskg and 2.5 TUs, respectively. The
0.5 pmoles/kg CFC-12 concentration (the value mea-
sured at Sky Ranch Well #1) is within detection limits,
but the tritium concentration is right at the detection
limit. Similar to Sky Ranch Well #1, most of the wells
sampled for CFCs had large screened intervals. Thus, it
islikely that many of the 1960sthrough 1980s apparent
CFC recharge ages reflect a mixture of alarge fraction
of old (pre-1950s) water with asmall fraction of
younger water. The possibility of young, recent precip-
itation rapidly reaching the aquifer highlights the need
for adequate protection of the aquifer’s recharge zones.

Four wells and one spring also were sampled for
chlorine-36 (36Cl) as part of a broad regional study of
itsdistribution in ground water acrossthe United States
(S. Davis, written commun., 1997). L ow concentrations
of chlorine-36 are produced naturally inthe atmosphere
by cosmic radiation interacting with argon, but the larg-
est source has been testing of thermonuclear devices
from 1952 to 1958. These tests produced atmospheric
36C| concentrations that remain 100 times higher than
pre-bomb concentrations (Lehmann and others, 1993).
Three St. George wells finished in the Navajo Sand-
stone (Gunlock Well #6, Gunlock Well #8, and Mill
Creek Well #2) and the Bureau of Indian Affairs
Shivwits flowing well finished in the Shinarump con-
glomerate of the Chinle Formation ((C-41-17)29aba-1)
all had reported (36C1)/(%°Cl x10%°) ratios of less than
400, indicating apparent recharge ages of pre-1952 (S.
Davis, written commun, 1997). These ages generally
are consistent with ages determined from CFC sam-
pling (table 4). A higher (36CI1)/(®°Cl x10%°) ratio of
about 780 from water sampled at Toquerville Springs
((C-40-13)35acd-S1), which emanates from an outcrop
of Quaternary-Tertiary fractured basalt along Ash
Creek, indicates more recent recharge. Thisis consis-
tent with an early 1980s apparent recharge age deter-
mined from CFC-12 data (table 4). In summary, CFC
age dating from four of the five ground-water sites,
which were compared with other age-dating methods,
yielded similar ages. Although the apparent recharge
year determined by both the CFC method and the tri-
tium method were not the same for the fifth site (Sky
Ranch Well #1), this can be explained by the lack of
accuracy in the chosen tritium age-dating method.

Use of Other Geochemical Data to
Investigate Sources of Ground-Water
Recharge

The chemistry of water changesasit movesfrom
land surface, through the unsaturated zone, into and
through an aguifer, and finally back to land surface.
Water dissolves some minerals that it contacts and
retains certain isotopic species during its journey. Dis-
solved chemicals in the ground water also may react
with mineralsin the aquifer material, further altering
water chemistry. Knowledge of water chemistry at var-
ious points along a flow path can be avauable aid to
understanding the workings of an entire hydrologic sys-
tem.

Navajo and Kayenta Aquifers

Dissolved-solids concentration of ground-water
samples from wells and springsin the Navajo and Kay-
enta aquifers ranged from 110 to 1,310 mg/L
(Wilkowske and others, 1998) at 73 sample sites.
Ground water from most of the Navgjo and Kayenta
aquiferswaslow in dissolved minerals, with an average
dissolved-solids concentration of about 300 mg/L in
water from 54 well and spring samples. However, there
were two distinct areas with dissolved-solids concen-
trations greater than 500 mg/L: alarge areanorth of St.
George and asmaller areaafew miles west of Hurri-
cane (fig. 9). Nineteen wells and springs from these
areas had an average dissolved-solids concentration of
about 1,020 mg/l.

Cordova (1978, p. 38) stated that the “Navajo
Sandstone is mineralogically arelatively pure litho-
logic unit composed mostly of silicaand other low-sol-
ubility substances. The water that flows through such a
lithol ogi c medium woul d expectably dissolverelatively
small amounts of minerals even if the water wasin con-
tact withthemfor alongtime.” TheKayentaFormation
isfiner grained and contains more clays and feldspar
than the Navajo Sandstone, but also generally consists
of mineralsthat do not dissolve easily. Therefore, there
islikely an external source for the higher salinity water
moving into the Navajo and Kayentaaquifersat thetwo
higher salinity zones, either from overlying or underly-
ing formations.

Both overlying Upper Jurassic and Cretaceous
and underlying Lower Jurassic, Triassic, and Permian
formations contain alternating layers of conglomerate,
sandstone, siltstone, shale, limestone, and evaporite
beds that contain gypsum, mirabilite, and other easily
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dissolved minerals (Cook, 1957). Therefore, no conclu-
sive determination about the source of higher salinity
water can be made on the basis of lithol ogy of overlying
versus underlying formations. Thus, further geochemi-
cal investigation was necessary to determine the proba-
ble source.

One relation that can be seen in figure 9 is that
two zones of warmer water (20.0 to 35.5°C) partially
overlap the higher salinity zones. Thisindicatesthat the
source of higher salinity water entering the Navajo
aquifer isthe underlying formations, possibly from the
hydrothermally induced upward vertical flow along
fractures. The zone north of St. George corresponds
with alow-temperature geothermal areaidentified by
the Utah Geological Survey (UGS) asthe “ central St.
George Basin”; thezonewest of Hurricane corresponds
to the“ southeast St. George Basin” (Budding and Som-
mer, 1986, fig. 3). Thelarger areanorth of St. Georgeis
considered by the UGS to have geothermal develop-
ment potential. Budding and Sumner (1986) stated that
the location of severa low-temperature geothermal
areas in the St. George basin probably are related to
three major fault zones: the Hurricane, Gunlock, and
Washington Faults. The UGS report indicates that fault
zones provide conduits for the upward movement of
geothermal waters. The low-temperature geothermal
areanorth of St. Georgeislocated asmuch as 3 mi west
of the Washington Fault; the area west of Hurricane
City islocated up to 5 mi west of the Hurricane Fault
(Budding & Sommer, 1986, p. 15-16, fig. 3). Budding
and Sumner (1986) suggested that lateral movement of
ground water away from the faults may be responsible
for the higher temperature zones; however, an alterna-
tive is that the zones correspond to increased vertical
permeability associated with fracturing adjacent to the
faults.

General Chemistry

The samples with low dissolved-solids concen-
tration (less than 500 mg/L) and high dissolved-solids
concentration (greater than 500 mg/L) from the Navajo
aguifer have distinctive geochemical signatures when
displayed on atrilinear diagram (fig. 10). The low dis-
solved-solids waters generally are a calcium-carbonate
type; the higher dissolved-solids ground waters gener-
aly are a calcium-sodium-sulfate type.

The relation of samples with higher dissolved-
solids concentration from the Navajo and Kayentaagui-
fersto the chemical composition of water samplesfrom
overlying and underlying formationsis showninfigure

11. The samples with higher dissolved-solids concen-
tration are geochemically more similar to water from
the underlying formationsthanthey areto the overlying
formations.

Oxygen and Hydrogen Isotopes

The stable isotopes of oxygen (180 and 60) and
hydrogen (%H, or deuterium, and H) in water providea
useful geochemical tool to determine sources of
recharge to an aquifer. Theratios of these isotopes vary
in precipitation primarily from changes in topography,
air temperature, and distance from water bodies
(Mazor, 1991). Because these stable isotopes generally
are conservative in ground-water systems, water
recharging the agquifer has an isotopic signature that
indicates the relative atitude at which it fell as precipi-
tation. The oxygen isotopic ratio (130/160) and the
hydrogen isotopic ratio (H/ H) in awater sample are
reported in delta (d) units per mil (parts per thousand)
deviation from areference standard called Standard
Mean Ocean Water (SMOW) (Craig, 1961). Thesedelta
values are determined from the following equation:

OR = [(Rsample_ I:zstandard)} x 1, 000 1
F\)standard

where
3R = &°H or 5180 in the water sample,
Rsample= ratio of 180710 or 2H/*H in the water
sample, and
Rytandarg =ratio of *80/1%0 or 2H/*H in the refer-
ence standard.

Waters that have not undergone evaporation gen-
erally plot along a meteoric water line (fig. 12) where
the heavier isotopes of oxygen and hydrogen condense
first and fall as precipitation at lower altitudes. Subse-
guent precipitation at higher altitudesis depleted in the
heavier isotopic species. The isotopic composition of
17 ground-water samples from the main part of the
Navajo and Kayentaaguifers (between the Gunlock and
Hurricane Faults) was compared with the North Amer-
ican (Craig, 1961) and arid-zone (Welch and Preisder,
1986) meteoric water lines (fig. 12). All of the Navgjo
and Kayenta aquifer water samples plot between the
two meteoric water lines, indicating that little or no
evaporation occurs before infiltration and recharge.
Although no precipitation samples were collected dur-
ing this study, two composite snow samples from the
Abajo Mountains about 200 mi to the east of the study
areain Utah and an average of eight snow samplesfrom
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CALCIUM

EXPLANATION

Q O Sample with dissolved-solids concentration
—7( lessthan 500 milligrams per liter

Q
. Sample with dissolved-solids concentration
Z A, * greater than 500 milligrams per liter

CHLORIDE

PERCENT OF TOTAL MILLIEQUIVALENTS PER LITER

Figure 10. Chemical composition of 73 water samples collected from the Navajo and Kayenta aqui-
fers within the central Virgin River basin study area, Utah.

the Spring Mountains near LasVegas, Nevada, are plot-
ted to show nearby isotopic signatures of high-altitude
precipitation.

Thedataplotted in figure 12 indicate that ground-
water samples from the main part of the Navajo and
Kayenta aquifers with heavier isotopic signatures (less
negative values) also had dissolved-solids concentra-
tions less than 500 mg/L. In contrast, samples with
lighter isotopic signatures generally have elevated dis-
solved-solids concentrations. One possible explanation
for thisisthat recharge along the outcrop from local
lower-elevation precipitation (either diffuse or along
stream channels) is only in contact with the Navgjo
Sandstone (fairly clean quartz sand). Conversely,

26

streams originating higher in the PineValley Mountains
from higher-elevation precipitation must first cross the
highly soluble evaporite deposits of the Carmel and
other overlying formations. During low-flow condi-
tions, the dissolved-solids concentrations of this sur-
face water may be elevated by dissolution of these
minerals, as was found at site (C-41-15)12baa along
Bitter Creek (Wilkowske and others, 1994, table 4) just
upstream of the Navajo Sandstone outcrop. Thus,
recharge from streams carrying thisisotopically light
precipitation could also have an elevated dissolved-
solids concentration.

Another possible explanation for the relation
between lighter isotopic species and higher dissolved-



CALCIUM

EXPLANATION

+ Samplefrom the Navajo and/or Kayenta
aquiferswith dissolved-solids
concentration greater than 500 milligrams
per liter

For mations overlying the Navajo and
Kayenta aquifers

O Samples from Quarternary sediment and
Quarternary-Tertiary alluvia formations

+ Samples from Quarternary-Tertiary basalt
A Samples from Tertiary Pine Valley Monzonite

[ Samples from Cretaceous sedimentary
formations

Formations underlying the Navajo and
Kayenta aquifers
O Samples from Jurassic Moenave Formation
O Samples from Triassic Chinle Formation
O Samples from Triassic Moenkopi Formation
X Samples from Permian Kaibab Formation

CHLORIDE
PERCENT OF TOTAL MILLIEQUIVALENTS PER LITER

Figure 11. Relation of Navajo and Kayenta aquifer samples with high dissolved-solids concentration to the chemical
composition of samples collected from overlying and underlying formations within the central Virgin River basin

study area, Utah.
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and Kayenta aquifers within the central Virgin River basin study area, Utah.
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solids concentrations is mixing of recharge from pre-
cipitation from the higher-elevation Pine Valley Moun-
tains with higher dissolved-solids hydrothermal water
migrating upward along fractures into the Navajo and
Kayenta aquifers (discussed in more detail in the
“Recharge from overlying and underlying formations’
section). This hypothesis requires that recharge from
streams carrying isotopically light precipitation gener-
aly occurs higher along the outcrop, creating deeper
and longer flow paths that would mix more with
upwardly migrating hydrothermal water deeper in the
aquifer than the shallow and shorter flow paths associ-
ated with precipitation that fallslocally on the outcrop.
One advantage of this explanationisthat it also
explains the elevated temperatures (greater than 20°C)
related to the higher dissolved-solids concentrations.
Further investigation, including the determination of
ground-water recharge temperatures from dissolved
noble gases to augment the stable-isotope and general-
chemistry data of sampling sites shown in figure 12, is
necessary to more conclusively determine ground-
water flow paths within the Navajo and Kayenta aqui-
fers.

Possible Sources of Ash Creek and
Toquerville Springs

The hydrology of the Ash Creek drainage below
Ash Creek Reservoir is of particular interest to local
water management agencies in Washington County,
especially with respect to possible sources for Toquer-
ville and Ash Creek Springs. These springs, with a
combined flow of about 28 ft3/s (Wilkowske and others,
1998, table 3), are likely the principal source of dis-
charge from the lower Ash Creek drainage ground-
water system. Wells along the Ash Creek drainage
below the reservoir also discharge small amounts of
water from the aquifer. Ground water also may migrate
from the lower Ash Creek drainage ground-water sys-
tem into the Navajo aquifer whereiit is buried between
Pintura and Toquerville.

Ash Creek is ephemeral just upstream of the res-
ervoir, which is often empty. However, when the reser-
voir isfull, water rapidly flows out through fracturesin
the basalt outcrop near the dam abutment. Although the
amount and fate of this water is unknown, it islikely
only asmall component of overall rechargeto thelower
Ash Creek drainage ground-water system. Several
other potential sources recharge the ground-water sys-
tem. One possible source is seepage of surface water
from Kanarra, Spring, Camp, and Taylor Creeks(pl. 1).

These creeks generally dry up asthey flow west across
the Hurricane Fault, indicating rechargeto the alluvia
deposits north of Ash Creek Reservoir. A part of this
ground water likely migrates southward through boul -
der conglomerate and fractured basalt along the Ash
Creek drainage (Hurlow, 1998). The Pine Valley
monzonite aquifer, part of the undifferentiated Tertiary
igneous and sedimentary rocks (labeled “Tsi” on fig.
13), also may provide asource of rechargewhereit con-
tacts the fractured basalt between Ash Creek Reservoir
and Pintura. Similarly, the Navajo Sandstone (labeled
“Jn” onfig. 13) may provide recharge where it contacts
with the basalt between Anderson Junction and Ash
Creek Springs. Finally, seepage studies along South
Ash Creek indicate that water seeps from the stream
into coarse boulder conglomerate (labeled “ Qs’ on fig.
13) that overlies the fractured basalt of the Ash Creek
drainage (Dale Wilberg, U.S. Geological Survey, oral
commun., 1998) and islikely an additional source of
rechargeto thelower Ash Creek drainage ground-water
system.

Water-chemistry datafrom Toquerville and Ash
Creek Springs, along with nine other ground- and sur-
face-water sampling sites along the Ash Creek drain-
age, were compiled and analyzed to investigate
possible sources to the springs. The chemical composi-
tion of water from these sitesis shown infigure 14. Dis-
solved-solids concentrations ranged from 56 to 1,028
mg/L. The most obvious geochemical trend isan
increasein the percent sulfate and adecrease in the per-
cent bicarbonate with increased dissolved solids. Water
samplesfrom Toquerville and Ash Creek Springsare at
the median of the range of dissolved-solids concentra-
tion and have about equal fractions of sulfate and bicar-
bonate. The geochemical signatures of surface-water
samples from upper Ash Creek and LaVerkin Creek
generally show higher sulfate and lower bicarbonate
percentages than Toquerville and Ash Creek Springs
(fig. 14). Water samplesfrom New Harmony LDSWell
B, Sawyer Spring, the WCWCD well, and South Ash
Creek, al have very low sulfate and dissolved-solids
concentrations. Therefore, water lost from Ash Creek
Reservoir may be mixing with other lower sulfate
ground water from the Pine Valley Monzonite aquifer,
the Navajo aquifer, or upper Ash Creek drainage before
being discharged at Toquervilleand Ash Creek Springs.
Several other sources for the springs are possible, how-
ever, which also would be consistent with the scarce
available geochemical data. Therefore, more water-
guality data from wells, springs, and streams are
needed to better determine recharge to the ground-

29



30

113°23" : 113°14'
( s

7
New Harmony ‘ QTaf
DS well B § )\

EXPLANATION

Quaternary

37°274+— .
Quaternary sediments

Quaternary/Tertiary

Sawyer Spring g Qb Quaternary and Tertiary basalt

QTaf Quaternary and Tertiary
aluvial deposits

Tertiary

Ts Undifferentiated Tertiary igneous
and sedimentary rocks

Cretaceous

I
%)

Undifferentiated Cretaceous
sedimentary rocks

Jurassic
Carmel Formation
Navajo Sandstone
Kayenta Formation

Moenave Formation

3

Triassic
Petrified Forest Member of the
Chinle Formation

T

&

T Shinarump Member of the

Chinle Formation

Trm Moenkopi Formation
Permian
| n | Undifferenticted Permian units
Pintura
town well
\" @ |\
‘ AndersoiyJunction well Sawyer
QTb g Spring
Spring

)

A Surfacewater site

- x

h Ashy reek Spring

"

37712 el [[1fLq Verkin Virgin River
I
Base from U.S. Geological Survey, 1:100,000, Digital Line Graph data, 1980, 1982 Geology based on Hurlow, H.A., 1998
Universal Transverse Mercator projection, Zone 12
0 2 4 MILES
L | J
I T T
0 2 4 KILOMETERS

Figure 13. Location of general-chemistry sampling sites along the Ash Creek drainage, Utah.



CALCIUM

100

EXPLANATION

@ Pintura Town well
Anderson Ranch well
Toquerville Spring
Ash Creek Spring
Newell Matheson well
New Harmony L.D.S. well B
Sawyer Spring
WCWCD well
LaVerkin Creek
Upper Ash Creek
South Ash Creek

480 Number with symbol is
dissolved-solids concen-
tration, in milligrams per
liter

*>XOxomO» +

CHLORIDE

Figure 14. Chemical composition of ground water and surface water along the Ash Creek drainage, Utah.

water system. Additionally, the recharge could be better
defined by measuring seepage losses (1) along creeks
entering the lower Ash Creek drainage, (2) from Ash
Creek Reservoir, and (3) along Ash Creek between
Toquerville Springs and the confluence with the Virgin
River. Such information would be hel pful in more accu-
rately identifying possible sources of water for Toquer-
ville and Ash Creek Springs.

GROUND-WATER HYDROLOGY

Upper Ash Creek Drainage Basin Ground-
Water Flow System

The 134-mi? drainage basin for Ash Creek Res-
ervoir includes several geographic features that affect
the ground-water system in distinctive ways. The basin
floor iswheremost of theirrigation, evapotranspiration,
ground-water discharge, and stream-aquifer interaction

31



occur. The Hurricane Fault is a hydrologic boundary
along the eastern edge of the basin floor and likely pre-
cludes subsurface flow into the system from the Mark-
agunt Plateau. The high plateau east of the Hurricane
Fault is where precipitation is greatest, but recharge to
the principal aluvia aguifersis only through ephem-
eral streams that flow across the Hurricane Fault.
Because of the large amount of precipitation along the
north slope of the Pine Valley Mountains, recharge
frominfiltration of precipitation to the upper Ash Creek
drainage basin ground-water system is assumed to be
substantial. Along the low hills to the west and north,
precipitation and recharge from infiltration of precipita-
tion are assumed to be moderate. Lastly, the fractured
basalt flows at the south end of the basin likely act asa

drain for subsurface outflow from the ground-water
system. A generalized conceptualization of how water
recharges to and discharges from the upper Ash Creek
drainage basin ground-water system is shown in
figure 15.

Aquifer System Geometry and Hydrologic
Boundaries

The upper Ash Creek drainage basin includes
numerous igneous and sedimentary rocks, and uncon-
solidated depositsthat contain ground water (pl. 1). The
aquifer system of the upper Ash Creek drainage basin
consists of three aquifers, all on the west side of the
Hurricane Fault. The uppermost Quaternary basin-fill
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aquifer hasthe smallest areal extent. It is confined
between the Hurricane Fault and the beginning edge of
theHarmony and PineValley Mountains(fig. 16). From
west to east it isabout 2 to 3 mi wide near Kanarraville
where the edge of the Harmony Mountains are closest
to the Hurricane Fault, and about 6 mi wide at the lati-
tude of the town of New Harmony. The Tertiary allu-
vial-fan aquifer, which is thought to underlie the basin-
fill aquifer inthevicinity of Kanarraville, extends about
5 mi west from the Hurricane Fault whereit ends at the
lower slopes of the Harmony Mountains. The alluvial-
fan aquifer is about 6.5 mi wide at the latitude of the
town of New Harmony. The Tertiary Pine Valley
monzonite aquifer and other consolidated rock aquifers
of the Harmony Mountains extend throughout the rest
of the drainage basin and underlie the alluvial-fan agui-
fer at the southwest end of the Ash Creek valley. The
existence of thisaquifer at depth under the alluvial-fan
deposits in the middle and northern parts of the valley
has not been confirmed.

The basin-fill aquifer isthickest (1,500 ft) (Hur-
low, 1998) near the Hurricane Fault, about 200 to 500 ft
thick east of New Harmony, and less than 100 ft thick
under most of the Ash Creek stream channel. The aqui-
fer thinsto lessthan 200 ft on the west asit mergeswith
the aluvial-fan aguifer near the base of the Harmony
Mountains. The alluvial-fan aquifer is thought to be
about 1,200 to 1,400 ft thick throughout the upper Ash
Creek drainage basin (Hurlow, 1998, pl. 2). The thick-
ness of the Pine Valley monzonite aquifer is unknown,
but it is thought to be in excess of 2,000 ft.

The hydrologic boundaries of the system are
thought to correlate closely with structural and water-
shed boundaries. The eastern boundary is presumed to

West

FEET
6,000 — Harmony Mountains

be the Hurricane Fault, which, because of the large off-
set and associated fine-grained fault gouge (Hurlow,
1998), would likely be a barrier to ground-water flow
from the east. The northern boundary isaground-water
divide north of Kanarraville, as defined in Thomas and
Taylor (1946). Water-level measurements from 1995
indicate that the location of this divide has apparently
moved about 2 mi farther south than the reported loca-
tion in 1946, probably because of increased well dis-
charge in Cedar Valley to the north. The northern,
western, and southern lateral boundaries of the basin-
fill and aluvial-fan agquifers are defined by their areal
extent. The boundaries for the Pine Valley monzonite
aquifer are defined by the watershed boundary (surface-
water divide) of Ash Creek basin. The southern dis-
charge boundary of all three aquifersis presumed to be
the fractured basalt flows near Ash Creek Reservair in
the narrow part of the Ash Creek Valley. Ground water
can move through fractures in this basalt or through
interbedded and underlying coarse-grained, unconsoli-
dated deposits reported by Hurlow (1998). All three
aquifersareassumed to be present in thisarea, although
the existence of the alluvial-fan and PineValley monzo-
nite aquifersis not a certainty because no wells have
been drilled to that depth. The depth of the lower
boundary for the system, the contact between the frac-
tured igneous rocks and underlying formations, is not
known. It is assumed that no ground water moves
across this contact. The upper boundary of the system
is the transition between the saturated and unsaturated
material regardless of which aquifer is uppermost, and
is the main avenue for recharge to and discharge from
al aguifers.
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Table 5. Transmissivity of three aquifers in the upper Ash Creek drainage basin, Utah

Transmissivit Hydraulic Average Minimum Maximum
range from a ui)f/er conductivity from specific specific specific Number of
Aquifer 9 testin q (Cordova, capacity capacity capacity specific-
q feet 9 d Sandberg, and capacity values
(fee S/Czjuare McConkie, 1972) (gallons per minute per foot of available
per /day) (feet per day) drawdown)
Basin fill 12,540 -16,000 35 to 200 9.7 0.1 47 16
Alluvial fan — — 15 05 25 9
Pine Valley monzonite — — 12.2 5 73 11

lRange based on four aquifer tests.

Aquifer Properties

The three aquifers defined for the upper Ash
Creek drainage basin have variable transmissivity and
storage capacity. On the basis of specific-capacity val-
uesfromwells, aquifer testing, and previoudly reported
transmissivity values, the Pine Valley monzonite aqui-
fer isthe most transmissive and the alluvial-fan aquifer
istheleast transmissive (table 5). The basin-fill aquifer
is moderately permeable around Kanarraville, but
poorly permeable near the Hurricane Fault directly east
of New Harmony. Cordova, Sandberg, and McKonkie
(1972) reported that the hydraulic conductivity of the
basin fill near Kanarraville was about six times higher
than it was 5 mi farther south. The reasons for this dif-
ference are unknown but are probably related to depo-
sitional history. Specific capacity of the alluvial-fan
aquifer indicatesthat it may be a poor aquifer. Specific-
capacity values are about 10 times smaller than values
for the other two aquifers. The Pine Valley monzonite
aquifer is transmissive where wells penetrate fractures
intherock. Analysis of water-level data after 6 days of
constant-rate pumping from an irrigation well and an
observation well south of Ash Creek indicates that hor-
izontal anisotropy is substantial and that the aquifer
properties cannot be analyzed by using flow equations
for porous media. The observation well and pumped
well were about 500 ft apart and apparently open to the
same fracture, which was highly conductive. Draw-
down in the pumped well pumping at 1,100 gal/min
was only 15 ft after 6 days of pumping. The specific
capacity of thewell was 73 gal/min/ft of drawdown, the
highest measured valuefor the basin. However, without
additional observation wells located off of the fracture
zone connecting the two wells, the long-term produc-
tion capability of the aquifer cannot be determined with
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confidence (Victor Heilweil, U.S. Geologica Survey,
1998, written commun., Aquifer test at well C-38-13-
35aba,).

The presence of aproposed fault (Hurlow, 1998)
that runs approximately north-to-south beneath New
Harmony and then southwest into the Pine Valley
Mountains (pl. 1) may have some effect on the hydrau-
lic conductivity of the Pine Valley monzonite aquifer.
Differencesin water level s between wellsdrilled on the
west and east sides of thisfault zone indicate arela
tively steep hydraulic gradient (about 0.035), whereas
hydraulic gradients to the east are less stegp (0.014 to
0.019). Thisindicates that the fault zone may have a
lower transmissivity (and hydraulic conductivity) per-
pendicular to the fault direction than thereis in areas
that are not faulted. Hugh Hurlow (Utah Geological
Survey, oral commun., 1998) has also observed north-
east-southwest fractures at outcrops of the Pine Valley
monzonite. This could cause anisotropic conditionsin
this part of the Pine Valley monzonite aquifer.

The storage capacity of aquifersisoften assumed
to be the percentage of interconnected pore spacein the
aquifer, or effective porosity. Thisistrue in theory but
not in practice. All water in pore spaces cannot be
removed because of the molecular attraction of water to
the aquifer materials. The actual storage capacity is
better measured through hydraulic testing which allows
for the estimation of the aquifer’'s storage properties;
storage coefficient for confined aguifers and specific
yield for unconfined aquifers. Both confined and
unconfined conditions likely occur in various places
throughout the study area in the aquifers described.
Confined conditions result when fine-grained layers
overlie and confine coarse-grained layersthat are more
transmissive. Thisconfinement allows hydraulic heads



to increase to greater than atmospheric pressure, and
water removed comes from arelease in that pressure
and subsequent compaction of the aquifer skeleton and
expansion of water. Water rel eased from an unconfined
aguifer isfrom dewatering the pore spacein the aquifer
(Freezeand Cherry, 1979). Onthebasisof aquifer tests
and observation of sediments penetrated in drill holes,
Cordova, Sandberg, and McConkie (1972) estimated
the storage coefficient of the basin-fill aquifer to range
from 0.0001 to 0.0004, and specific yield to be about
0.30. Storage properties of the alluvial-fan and Pine
Valley monzonite aquifers are not available from agui-
fer testing. Although the transmissivity and hydraulic
conductivity in the alluvial-fan aquifer are probably an
order-of-magnitude lower than those of the basin-fill
aquifer, it cannot be assumed that the storage coeffi-
cientinthat aguifer issimilarly low. However, specific
yield would likely be somewhat less than that of the
basin-fill aquifer because of the greater degree of
cementation, tighter packing of grains, and poorer sort-
ing of grain sizes, which would tend to decrease effec-
tive porosity, increase specific retention of ground
water, and decrease specific yield. The storage capacity
of afractured crystalline rock such asthe Pine Valley
monzonite will be substantially smaller than either of
the aquifers composed of unconsolidated deposits. Pri-
mary porosity, the principal factor that determines the
amount of ground water stored, istypically only afrac-
tion of 1 percent in crystalline rocks and rarely exceeds
2 percent (Freeze and Cherry, 1979). Secondary poros-
ity from fracture openings, athough responsible for
large ground-water velocities, is not large enough to
create substantial storage capacity. Bulk fracture poros-
ity generally accounts for only afew percent of effec-
tive porosity in consolidated rocks, and even thenis
usually only present in the first 300 ft below land sur-
face.

Recharge

The Upper Ash Creek drainage basin ground-
water systemisrecharged by rain and melting snow that
infiltrates until reaching the uppermost saturated zone.
This process includes seepage |osses from perennial
streams, by periodic seepage |osses from ephemeral
streams, and possibly by infiltration of unconsumed
irrigation water. The amount of recharge by these
mechanismsis estimated to range from 6,100 to 18,800
acre-ft/yr.

Precipitation

Precipitation isthe principal means by which the
ground-water system of the upper Ash Creek drainage
basin isrecharged; however, it is believed that only pre-
cipitation falling west of the Hurricane Fault recharges
the system through direct infiltration. Several things
typically happen to precipitation asit falls or after it
falls. It can evaporateasitisfalling, after it reachesland
surface, or after it enters the subsurface. It can be inter-
cepted by plants above ground or used by plant roots
below land surface. It can run off into drainage channels
and eventualy flow into stream channels. It can infil-
trateinto the unsaturated zone below the plant root zone
and remain there until subsequent infiltration pushesit
deeper into the uppermost saturated zone. Estimated
total annual precipitation for the Ash Creek drainage
basin isabout 153,000 acre-ft (table 6). About 109,000
acre-ft falls on the west side of the Hurricane Fault and
theremainder falls onthe Markagunt Plateau east of the
fault. Only asmall amount of the total precipitation typ-
ically recharges a ground-water system through direct
infiltration.

Average annual recharge from precipitation was
estimated using precipitation-recharge relations devel -
oped in previous studies. On the basis of budget calcu-
lations and changein storage, Bjorklund, Sumsion, and
Sandberg (1978) estimated that about 8.5 percent of
total precipitation recharges the ground-water systems
in Cedar and Parowan Valleys, north of the upper Ash
Creek drainage basin. If this percentage is assumed,
total average annual recharge to the Ash Creek aquifer
system is estimated to be 9,200 acre-ft (table 6). Harrill
and Prudic (1998) and Anderson (1995) devel oped pre-
cipitation-recharge relations for alluvial basins of
Nevada and Arizona. These relations were devel oped
by correlating known or estimated recharge with the
amount of precipitation in excess of 8in. falingon a
basin. The recharge estimates were obtained from sev-
eral sources including ground-water flow modeling,
water-budget analyses, chloride-balance (Dettinger,
1989), and the Maxey-Eakin method (Maxey and
Eakin, 1949). Precipitation in excess of 8 in. for the
upper Ash Creek drainage basin west of the Hurricane
Fault is about 66,000 acre-ft/yr. Recharge from infiltra-
tion of precipitation west of the Hurricane Fault using
Harrill and Prudic’s relation was 3,600 acre-ft/yr.
Recharge using Anderson’s relation was 2,600 acre-
ft/yr. The percentage of recharge derived from precipi-
tation is aredlly variable and depends on a host of cli-
matic factors such as the amount and duration of
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Table 6. Precipitation and recharge in subbasins of the upper Ash Creek drainage basin, Utah

Recharge
using 8.5
Range of VO'U_"?e O.f Recharge Recharge percent of
normal Annual precipitatio using using t_ot_al .
Area of n greater Harrill and  precipitation Area
Name of subbasin annual basin volume of than 8 Anderson Prudic Bjorklund (square
precipitation precipitation . (1995) Jor ’ a
1961-90 (acres) (acre-feet) inches (acre-feet (1998) Sumsion, and miles)
(feet) (acre-feet per year) (acre-feet Sandberg
per year) per year) (1978)
(acre-feet per
year)
Subbasins west of the Hurricane Fault
Upper Ash Creek Valley floor 1.46-1.96 22,000 33,240 18,580 600 900 2,800 34.3
Harmony Mountains 1.46-1.88 16,710 27,850 16,720 500 800 2,400 26.1
Pine Valley Mountains 1.46-2.46 25,140 47,440 30,680 1,000 1,600 4,000 39.3
Subtotal 1.46-2.46 63,850 108,530 65,980 2,100 3,300 9,200 99.7
Subbasins east of the Hurricane Fault
Kanarra Creek 1.71-2.54 6,410 14,040 9,760 10
Spring Creek 1.71-2.46 3,620 7,640 5,230 MO FEEEIEE D V3T sl Cess 5.7
drainage basin by direct infiltration
Camp Creek 1.71-2.38 2,900 6,030 4,100 east of fault 4.5
Taylor Creek 1.63-2.29 4,400 8,600 5,670 6.9
Other 1.54-2.04 4,620 7,840 4,760 7.2
Subtotal 1.54-2.54 21,950 44,150 29,520 34.3
Total 1.46-2.54 85,800 152,680 95,500 134

precipitation, topographic setting, altitude, tempera-
ture, aspect, vegetation, latitude, and others. For exam-
ple, asmaller percentage of the total precipitation near
Ash Creek Reservoir (about 17 in. annually) probably
recharges the basin-fill aquifer than in the Pine Valley
Mountains, where total precipitation is about 29 in.
annually. The variability between methods is attribut-
able mostly to climatic factors, particularly tempera-
ture. Lower altitudes typically have higher
temperatures, which resultsin more of the precipitation
being evaporated and transpired than would occur at a
higher altitude.

The estimated precipitation on the upper Ash
Creek valley floor isabout 33,000 acre-ft/yr. Infiltration
of precipitation likely is smallest here because lower
atitudes and higher temperatures increase soil-zone
evaporation and transpiration. In addition, infiltration
of precipitation likely has been decreased in specific
valley | ocations because of human devel opment such as
roads, houses, and croplands. The minimum amount of
estimated infiltration, determined from precipitation-
recharge relation developed by Harrill and Prudic
(1998) and Anderson (1995), is about 600 acre-ft/yr.
The maximum amount of estimated infiltration, deter-

36

mined by the Cedar-Parowan basin study (Bjorklund,
Sumsion, and Sandberg, 1978) isabout 2,800 acre-ft/yr.

The PineValley and Harmony Mountainsreceive
about 75,000 acre-ft of precipitation annually, much of
it as snow during the colder months when temperatures
and evaporation rates are low. The mountains typically
have a thinner soil cover than the valley floor, which
allows more rapid infiltration. However, stegper slopes
promote more rapid runoff than the flat areasin the val-
ley; thus, slowly melting snow provide the optimum
recharge source. The minimum amount of estimated
infiltration, determined from precipitation-recharge
relation devel oped by Anderson (1995), is about 1,500
acre-ft/yr. The maximum amount of estimated infiltra-
tion, determined from the Cedar-Parowan basin study,
is about 6,400 acre-ft/yr.

Streams

Discharge measurements along perennial and
ephemeral streams indicate that the upper Ash Creek
drainage basin ground-water system is partially
recharged by stream seepage. Discharge in Ash Creek
was measured at eight sitesfrom just south of the town



of New Harmony to the abandoned Highway 91 bridge
near Ash Creek Reservoir (fig. 17) as part of a seepage
study done in October 1995 (Wilkowske and others,
1998, table 6). The study indicates that seepage to the
aguifers may occur in the central and lower reaches of
the stream. Streamsdraining the Markagunt Plateau are
ephemeral before they cross the Hurricane Fault but
lose all of their flow after crossing the fault. During
spring runoff they may flow throughout their entire
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length. One-time measurements on four of these
streams in 1995 indicated a combined discharge of
about 4 ft3/s (2,900 acre-ft/yr). Analysis of base flow
for these streams indicates that recharge could be
occurring during the winter when vegetation isdormant
and during spring runoff. Other ephemeral streamsflow
for brief periods when snow is melting or intense rain-
fall occurs. The amount of recharge resulting from
these flows is not known.
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Perennial Streams

Ash Creek is fed from tributaries flowing out of
the PineValley and Harmony Mountains. Itisperennial
in certain reaches and ephemeral in others. Average dis-
charge for nine years of streamflow record from a
streamflow-gaging station near the present site of Ash
Creek Reservoir (1939-47) is 10.6 ft3/s (7,700 acre-
ft/yr). Monthly mean discharge averaged for the period
of record ranges from 1.1 ft3/s (800 acre-ft/yr) in July
to 28.8 ft3/s (20,900 acre-ft/yr) in April. Base flow, the
flow attributed only to ground-water inflow, was esti-
mated from monthly mean flowsfor December and Jan-
uary and probably rangesfrom 1to 4 ft3/s (72510 2,900
acre-ft/yr). Cordova, Sandberg, and McConkie (1972)
estimated about 3 ft3/s (2,200 acre-ft/yr) of seepageto
Ash Creek in 1970. On the basis of aseepageinvestiga-
tion in October 1995 (fig. 17), some reaches of the
stream lose water to the agquifers (table 7). A half-mile

long stream reach starting about 2 mi downstream from
New Harmony lost about 0.6 ft3/s (440 acre-ft/yr) to the
unconsolidated aquifers. The reach from the Sawyer
Creek confluence to about 1 mi upstream of the Ash
Creek Reservoir spillway lost about 0.7 ft3/s (500 acre-
ft/yr) to the same aquifers. A seepage study in October
1995 (Wilkowske and others, 1998) along the perennial
section of Kanarra Creek near the inflow to Ash Creek
indicatesthat the last /3 mi of Kanarra Creek upstream
from its confluence with Ash Creek lost about 0.08 ft3/s
(60 acre-ft/yr) to the aquifers. Because only one series
of seepage investigations has been conducted, it is not
known if losses measured in October 1995 were sus-
tained throughout the year, or even if these losses are
sustained from year to year. On the basis of the yearly
variability in flow in all perennia streams, total
recharge from perennial streamsis estimated to range
from 0.7 to 1.5 ft3/s (500 to 1,100 acre-ftiyr).

Table 7. Measurements of discharge, temperature, and specific conductance and analysis of seepage losses and gains at
selected sites on Ash, Kanarra, and Sawyer Creeks, upper Ash Creek drainage basin, Utah

[ft3/s cubic feet per second, acre-ft/yr, acre-feet per year]; pS/cm, microsiemens per centimeter at 25 decrees Celsius

. Losses . Gains Temperature, Specific
Measurement site Date D'Sf‘i*;grge (tF;e;cgargfe to (Dlschargg from degrees conductance,
3 quifer) ;he aquifer) Celsius uS/cm at 25°C

ft°/s (acre-ftlyr) | ft°/s (acre-ft/yr)
Ash Creek
Ash Creek #1 10-10-95 0.553 13.0 340
Ash Creek #2 10-10-95 | 1.52 outflow 97 (700) 12.0 435
Ash Creek #3 10-10-95 .090
Ash Creek #4 10-10-95 1.05 96 (695) 15.0 520
Ash Creek #5 10-10-95 444 61 (440) 470
Mountain Spring .2 estimated
diversion outflow 0
Ash Creek #6 10-11-95 .238 10.0 510
Sawyer Creek #7 10-11-95 1.56 inflow 12.0 480
Kanarra Creek #9 10-11-95 .280 inflow 51 (370) 16.0
Ash Creek #10 10-11-95 1.57 115 840
Ash Creek # 11 10-11-95 1.39 .18 (130) 16.0 830
Total 1.30 (940) 1.93 (1,400)
Kanarra Creek
Kanarra Creek start | 10-11-95 0
Kanarra Creek #8 | 10-11-95 357 357 (260) 16.0 2,500
Kanarra Creek #9 10-11-95 .280 080 (60) 16.0
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Ephemeral Streams

Recharge from ephemeral streams whose source
isthe Markagunt Plateau depends substantially on the
hydrologic character of the Hurricane Fault. Observa-
tions indicate that ground-water movement in the sedi-
mentary formations east of the Hurricane Fault is
different than ground-water movement west of the fault
and that the two ground-water systems may be isolated
from one another. Water-level datafrom wells com-
pleted in the basin-fill aquifer near the fault zone indi-
cate that potentiometric contours would be nearly
perpendicular to the fault. Thisistypical of no-flow
boundaries. Resultsfrom three surface-water discharge
measurementsin October 1995 along Taylor Creek and
single discharge measurements on Camp and Spring
Creeksasthey traverse the fault indicated that virtually
all flow ceased a short distance (lessthan 0.75 mi) after
traversing the fault zone (table 8). October through
March is usually when these stream flow because veg-
etation along the channelsisdormant. Thus, if recharge
occurs at asimilar rate for 6 months, the likely mini-
mum recharge to the basin-fill aguifer from these
streams when they flow is assumed to be equal to one-
half of base-flow discharge of the streams. Additional
recharge could take place during the higher flows of
spring runoff, but the amount of this rechargeis
unknown.

L ong-term discharge records exist only for
Kanarra Creek; thus, an estimate of average base flow
for Spring, Camp, and Taylor Creeks was roughly
determined by (1) deriving amean annual discharge by

using the regression equation from Christensen and
others (1985), (2) adjusting the calculated mean annual
discharge on the basis of the difference between calcu-
lated and measured mean-annual dischargefor Kanarra
Creek, and (3) estimating base flow for Spring, Camp,
and Taylor Creeks by using the ratio (base flow/mean
annual discharge) from Kanarra Creek. The result was
aminimum annual rechargerate of aimost 7 ft%/sduring
the 6 months while the streams were flowing, or an
annual total of 2,500 acre-ft.

Several ephemeral stream washes also beginin
the Harmony and PineValley Mountains and drain into
Kanarraand Ash Creeks. During sporadic runoff, these
washes may recharge about 1,000 acre-ft/yr to the Pine
Valley monzonite, alluvial-fan, and basin-fill aquifers
where they traverse the formations, but the amount is
highly speculative.

Irrigation

Recharge to the ground-water system of the
upper Ash Creek drainage basin by infiltration of
unconsumed irrigation water has not been confirmed by
measurements. This recharge mechanism has been
observed and documented for other basins of western
Utah (Susong, 1995; Thiros and Brothers, 1993;
Mower and Sandberg, 1982; and Bjorklund, Sumsion,
and Sandberg, 1978) and is primarily aresult of flood
irrigation or liberal sprinkler-irrigation practices. Esti-
mates of recharge that occur in other areas by this
means range from 0 to 50 percent of the water applied.

Table 8. Miscellaneous discharge measurements at selected sites along Kanarra Creek and its tributaries, upper Ash Creek

drainage basin, Utah

[ft3/s, cubic feet per second, acre-ft/yr, acre-feet per year; uS/cm, microsiemens per centimeter at 25 degrees Celsius]

Site Losses Temperature Specific
- Discharge, (recharge to the : ' conductance
(seefig. 19 for Date S 3 . . in degrees )
. in ft°/s aquifer), in ; in uS/cm at
map location) acre-ftiyr, t3/s Celsius 250C
Taylor Creek #1 10-12-95 .280 10.5 1,360
Taylor Creek #2 10-12-95 .170 80 (.11) 16.5 —
Taylor Creek #3 10-12-95 .013 115 (.157) 19.0 1,380
Taylor Creek 300 feet west of #3 10-12-95 0 10 (.013) — —
Camp Creek at mouth 10-13-95 .057 40 (.057) 6.0 2,150
Spring Creek at mouth 10-13-95 .063 45 (.063) 105 780
Kanarra Creek at mouth just 10-12-95 3.39 2,455 (3.39) 115 —

above diversions
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Therecords of the Utah Division of Water Rights
indicate that are about 50 wells, 4 springs, and about 20
streams are used primarily for irrigation. The total
amount of water allowed for irrigation in 1998 was
about 40,000 acre-ft and consisted of about 25,000
acre-ft from streams, 15,000 acre-ft from wells, and
1,500 acre-ft from springs. If one-fourth of the permit-
ted water right were used, about 10,000 acre-ft annual
recharge from irrigation could range from O acre-ft
(sprinkler irrigation) to about 5,000 acre-ft (flood irri-
gation). Because most of the irrigation observed was
being applied with sprinklers, recharge from this mech-
anism is thought to be at the lower end of this range.

Ground-Water Movement

Ground water in the aquifer system of the upper
Ash Creek drainage basin generally moves from the
surrounding mountains toward the valley floor and
thence from the valley-floor margins toward Ash and
Kanarra Creeks. Water-level measurementsin the
basin-fill aquifer indicate that ground-water movement
within the basin generally is south from Kanarraville
and east from New Harmony toward Ash Creek Reser-
voir (fig. 18a). Water levelsmeasured in afew wellsthat
tap the aluvial-fan aquifer near its margin indicate that
ground water movesin asimilar direction asin the
basin-fill aquifer (fig. 18b). Water levelsin wells that
tap the Pine Valley monzonite aquifer south and south-
east of New Harmony indicate a similar movement of
ground water, from the Pine Valley Mountains toward
thevalley floor and thence toward Ash Creek Reservoir
(fig. 18c).

Vertical movement between aquifers and within
aquifersisindicated by observed differencesin water
levelsin nearby wellsthat are finished at different
depths. A downward gradient is indicated within the
basin-fill aguifer near the Hurricane Fault and lessthan
1 mi east of New Harmony. The downward gradient
near the fault supports the concept of recharge from
ephemeral streams, but not from east of the fault.
Upward gradients are evident within the alluvial-fan
aguifer 3 mi east of New Harmony and within the Pine
Valley monzonite aquifer along Ash Creek between
New Harmony and Ash Creek reservoir.

Discharge

Principal sources of discharge from the upper
Ash Creek drainage basin ground-water system are
well withdrawal, evaporation, transpiration by riparian
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vegetation, spring discharge, surface-water seepage
gainsinAsh Creek, and subsurface outflow viathefrac-
tured basalt in the vicinity of Ash Creek Reservair (fig.
15).

Wells

Annual municipal well discharge for New Har-
mony and Kanarraville has been sporadically recorded
since 1979, and the amount of irrigation, stock, and
domestic well discharge in the basin can only be esti-
mated. Kanarraville and New Harmony each have one
municipal well. Recorded discharge from the Kanar-
raville municipa well has varied from 12 acre-ftin
1979 to 65 acre-ft in 1994, averaging about 30 acre-
ft/yr. New Harmony municipal well discharge has var-
ied from 24 acre-ft in 1980 to 47 acre-ft in 1986, aver-
aging about 33 acre-ft/yr. Both municipalities
supplement well discharge with water from springs.

Total irrigation, stock watering, and domestic
well discharge has been estimated to range from 1,200
to 1,500 acre-ft/yr from about 120 wellsin the upper
Ash Creek drainage basin. Most of these wellslist irri-
gation as the principal use, with stock watering and
household as secondary uses. Irrigation well discharge
has not changed substantially for the last 30 years. Cor-
dova, Sandberg, and McConkie (1972) estimated irri-
gation well discharge to be about 1,000 acre-ft in 1968,
1,340 acre-ft in 1969, and 1,250 acre-ft in 1970. Onthe
basis of the increase in population, irrigated acreage,
and several discharge ratings done in 1995, total well
dischargein 1995 was estimated to range from 1,200 to
1,500 acre-ft.

Evapotranspiration

Evapotranspiration in upper Ash Creek drainage
basin likely occurs along perennial and ephemeral
stream channels and in low areas adjacent to these
channels. About 300 acres of cottonwood trees were
mapped from areal photographs (fig. 19). The most
dense growths exist along Ash Creek and Kanarra
Creek, but there also are groves along Camp, Taylor,
and Sawyer Creeks. There are about 4,300 acres of pas-
ture grasses along the upper reaches of Kanarra Creek
and around New Harmony. Although unknown, ground
water was assumed to supply the entire demand for the
growth of this vegetation.

There have been several different estimates of
water use by vegetation. Using the Blaney-Criddle
method (Criddle, Harris, and Willardson, 1962), Cor-
dova, Sandberg, and McConkie (1972) estimated use
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Continued

by cottonwood trees to be 3.6 ft/yr at 100 percent den-
sity, and by pasture grassesto be 2.9 ft/yr. Measure-
ments of consumptive use by cottonwood treesin
Cdifornia (Muckel and Blaney, 1945) and in Arizona
(Gatewood and others, 1950) indicate that annual use
could be as much as 7 to 8 ft/yr. Because temperature
varies, the amount of ground water consumed by ripar-
ian growth would vary seasonally; and because the
depth to water varies, there could be areas where pas-
ture grasses may not use any water from the saturated
zone for transpiration. On the basis of this range of
evapotranspiration rate and the extent and density of
riparian growth, evapotranspiration lossin the upper
Ash Creek drainage basin is estimated to range from
1,100 to 15,000 acre-ft/yr.

Springs

There are at least 25 springsin the upper Ash
Creek drainage basin. Most are in the surrounding
mountains and are near-surface, local-recharge-area
systems that are not part of the basin-wide aquifer sys-
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tem. All springsthat discharge at the level of the valley
floor and afew that discharge near the base of the sur-
rounding mountains are likely part of the basin-wide
aquifer system (fig. 20). A long-term record of the sea
sonal and year-to-year variability in discharge from
these springsis not available. Users, have awater right
of about 1,000 acre-ft/yr, thus, discharge was assumed
to be 1,000 acre-ft/yr (excluding Sawyer Spring).
Comanche and L awson Springs arethelargest of al the
springs. Other smaller seeps and springs discharge
from the basin fill where the water table intersects land
surface. On the basis of water-right information, spring
discharge was estimated to range from 200 to 1,000
acre-ft/yr. Sawyer Spring is discussed in the following
section.

Ash, Sawyer, and Kanarra Creeks

Cordova, Sandberg, and McConkie (1972, p. 19)
estimated that 2,200 acre-ft of ground water seeped to
Ash Creek above Ash Creek Reservoir in 1970. The
seepage study performed on Ash Creek in October
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Figure 19. Areas of phreatophyte growth in the upper Ash Creek drainage basin, Utah.

1995, during a period of minimal evapotranspiration
loss and inflow from runoff, showed that the stream
gained about 1,400 acre-ft/yr, mostly in a 1.5- to 2-mi
reach downstream from New Harmony (table 7, fig.
17). Sawyer Creek beginsto flow at Sawyer Spring
about 1/3 mi from its confluence with Ash Creek. This
short reach, including Sawyer Spring, discharged about
1,100 acre-ft/yr from the PineValley monzonite aquifer
in October 1995. Kanarra Creek begins to flow again
about 1 mi upstream from its confluence with Ash
Creek. In thefirst part of this perennial segment, the
stream gained about 260 acre-ft/yr beforelosing flow in
the last segment before the confluence. The seasonal
and year-to-year variation in this discharge from the
basin-wide aquifer system is unknown. The range of
discharge by stream seepage is estimated to be 500 to
3,000 acre-ft/yr.

Subsurface Flow to Lower Ash Creek Drainage

The amount of ground water that potentially
could discharge from the area as subsurface outflow
through the deep alluvial depositsinthevicinity of Ash
Creek Reservoir was estimated using Darcy’s Law and
approximations of aquifer geometry and water trans-
mitting properties. Subsurface flow is calculated on the
basis of the difference in water-level altitudein the
aquifers at the reservoir and the aquifersto the south
near Pintura, Utah. Well (C-39-13)25dcd-1, located
about 3.5 mi south of Ash Creek Reservoir and finished
in basalt, has a water level about 600 ft lower than the
water level in the aguifer at the reservoir. This differ-
enceyieldsahead gradient of about 0.03 ft/ft. The agui-
fer through which ground water moves southward out
of the upper Ash Creek drainage basin is of unknown
thickness and width. However, on the basis of adescrip-
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tion of the geologic framework by Hurlow (1998),
thickness and width are estimated to be about 300 ft and
5,000 ft, respectively. Hydraulic conductivity of the
interbedded alluvial deposits can be estimated to be
similar to the lower values of the basin-fill aquifer
because of compaction and cementation. A value of
about 20 ft/d was estimated. Use of these numbersin
Darcy’s Law yields a maximum potentia outflow of
about 7,500 acre-ft/yr. Because of a general lack of
information about geometry and hydraulicsin this out-
flow area, this estimate is uncertain.
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Ground-Water Budget

A compilation of potential inflow to and outflow
from the upper Ash Creek drainage basin ground-water
system is shown in table 9. Except for well discharge,
all ground-water budget components have alarge esti-
mated range.

Navajo and Kayenta Aquifer System

The saturated parts of the Navajo Sandstone and
Kayenta Formation, referred to in this section as the



Table 9. Estimated ground-water budget for the upper Ash Creek drainage basin, Utah

Flow component

Rate, in acre-feet per year

Rate, in cubic feet per second

Recharge
Infiltration of precipitation 2,100 to 9,200 29to 12.7
Seepage from ephemeral streams 13,500 4.8
Infiltration of unconsumed irrigation water 20 to 5,000 0to 6.9
Seepage from perennial streams 500 to 1,100 0.7t0 1.5
Total 6,100 to 18,800 8.41025.9
Discharge
Well discharge 1,200 to 1,500 1.7t0 2.1
Evapotranspiration 1,100 to 15,000 1.5t0 20.7
Spring discharge (excludes Sawyer Spring) 200 to 1,000 0.3to1.4
Seepage to Ash, Sawyer, and Kanarra Creeks (includes 500 to 3,000 0.7t04.2
Sawyer Spring)
Subsurface outflow to lower Ask Creek drainage 0 to 7,500 0to 10.4
Total 3,000 to 28,000 4.2t0 38.8

IThisislikely aminimum value.
2Actual amount is thought to be nearer the lower end of this range.

Navajo and Kayentaaquifers, provide most of the pota-
ble water to the municipalities of Washington County,
Utah. Because of large outcrop exposures, uniform
grain size, and large stratigraphic thickness, these for-
mations are able to receive and store large amounts of
water. In addition, structural forces have created exten-
sive fracture zones, enhancing ground-water recharge
and movement within the aquifers. A generalized con-
ceptualization of how water rechargesto and discharges
from the Navajo and Kayenta aquifersis shown in
figure 21.

Aquifer System Geometry and Hydrologic
Boundaries

The hydrologic boundaries of the Navajo and
Kayenta aquifers are similar to the structural bound-
aries of the geologic formations. The aquifers are
bounded to the east by the Hurricane Fault, which com-
pletely offsets these formations. Because the fine-
grained fault-gouge material likely acts as abarrier to
flow across the fault (discussed under “Hydrogeologic
framework™), the Hurricane fault is assumed to be alat-
eral no-flow boundary. To conclusively determine if
ground water crosses the fault into the Navajo Sand-
stone and Kayenta Formation to the west, it would be
necessary to drill apair of observation wellsinto the

Navaj o Sandstone south of Hurricane, just west of fault,
aswell asinto the formations just east of the fault.

Like the Hurricane Fault, the Gunlock Fault is
assumed to be alateral no-flow boundary that divides
the Navajo and Kayenta aquifers within the study area
into two parts: (1) the main part, located between the
Hurricane and Gunlock Faults; and (2) the Gunlock
part, located west of the Gunlock Fault. Hurlow (1998)
states that little or no hydrologic connection likely
exists across the Gunlock Fault. The Gunlock Fault
completely offsets the Navagjo Sandstone and Kayenta
Formations (fig. 5) along the outcrop (Hintze and Ham-
mond, 1994, pl. 1). The offset is unknown to the north
where the Navajo Sandstone is buried by younger for-
mations. Only asmall amount of ground-water
recharge to the Navajo aquifer is thought to occur
where it is buried by poorly permeable overlying for-
mations. Therefore, water within the buried parts of the
Navajo aquifer ismost likely stagnant, with little move-
ment across the Gunlock Fault. Additional well drilling
and aquifer testing would be needed to conclusively
determine the exact hydrologic characteristics of the
fault.

The southern boundaries of the Navajo Sand-
stone and Kayenta Formation are defined by their ero-
sional extents (pl. 1). However, the formations are
likely unsaturated along this southernmost edge, espe-
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cially wherethey arelocally uplifted, such asthe south-
ern part of the Red Mountains east of the Gunlock
Fault. The Navajo Sandstone and Kayenta Formation
become deeply buried toward the north. A structure
contour map of thetop of the Navajo Sandstone by Hur-
low (1998, pl. 5B) indicates that the top of the Navajo
Sandstoneisabout 8,000 ft bel ow land surface (2,000 ft
above sealevel) in the Pine Valley Mountains. Itis
unknown how far to the north the Navaj o Sandstone and
Kayenta Formation extend under younger formations,
but the ARCO Three Peaks#1 oil exploration drill hole
10 mi northwest of Cedar City (about 50 mi northeast
of St. George) reached the top of the Navajo Sandstone
at adepth of 6,286 ft beneath land surface (Van Kooten,
1988). Although the Navajo Sandstone and Kayenta
Formation extend to the north beyond the study area,
little recharge is thought to enter the aquifers where
they are buried by younger formations. Therefore, itis
assumed that little ground-water flow occursin this
region.

Because of the homogeneous nature of the
Navajo Sandstone, the Navajo aquifer isassumed to be
unconfined throughout the outcrop area. However,
there may be local areas where the aquifer is confined
asaresult of variationsin grain size, cementation, or
bedding planes. One example of thisisWinchester
Hills well (C-41-16)24cba-1, where petrographic anal-
ysisof borehole cuttingsindicated a10-ft-thick layer of
silt and clay at adepth of 850 ft. Another exampleis
Washington County Water Conservancy District
(WCWCD) Anderson Junction well (C-40-13)28dcc-1,
wherethedriller noted that after water was reached at a
depth of 190 ft, the water level rosein the boreholeto a
depth of 31 ft. However, such areas of confined condi-
tions generally are not thought to be prevalent within
the Navajo aquifer.

At some unknown distance north of the outcrop,
the Navajo aquifer is assumed to become confined as it
is buried by younger formations. A drillers' log from
Dameron Valley Well (C-40-16)17dad-1 indicates that
the Navajo Sandstone was reached at a depth of 440 ft
with areported water level of 1,280 ft beneath land sur-
face (pl. 2), indicating unconfined conditions at this
location about 1 mi north of the contact with younger
formations. Assuming a flat potentiometric surface far-
ther north (based on the assumption that little recharge
reaches the aquifer whereit is deeply buried) and a
northeastward dip of the Navajo Sandstone of 3 to 10
degrees (Hurlow, 1998, pl. 5B), confined conditions
may occur between 2 and 4 mi northeast of the outcrop
in the Dameron Valley area. The location of the uncon-

fined/confined boundary of the Navajo aquifer north of
the contact with younger formations would vary,
depending onthelocal dip of the Navajo Sandstone and
the altitude of the water table. The saturated thickness
of the aquifer would be about 2,400 ft where confined
and vary from 0 to 2,400 ft in the unconfined part.

The Navajo and Kayenta aquifers are assumed to
be hydraulically connected. The potentiometric gradi-
ent between the two aguifers indicates that ground
water moves from the Navajo aquifer to the Kayenta
aquifer (Cordova, 1978). No observation wells have
been finished exclusively in the Kayenta aquifer where
it underliesthe Navajo aquifer. However, if the potenti-
ometric surface from wells along the Kayenta outcrop
to areas where observation wells are finished in the
Navajo aquifer is extended, the estimated vertical gra-
dient between the Navajo and Kayenta aquifersis gen-
erally downward. Water-level differences are estimated
to be less than 100 ft. Cordova (1978) suggested that
ground-water movement from the Navajo aquifer to the
Kayenta aquifer occurs along the entire part of the out-
crop within the study area. Thistheory isbased on (1)
the general direction of ground-water movement,
inferred from potentiometric maps, toward the escarp-
ment that forms the erosional extent of the Navajo
Sandstone outcrop; (2) the absence of natural discharge
by springs, seeps, or phreatophytes along the escarp-
ment above the base of the Navajo Sandstone; and (3)
water levels at afew wellsfinished in both the Navgjo
Sandstone and the Kayenta Formation that indicate the
saturated zone isin the Kayenta Formation. If alayer
with low hydraulic-conductivity separates the two aqui-
fers, thiswould be manifested by substantial discharge
along the contact between the Navajo Sandstone and
Kayenta Formation. Rather, most of the natural dis-
charge from the aquifer system occurs within the Kay-
enta Formation, which indicates a less permeable
boundary at or near the base of the Kayenta Formation.

The lowest part of the Kayenta Formation con-
sists of siltstones and mudstones (Hurlow, 1998) that
arerelatively impervious and most likely act as a con-
fining layer at the base of the Navajo and Kayenta aqui-
fer system. Evidence for this hydrologic boundary
includes (1) many springs that emanate from the lower
part of the Kayenta Formation between SantaClaraand
St. George; (2) seepage studies that show gain in the
Santa Clara River asit crosses the lower Kayenta For-
mation; and (3) the Sullivan flowing well (C-41-
13)16bcd-1, which isan artesian well drilled along the
Kayenta Formation outcrop near Sandstone Mountain
but is finished in the underlying Springdale Sandstone
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member of the Moenave Formation (Wilkowske and
others, 1998, table 1). There may be localized areas,
however, where through-going fractures may act as
conduits for vertical ground-water movement across
this lower boundary, such as are hypothesized for (1)
the higher dissolved-solids parts of the aquifer north of
St. George and east of Hurricane (discussed under the
“Sources of salinity to the Navajo and Kayenta aqui-
fers’ section); and (2) locations where seepage to the
Santa Claraand Virgin Rivers occurs as they traverse
older sedimentary layers underlying the Kayenta For-
mation.

Like the Navajo aquifer, the Kayenta aquifer is
unconfined along its outcrop. Because of its hydraulic
connection to the Navajo aquifer, the transition to con-
fined conditionswithin the Kayentaaguifer likely isthe
same asin the Navajo aquifer—toward the north where
both formations become deeply buried.

Aquifer Properties

Knowledge of aquifer propertiesis necessary to
understand the occurrence of ground water. These prop-
ertiesinclude (1) effective porosity, (2) hydraulic con-
ductivity or transmissivity, and (3) storage capacity.
Aquifer properties are typically estimated from labora-
tory analyses and multiple-well aquifer testing.

Navajo Aquifer

The Navajo Sandstoneiswell sorted, asis shown
by grain-size distribution curves (Cordova, 1978, fig.
2). Average total porosity, determined from resistivity
and neutron logs of 13 boreholes in the Navajo Sand-
stone within the study area, is about 32 percent (Cor-
dova, 1978, table 4). Effective porosity, determined
from laboratory analysis of 12 rock samples from
selected outcrops within the study area, is about 17 per-
cent (Cordova, 1978, table 3).

Because of the uniformly well-sorted lithologic
character of the Navajo Sandstone throughout the study
area, variations in hydraulic conductivity are most
likely caused by secondary fracturing, both vertical and
along bedding planes. Laboratory analysis of rock sam-
ples from eight outcrop locations within the study area
indicate that average saturated hydraulic conductivity
of the Navajo aquifer is about 2.1 ft/day (Cordova,
1978). Because these outcrop samples were collected
along the outcrop, the measured hydraulic-conductivity
values are probably higher than the actual matrix
hydraulic conductivity because of weathering. Dissolu-
tion of the cement surrounding the silica grains during
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weathering would likely increase the effective perme-
ability of the rock samples.

As part of the study, aquifer tests were done
within the Navajo aquifer at Anderson Junction
(WCWCD wsdlls), Hurricane Bench (Winding Rivers
wells), Grapevine Pass (Washington City well), and
downstream from Gunlock Reservoir (St. George City
wells) (table 10, appendix A). Transmissivity deter-
mined from these tests ranged from 100 to 19,000 ft%/d,
corresponding to horizontal hydraulic-conductivity val-
ues of 0.2 to 32 ft/d. Higher hydraulic-conductivity val-
ues are assumed to be associated with highly fractured
partsof the aquifer. Hydraulic conductivity was highest
at the Anderson Junction site and ranged from 1.3 ft/d
along the north-northeast direction to 32 ft/d along the
east-southeast direction. Hurlow (1998, p. 27) stated
that “the Navajo Sandstone in this areais densely frac-
tured and is cut by numerous northeast-striking faults,
implying relatively high permeability.” The lowest
hydraulic-conductivity value of 0.2 ft/d was at Grape-
vine Pass. Although surface fractures are present
nearby, little fracturing can be seen at the site itself
(Hugh Hurlow, Utah Geological Survey, oral commun.,
1997). In addition, petrographic analysis of borehole
cuttings from the Grapevine Pass well showed much
finer average grain size than samplesfrom other Navajo
Sandstone wells, possibly indicating a much thicker
transition zone at the base of the Navajo Sandstone than
at other locations (Janae Wallace, Utah Geol ogical Sur-
vey, oral commun., 1997).

Results of the aquifer tests downstream from
Gunlock Reservoir and at Anderson Junction indicate
that fracture-related anisotropy can strongly influence
directional permeability within the Navajo aquifer. The
north-south directional anisotropy of hydraulic-con-
ductivity values (1.0 ft/d north-south and 0.3 ft/d east-
west) determined from the Gunlock Reservoir aquifer
test (appendix A) is consistent with observations of
large-scale fracturing aligned north-south parallel to
the Santa Clara River, and with one of the three areal
photograph rose diagrams from nearby outcrops. How-
ever, surface-fracture orientation data are not aways
consistent with the anisotropic hydraulic-conductivity
values determined from aquifer tests. Thisis because
the subsurface connectivity of fractures strongly influ-
ences anistropy in hydraulic conductivity, which can
only be predicted from rose diagrams in the simplest
cases. At the Gunlock test site, the scan-line rose dia-
grams of the outcrop and two of thethreerose diagrams
based on areal photographs indicate that the predomi-
nant fracture orientation generaly isin the east-west



Table 10. Aquifer-test results from the Navajo aquifer, central Virgin River basin study area, Utah

(See appendix A for additional information; +, plus or minus)

Pumping/ Horizontal Transmissivit
. Number of . Saturated
. Pumping well . recovery hydraulic . y Storage
Location observation . L thickness L
number wells period conductivity (feet) (feet squared  coefficient
(days) (feet/day) per day)
Anderson (C-40-13)28dcb-2 2 4 1.3t0 32 600 1800 +19% .0007
Junction to 19,000 £ to
21% .0025
Hurricane Bench (C-42-14)12dbb-2 5 5 2.2 500 1,075 .002
Grapevine Pass (C-41-15)28dcb-2 0 1 500 100 —
(single-
well test)
Downstream (C-41-17)8acc-1 6 6 3t01.0 1,100 360 to .001
from Gunlock 1,100
Reservoir

1See figure A-8.

direction (Hurlow, 1998, pl. 6) rather than north-south
direction, asindicated by aquifer testing. At Anderson
Junction, the direction of maximum transmissivity indi-
cated by aquifer testing is in the east-southeast orienta-
tion, yet the rose diagram of scan-line outcrop data
indicates that the predominant orientation of surface
fracturing is north-northeast. Anisotropy could not be
determined from the aquifer-test results at the Hurri-
cane Bench and Grapevine Pass sites because of the
lack of observation wells.

Although there may not be adirect correlation
between the direction of maximum aquifer transmissiv-
ity and the predominant orientation of surface fractur-
ing at nearby outcrops, a strong correlation was shown
between hydraulic-conductivity estimates based on
specific-capacity data and the product of fracture den-
sity and average aperture (Hurlow, 1998, fig. 14). Thus,
athough inferring the direction of aquifer anisotropy
from surface-fracture orientation data remains uncer-
tain, other outcrop fracture data such asfracture density
and aperture (fracture width) can provide a good indi-
cation of the degree of permeability enhancement
caused by fracturing. Such data would be valuable in
locating potentially high-yielding production wellsin
the Navajo aquifer.

Cordova (1978) reported the results of multiple-
well aquifer tests in the Navajo aquifer at three sites:
below the Gunlock Reservoir, City Creek, and Hurri-
cane Bench. However, al of the measurements at

observation wells during that study were problematic.
M easurements during the Gunlock test did not include
monitoring of Santa Clara River discharge. Because
decreases in stream discharge were noted during this
study’s aquifer test in the Gunlock area, streamflow
likely was induced into the aquifer. Assuming that this
|eakage was unaccounted for, transmissivity and stor-
age values determined from observation-well measure-
ments are not accurate. The aquifer test at City Creek
was not a constant-drawdown test. Instead, a step-draw-
down test was done, pumping first at 470 gal/min and
then at 1,100 gal/min. However, an average pumping
rate was used for the analysisthat resulted in inaccurate
determinations of transmissivity and storage. Finaly,
aquifer-test resultsat Hurricane Bench were considered
inaccurate because water from the pumped well was not
removed from the siteand infiltrated the saturated zone,
affecting observation-well drawdown measurements.

Two other aquifer tests done by Cordova (1978)
at Mill Creek and City Creek did not produce draw-
down at any observation wells, so the reported trans-
missivity values were based only on drawdown in the
pumped wells. However, assuming that a constant
pumping rate was maintained and the pumped water
was removed sufficiently far from the site, the reported
transmissivity and hydraulic-conductivity values of
2,400 ft?/d and 3.4 ft/d for the Mill Creek siteand 5,000
ft?/d and 5.0 ft/d for the Ci ty Creek site may be reason-
able.
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No aquifer testing was doneto determine vertical
hydraulic conductivity of the Navajo aquifer within the
study area. Horizontal and vertical hydraulic-conduc-
tivity values determined from laboratory analysis of
Navajo Sandstone samples within the Upper Colorado
River Basin were compiled by Weigel (1987, table 5).
The average vertical and horizontal hydraulic conduc-
tivity of 24 samples was about 0.8 ft/d and 1.1 ft/d,
respectively. The ratio of vertical to horizontal hydrau-
lic-conductivity values for the 24 pairs of samples
ranged from 0.13to 2.7, averaging about 0.4. However,
these discrete vertical samples may not be an accurate
representation of the vertical hydraulic conductivity or
vertical-to-horizontal anisotropy ratios for the Navajo
aguifer within the study area. The lowest vertical
hydraulic conductivity of alayered sedimentary forma-
tion controlsthe overall vertical hydraulic conductivity
of that layer. Therefore, it islikely that in someregions
of the Navajo aquifer, the vertical movement of ground
water may be more restricted than isindicated by the
average of the laboratory-determined values. Lower
overall vertical hydraulic-conductivity values and verti-
cal-to-horizontal hydraulic-conductivity ratios may
result from thin, low- permeability horizontal layers
that consist of fine-grained interdunal deposits or have
greater-than-average cementation that may not be
within the sampled zone for laboratory analyses. Con-
versely, vertical fracturing would gresatly increase the
vertical hydraulic conductivity and vertical-to-horizon-
tal hydraulic- conductivity ratios for the aquifer above
the laboratory ratios.

Storage values for the Navajo aquifer were deter-
mined from the three multiple-well aquifer tests done
during this study and ranged from 0.0007 to 0.0025
(both from the Anderson Junction site). This narrow
rangeindicatesthe general uniformity of storage values
for the Navajo aguifer within the study area. Because
storage values less than 0.001 generally indicate con-
fined storage (Lohman, 1979), the aquifer-test results
indicatethat the Navajo aquifer actsasapartly confined
system. However, the Navajo Sandstone, as indicated
above, is generally homogeneous and well sorted.
Drillers’ logs and lithologic logs generally do not indi-
cate finer grain-size layers, which normally are associ-
ated with confined conditions. One possible
explanation is the existence of very thin fine-grained
zones or increased cementation associated with bed-
ding planeswithin the sandstonethat are too small to be
detected from borehole cuttings. Another explanationis
that the small storage values may be a combination of
short durations of aquifer testing and observation-well
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perforated interval sfar bel ow the water table. Although
the tests showed a short-term confined response at the
observation wells, longer-term drawdown observations
at these wells might yield higher storage values,
approaching the 17-percent effective porosity deter-
mined by Cordova (1978).

Kayenta Aquifer

No aquifer testing was done to determine the hor-
izontal or vertical hydraulic conductivity of the Kay-
enta aquifer as part of this study. However, an earlier
multiple-well aquifer test by Cordova (1978) at the
Goddard and Savage well (C-41-13)5bbc-1 near Leeds
(Wilkowske and others, 1998, table 1) indicated atrans-
missivity of 3,500 ft2/d. The geology of thisareais
complicated by the Virgin River Anticline and associ-
ated faulting, which precludes an exact determination
of the saturated thickness. However, assuming a satu-
rated thickness of about 600 ft at the site, the estimated
hydraulic conductivity isabout 6 ft/d. Thisvalueissim-
ilar to the higher hydraulic-conductivity values for the
Navajo aquifer and may indicateahighly fractured area
within the Kayenta aquifer.

Additionally, Cordova (1972, table 11) reported a
horizontal hydraulic-conductivity value of 1 ft/d on the
basis of specific-capacity datafrom awell in St.
George. The storage value estimated from this specific-
capacity datais 0.006. Also, estimated horizontal
hydraulic conductivity from slug tests in the Kayenta
Formation near Sheep Springs, about 2 mi northwest of
St. George, ranged from 0.1 to 0.6 ft/d (Jensen and oth-
ers, 1997).

Horizontal and vertical hydraulic-conductivity
values were determined from laboratory analysis of
K ayenta Formation sampleswithin the Upper Colorado
River Basin, Utah and Colorado (Weigel, 1987, table
5). Theaveragehorizontal hydraulic-conductivity value
of 12 core samples was about 0.5 ft/d and ranged from
8.2 x 104 to 1.4 ft/d. The vertical hydraulic-conductiv-
ity value of two samplesranged from 8.2 x 10%t0 0.5
ft/d. The large range in values reflects the alternating
siltstone, silty mudstone, and sandstone layers within
the formation. Theratio of vertical-to-horizontal
hydraulic conductivity for these two samples ranged
from 0.36 and 1.0. As with laboratory analyses of core
samplesfrom the Navagjo aquifer, these discrete vertical
samples may not be an accurate representation of the
hydraulic conductivity or vertical-to-horizontal anisot-
ropy ratios for the Kayenta aquifer. Also, hydraulic
properties of the Kayenta aquifer may vary regionally



between the Upper Colorado River Basin and the cen-
tral Virgin River basin.

Asinthe Navg o aquifer, fracturing within the
Kayenta Formation is thought to enhance the perme-
ability of the aquifer. Sheep Springs, which emanate
from afracture zone in the Kayenta Formation, is evi-
dence of this. In the vicinity of Sheep Springs, the pre-
dominant joints are orientated north-south and have a
near-vertical dip (Jensen and others, 1997, fig. 21, 22).
Thisissimilar to the predominant north-south direction
and vertical dip of the Navajo Sandstone fractures at
nearby outcrops between City Creek and Snow Canyon
(Hurlow, 1998, pl. 6). Therefore, it generally is
assumed that directional anisotropy of hydraulic con-
ductivity withinthe Kayentaaquifer issimilar tothat in
the Navajo aquifer.

Recharge

The Navajo and Kayenta aquifers are recharged
primarily by infiltration of precipitation on the Navajo
Sandstone and K ayenta Formation outcrop and seepage
from streams crossing the outcrop. Additional sources
of recharge include seepage from overlying and under-
lying formations, infiltration of unconsumed irrigation
water, and seepage from Gunlock Reservoir. The total
amount of recharge for the main and Gunlock parts of
the aquifer is estimated to range from 12 to 49 ft3/s
(about 8,700 to 36,100 acre-ft/yr) and from 2 to 10 ft%/s
(about 1,400 to 7,300 acre-ft/yr), respectively.

Precipitation

Infiltration of precipitation as either rain or snow
on the Navajo Sandstone and Kayenta Formation out-
crop is thought to be the largest source of recharge to
the main aquifer but not the Gunlock part of the aquifer.
Thetota average annual precipitation on the outcropis
estimated to be about 205 t3/s (148,800 acre-ft/yr) and
18.5 ft3/s (13,400 acre-ft/yr), respectively, for the main
and Gunlock parts of the aquifers. The percentage of
precipitation that moves through the unsaturated zone
to the water table is assumed to vary widely based on
such factors as topographic slope, density of fractures
extending to the surface, surficial material on the out-
crop, season, vegetation, and storm intensity.

The topography of Navajo Sandstone and Kay-
enta Formation outcrops within the study area ranges
from steep escarpments to nearly flat surfaces. Rapid
runoff and potentially lower infiltration rates are char-
acteristic of the steeper sloped areas, whereas s ower
runoff and potentially higher infiltration rates are char-

acteristic of the more flatter areas. The outcrop surface
consists of areas of consolidated rock, unconsolidated
sand, and fractured basalt. The exposed sandstone and
siltstone along the outcrop varies from highly fractured
to relatively unfractured. Fractures that are exposed
along the outcrop can greatly enhance recharge by pro-
viding conduits for rapid transport of water to the satu-
rated zone (Pruess, 1998). Also, infiltration rates likely
are higher where thin surficial deposits of sand and
basalt cover the outcrop. Sand deposits can trap and
temporarily store precipitation that would otherwise
run off of unfractured areas of the outcrop, allowing
more time for infiltration into the consolidated rock
outcrop (Dincer and others, 1974). Likewise, fractured
basalt can rapidly transmit water beneath the evapo-
transpiration zone and result in more available
recharge.

Onceinfiltration to the subsurface occurs, evapo-
ration from the shallowest part of the unsaturated zone
can occur and reduce recharge, especially during the
warmer seasons. Similarly, in areas of thick vegetative
cover, much of the potential rechargeto the aquifer can
beintercepted within the evapotranspiration (root) zone
during thewarmer seasons. Thefrequency andintensity
of precipitation al so areimportant factorsthat affect the
amount of recharge. Recharge from short-lived storms
with small amounts of precipitation is probably mini-
mal, with most of the water intercepted in the shallow
subsurface by evapotranspiration. However, long-last-
ing storms of high precipitation intensity, especialy
during the winter months when evaporation and evapo-
transpiration effects are minimal, likely account for a
large part of recharge to the aquifer. The increased soil-
moisture content during longer precipitation events
greatly increases the effective permeability of the
unsaturated sandstone and its ability to transmit water
downward toward the saturated zone.

Recharge to the Navajo and Kayenta aquifersis
estimated to be from 5 to 15 percent of precipitation on
the outcrop, and rangesfrom about 10 to 30 ft3/s (7,200
to 21,700 acre-ft/yr) for the main part and from about 1
to 3ft%/s (700 to 2,200 acre-ft/yr) for the Gunlock part.
No measurements of the infiltration rates were taken
during this study. The minimum estimated infiltration
rate is based on a study sitein New Mexico in fine-
grained soils(Scanlon, 1992). Theinfiltration rate from
tritium analysis of unsaturated-zone pore water was
estimated to be about 4.8 percent of the 8-in. average
annual precipitation. Thisinfiltration rateisassumed to
be at the low end of recharge to the outcrop in the study
area because (1) average annual precipitation on the
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outcrop ranges from 8 to 19 in. and the rate of infiltra-
tionisgenerally assumed to increase in areas of higher
precipitation; (2) the study area has lower average
annual temperatures and lower potential soil-water
evaporation than the New Mexico site; and (3) the surf-
icia material along the outcrop (sand dunes, fractured
basalt, and fractured sandstone) may capture and trans-
port water to the saturated zone more readily than the
soils at the New Mexico study sites. The maximum 15-
percent infiltration rate is based on estimated recharge
along consolidated-rock outcropsin Tooele County,
Utah, where average annual precipitation ranges from
16 to 20 in/yr (Hood and Waddell, 1968, table 5). Also,
astudy of recharge beneath the Dahna sand dunesin
Saudi Arabia, where annual precipitation is much less,
indicated infiltration rates of as much as29 percent
(Dincer and others, 1974). The measured infiltration
rate in Saudi Arabia may be higher than along sand
dunes overlying the Navajo aguifer because the Dahna
sand is coarser grained.

Streams

Seepage from streams traversing the Navajo
Sandstone and Kayenta Formation outcrop is another
important source of ground-water recharge to the
Navajo aquifer. Six of the seven perennial streams that
traverse the outcrop in the study area had a net l0ss of
water from the stream into the Navajo aquifer. Also,
numerous ephemeral washes traverse the outcrop and
most likely are an additional source of recharge to the
Navajo aquifer.

Perennial Streams

All six perennial streams which originate in the
Pine Valley Mountains and traverse the outcrop
recharge the Navajo aquifer. These streams include
South Ash Creek, Wet Sandy Creek, Leeds Creek,
Quail Creek, Cottonwood Creek/Heath Wash, and the
SantaClaraRiver (fig. 22). Total rechargeto the Navajo
aquifer from these perennial streams was estimated
from seepage studies to range from 1.8 to 4.4 ft%/s
(1,300 to 3,200 acre-ft/yr) and from 0.78 to 4.1 ft3/s
(570to 3,000 acre-ft/yr) for the main and Gunlock parts
of the Navajo and Kayenta aquifers, respectively. The
Virgin River, which traverses the outcrop near Sand
Mountain, isthe only perennial stream that did not
show net seepage to the aquifer during seepage studies.

Reconnai ssance-level seepage studieswere done
along al of the perennial creeksthat originate in the
Pine Valley Mountains and traverse the outcrop. These
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studies were done from October through December
1995, during base-flow conditions when little or no
evapotranspiration was occurring. Therefore, measured
loss in streamflow was assumed to be recharge to the
Navajo aquifer. Streamflow was measured in the Santa
Clara River, Leeds Creek, and Quail Creek where the
streams first cross the contact between the Navajo
Sandstone and the overlying Carmel Formation, and
again where the streams cross the contact between the
Navajo Sandstone and the Kayenta Formation. The
downstream measurement in South Ash Creek was at
the contact with unconsolidated Quaternary sediments,
about 0.7 mi upstream from the contact between the
Navajo Sandstone and the Tertiary formations (pl. 1).
The downstream measurement inWet Sandy Creek was
at the contact with unconsolidated Quaternary sedi-
ments about 2 mi upstream from where it was noted to
be dry as the wash crosses underneath highway 1-15.
Streamflow was measured in Cottonwood Creek (and
the Heath Wash tributary) at the Navajo Sandstone/Car-
mel Formation contact, and the stream was observed to
be dry at the Navajo Sandstone/K ayenta Formation
contact. Estimated recharge from perennial streamson
the basis of the seepage studiesis shown in table 11.
The estimated recharge to the Navajo aquifer from
perennial streams may be low because the seepage
studies were done during base-flow conditions. Higher
flow conditions would increase the stage and width of
the stream and should increase recharge from the
stream to the aquifer.

Decreases in streamflow were measured for all
perennial streamsthat crossthe outcrop (fig. 22). Upper
Cottonwood, Quail, Wet Sandy, and South Ash Creeks
had measured seepage |osses of 0.47 ft3/s (360 acre-
ft/yr), 0.19 ft3/s (140 acre-ft/yr), 0.37 ft3/s (270 acre-
ft/yr), and 1.38 ft3/s (1,000 acre-ft/yr), respectively
(table 11). Although seepage studiesalong L eeds Creek
on 10/07/95 and 12/07/95 showed small net gainsin
streamflow asthe creek crossed the outcrop, these gains
were within the error limitations of the measurement
equipment. Therefore, these two seepage studies were
determinedto beinconclusive. An earlier seepage study
by Cordova (1978) indicated aseepagelossfrom Leeds
Creek to the Navajo aquifer of 0.22 ft3/s (160 acre-
ft/yr).

Downstream from the Navaj o Sandstone outcrop,
Wet Sandy and South Ash Creeks flow along Quater-
nary alluvial depositsthat overliethe Navajo Sandstone
(pl. 1). During the October 1995 seepage study, dis-
charge in Wet Sandy Creek decreased along this reach
of coarse alluvium from 0.63 ft3/s, eventually drying
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Table 11. Seepage measurements and estimated recharge from perennial streams to the Navajo aquifer in the central Virgin

River basin, Utah

[acre-ft/yr, acre-feet per year; ft%/s, cubic feet per second; NA, not available]

Average annual Upper Lower Measured Estimated
Stream discharge from Date discharge discharge seepage recharge
streamflow- measure- measure- from to aquifer,
gaging stations ment, ment, stream, in ft3/s
(acre-ftlyr) (ft3/s) (ft31s) (ft3/s) (acre-ftlyr)
Main part of Navajo aquifer!
Cottonwood Creek (upper)? NA 10/08/95 A7 0 A7 .47 (360)
Quail Creek NA 10/24/95 3537 .345 .19 .19 (140)
Leeds Creek 45,610 12/07/95 4.99 5.27 SNA 0 t0%.22 (160)
Wet Sandy NA 10/06/95 1.00 .63 .37 3710 71.00 (270 to 720)
South Ash Creek 85,000 10/09/95 3.58 2.20 1.38  ©.4810%3.6 (350 to 2,600)
Total (rounded) 1.5t0 5.5 (1,300 to 4,000)
Gunlock part of Navajo aquifer
Santa Clara River 1017,170 12/06/95 18.8 14.7 41 11.78t0 4.1 (570 to 3,000)
02/15/96 .78 0 .78
1 Combination of di scharge in Bitter Creek and Heath Wash.
2 A seepage study was done for upper Cottonwood Creek, however, it is only aperennial stream along the upper part of Navajo Sandstone outcrop.
3 Combination of di scharge in Quail Creek and Water Canyon.
4 Based on measurements from USGS streamflow-gaging station 0940800 for water years 1965-1996 (Herbert and others, 1997).
5 Because of possible measurement error (as much as 10 percent), the upper contact and lower contact discharge values are too close to quantify
seepage.
6 Based onaUSGS seepage study reported by Cordova (1978, p. 17).
7 Assumes all seepage to the subsurface through alluvial deposits recharges the Navajo aguifer.
8 Based on measurements from USGS streamflow-gaging station 09406700 for water years 1966-82 (ReMillard and others, 1982).
9

Assumes all seepage to the subsurface through alluvial deposits recharges the Navajo aquifer.

10 Based on USGS streamflow-gaging station 09410100 for water years 1973-96 (Herbert and others, 1997).

1
months per year.

out before the reach crossed under Interstate 1-15.
Therefore, in addition to the measured 0.37 t3/s seep-
age loss along Wet Sandy Creek asiit traversed the out-
crop, it is probable that there was 0.63 ft%/s of seepage
to the Navajo aquifer through overlying aluvia depos-
its. Similarly, the flow in South Ash Creek decreased
from 2.2 ft3/s along Quaternary alluvial deposits down-
stream of the outcrop, eventually drying out before the
reach crossed under Interstate |-15. Therefore, in addi-
tion to the measured 1.38 ft3/s seepage | oss along South
Ash Creek asit traversed the outcrop, it is possible that
therewasup to 2.2 ft3/s of seepage to the Navajo aqui-
fer through overlying alluvial deposits. Thus, total
recharge to the Navajo aquifer during these base-flow
conditions was up to 1.00 ft3s (720 acre-ft/yr) aong
Wet Sandy Creek and 3.6 ft3/s (2,600 acre-ft/yr) along
South Ash Creek.
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Average annual recharge is estimated to be 3.0 cubic feet per year based on a seepage rate of 4.1 ft3/s for 8 months per year and 0.78 ft3/sfor 4

Because the city of St. George diverts several
large springs that previously flowed into Cottonwood
Creek, thisonce perennial stream flowsyear round only
in the upper section of its reach along the outcrop. On
thebasisof al5-year record fromthecity of St. George,
an average of 2,500 acre-ft/yr of water from springsis
diverted from the upper Cottonwood Creek drainage.
During the seepage study, the creek bed was dry along
the lower two-thirds of itsreach asit traverses the out-
crop. Therefore, it is assumed that the base-flow com-
ponent of the creek isremoved by diverting the springs,
effectively shortening its perennia reach. Observations
by local residents indicate that after a precipitation
event, Cottonwood Creek remains flowing longer than
other nearby ephemeral drainages (Morgan Jenson,
Washington County Water Conservancy District, oral
commun., 1998). Thisisconsistent with the assumption
that Cottonwood Creek was perennial along the entire



reach that traverses the Navajo Sandstone prior to
spring development by the city of St. George.

Dischargein the Santa Clara River traversing the
Navajo Sandstone and Kayenta Formation outcrop is
controlled by releases from Gunlock Reservoir. Dis-
charge records from the Gunlock Reservoir outlet
beginning in 1971 (Utah State Division of Water
Rights, written commun., 1998) indicate that water is
released from the reservoir for about 8 months per year.
Discharge from the reservoir averages about 20 ft3/s
during this period (Rodney & Helen Leavitt, written
commun., 1998). When the reservoir release valve is
closed (for about 4 months per year), about 0.8 ft3/s
seeps from the base of the dam into the stream channel.
Two seepage studies were done on the Santa Clara
River during winter whenlittle or no evapotranspiration
is thought to occur. The first seepage study, during
which 18.8 ft3/s was bei ng released from the reservoir,
indicated that 4.1 ft3/s of seepage loss occurred. The
second seepage study, during which the release valve
was shut and streamflow was 0.78 ft%/s, indicated that
0.78 ft3/s of seepage loss occurred because the stream
stopped flowing afew miles downstream from the dam.
If the higher seepage rate of 4.1 ft3/s occurs on average
8 months per year and the lower seepage rate to occur
on average 4 months per year, the average annual seep-
age rate from the Santa Clara River into the Navajo
aquifer is estimated to be about 3.0 ft3s (table 11). A
seepage study done by the USGS in 1974 (Cordova,
1978) indicated a seepage gain into the river along the
same reach of about 1.5 ft°/s. Thisindicates that a
reversal of head gradient between the aquifer and the
river has occurred since 1974, most likely as aresult of
increased discharge at the St. George municipal well
field.

Geochemical evidencea soindicatesthat most of
the water that recharges the St. George municipal well
field in the Gunlock part of the Navajo aquifer (west of
the Gunlock Fault) originates as seepage from the Santa
ClaraRiver. A trilinear plot of major-ion chemistry of
water from both the Santa Clara River and the St.
George municipa well field near Gunlock is shown in
figure 23. With the exception of the water sample of St.
George City Gunlock Well #2, the ground-water sam-
ples have a geochemical signature very similar to that
of Santa Clara River water sampled near Gunlock and
Windsor Dam. Thisindicates that most of the recharge
to the municipa well field is from seepage from the
Santa Clara River and Gunlock Reservoir where they
cross the Navajo Sandstone and Kayenta Formation
outcrop. Gunlock Well #2, located about 1,500 ft from

the Santa Clara River, contains water with higher dis-
solved-solids concentrations than the other wells,
including higher concentrations of sulfate and chloride
(fig. 15; Wilkowske and others, 1998, tables 1 and 4).
Thiswell, located farther from the Santa Clara River
than the other St. George City municipa wells, was
drilled closer to the base of the Navajo Sandstone and
Kayenta Formation than the other wells. Thus, it may
receive part of its recharge from infiltration of precipi-
tation or upward movement of water from underlying
formations.

CFC data also indicate that the Santa Clara River
isasource of recharge to the Navajo aquifer. Seven
wellsin the Gunlock part of the Navajo aquifer and four
surface-water sites along the Santa Clara River were
sampled for CFCs (fig. 24). Average CFC-12 concen-
trations from Gunlock Wells #7 and #8, east of the
Santa Clara River, were about 0 and 0.11 pmoles/kg,
respectively, indicating apparent recharge ages from
pre-1950 to 1958 (table 4; fig. 25). These values are
much lower than for wells adjacent to the Santa Clara
River on the west side. Gunlock Wells #3, #4, and #5,
west of the Santa Clara River, had measured CFC-12
concentrationsof about 0.35, 0.42, and 1.14 pmoles/kg,
respectively, indicating apparent recharge ages from
1966 to 1977 (table 4; fig. 25). The average CFC-12
concentration at four sites along the Santa Clara River
was about 1.5 pmoleg/kg (table 4). The analysis of the
CFC-12 dataindicatesthat in the area of the St. George
municipal well field, the Santa Clara River recharges
the Navajo aquifer to the west. Thisis consistent with
(1) general-chemistry data that show that the Santa
ClaraRiver islikely the principal source of recharge to
this part of the Navajo aquifer, (2) seepage studies
along the Santa Clara River that show it to be alosing
reach in the area of the well field, and (3) contoured
water-level datafrom the well field that show the direc-
tion of ground-water flow from northeast to southwest
under theriver (fig. 26).

Ephemeral Streams

Two methods for estimating recharge to the
Navajo aquifer along ephemeral streamsin Washington
County, Utah, have been developed. In thefirst method,
atheoretical average annual discharge in ephemeral
streams is calculated and recharge to the aquifer is
assumed to be a percentage of this amount. In the sec-
ond method, an experimentally determined rate of infil-
tration per unit length of ephemeral streamisappliedto
calculate recharge. Both methods were applied to
ephemeral streams with drainage-basin areas greater
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Figure 23. Chemical composition of water from the Santa Clara River and the St. George municipal well
field in the Gunlock part of the Navajo aquifer within the central Virgin River basin study area, Utah.

than 5 mi? that cross the main part of the outcrop. No Method 1
ephemeraé streams with drainage basin areas greater
than 5 mi< cross the Gunlock part of the outcrop. The : : :
drainage-basin areafor the perennial and larger ephem- (L)thg Eancbrﬁ .ejte'nmsztnegn%yol:ﬁgg t\fgg;qltj:;zgzdgil ]
eral streams that recharge the Navajo aquifer in the ped by tArl ( ' ):
study areaare shownin figure 27. Rechargeto the main Southwestern plateaus region: Q =7.02+.583 A (2)
part of the Navajo aquifer from ephemeral streamsis L 4 709 o146
estimated to range from 0.28 to 6.3 ft3/s (200 to 3,000 Central plateausregion: Q = 4.13x 10 ATH P
acre-ft/yr).

Average annual dischargefor streamsin southern
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Figure 24. Location of general-chemistry sampling sites and CFC-12 sampling sites in the Gunlock part of

the Navajo aquifer, central Virgin River basin study area, Utah.
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table 4

o?WeII sample and site number; additional information in table 4
O SantaClara River sample and site number; additional informationin

- Standard deviation of replicate samples where greater than 1

<+— Pre-1950 samples have measured CFC-12 concentrations within the
error of analysis and may be much older asindicated by arrows
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APPARENT GROUND-WATER RECHARGE YEAR DETERMINED FROM CFC-12 CONCENTRATION

Figure 25. Apparent ground-water recharge year determined from CFC-12 concentration at Santa Clara River
sites and in water from wells in the Gunlock part of the Navajo aquifer within the central Virgin River basin study

area, Utah.

where
Qisdischarge in acre-ft/d,
Aisthe area of the drainage basin in mi?,
P isaverage annual precipitation in., and
Sisthe main channel slopein ft/mi.

Equation 2 was developed for streamsin the
southwestern plateaus region of Utah and was cali-
brated with perennial streams including South Ash
Creek and Leeds Creek. Equation 3 was developed for
the central plateaus region of Utah. The ephemeral
streamsin the centra part of the study area southwest
of and including Cottonwood Creek and along Hurri-
cane Bench have quite different characteristics from
South Ash Creek and Leeds Creek. These streams
receive little or no gain from snowmelt runoff; there-
fore, it is believed that the equation devel oped for the
central plateaus region more accurately predicts dis-
charge of these lower-altitude streams. The parameters
for each of the drainage basins are reported in table 12.
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Only the higher altitude ephemeral stream basins north-
east of Cottonwood Creek are assumed to be affected
by snowmelt runoff. These streams, labeled “E2” in
table 12, are similar to Leeds and South Ash Creeks,
upon which the southwestern plateaus region discharge
equation, equation 3, was based (Christensen and oth-
ers, 1985, tables 3 and 4). Ephemeral streamsthat drain
the Pine Valley Mountains to the southwest of and
including Cottonwood Creek are probably not affected
by snowmelt runoff and are similar to streamsin the
central plateaus region. Discharge in these streams is
calculated by using equation 3 and islabeled “E3” in
table 12. Thelast column of the table shows the esti-
mated average annual discharge for both the ephemeral
and perennial creeks that cross the outcrop. Discharge
for the perennial streamsis calculated by using equa-
tion 2.

The estimated dischargein acre-ft/yr isshownin

the first column of table 13. Average annual discharge,
estimated by using equation 2 for Leeds Creek, is 5,770
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Figure 26. Approximate potentiometric surface in the Gunlock part of the Navajo aquifer within the central
Virgin River basin study area, Utah, February 1996.
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Table 12. Drainage-basin parameters for perennial and ephemeral streams that recharge the Navajo aquifer in the central

Virgin River basin, Utah

Stream type: E2 indicates an ephemeral stream located northeast of Cottonwood Creek with discharge calculated using equation 2; E3
indicates an ephemeral stream located southwest of, and including, Cottonwood Creek and along Hurricane Bench, with discharge
calculated using equation 3; P indicates a perennial stream with discharge calculated using equation 2.

Main Estimated Estimated
Drainage Stream Drainage Average channel average annual average annual

basin type area annual slope discharge discharge

(square precipitation (feet (acre-feet (acre-feet

miles) (inches) per mile) per day) per year)

Ephemeral streams:
Snow Canyon E3 49 14.7 180 5.9 2,140
Halfway Wash E3 19 12.7 260 3.0 1,080
City Creek E3 5 9.14 130 0.48 180
Middleton Wash E3 9 105 150 .97 360
Mill Creek E3 19 11.0 330 2.7 1,000
Gould Wash E3 62 14.0 78 4.1 1,480
Cottonwood Creek E3 40 16.1 250 7.0 2,540
Grapevine Wash E2 6 13.0 210 10.5 3,830
Anderson Junction Wash E2 5 12.2 220 9.9 3,610
Dry Sandy Wash E2 7 16.6 610 111 4,050
Perennial streams:

Quiail Creek P 9 12.9 340 12.3 4,490
Leeds Creek P 15 19.0 410 15.8 5,770
Wet Sandy P 7 19.8 570 11.1 4,050
South Ash Creek P 16 234 290 16.4 5,990

acre-ft/yr, similar to the 5,610 acre-ft/yr average based
on 32 years of measurements at USGS streamflow-gag-
ing station 0940800 (table 11). Average annual dis-
charge, estimated by using equation 2, for South Ash
Creek is 5,990 acre-ft/yr. However, when using the
smaller drainage basin area (11.0 mi?) upstream of
USGS streamflow-gaging station 09406700, the aver-
age annual discharge is 4,900 acre-ft/yr, similar to the
5,000 acre-ft/yr average based on 16 years of stream-
flow-gaging station measurements (table 11).

The estimated annual recharge from ephemeral
streams also is shown in table 13. It is assumed that
between 5 and 15 percent of the estimated average
annual discharge, or 1,000 to 3,000 acre-ft/yr, is esti-
mated to recharge the Navajo aquifer from ephemeral
streamsthat crossthe outcrop. To eval uate the accuracy
of thismethod, the estimated average annual discharge
was calculated for the perennial streams by using equa-
tion 2. The same percentage of discharge (5 to 15 per-
cent) was compared to values measured during the
seepage investigations of perennial streams (not includ-
ing the Santa Clara River, whose dischargeis regul ated
by dam releases and irrigation diversions). By using
method 1, the total estimated recharge from perennial
streams would be 1,000 to 3,000 acre-ft/yr, similar to

the 900 to 2,800 acre-ft/yr of measured seepage from
perennia streams. When compared to another ephem-
eral stream seepage study, the estimated 5- to 15-per-
cent infiltration of stream discharge for this study
brackets the 9 percent of total streamflow estimated to
rechargethealluvia aquifer system beneath the ephem-
eral Rillito Creek in southern Arizona based on micro-
gravity surveying (Parker and others, 1998). The two
primary limitations of thismethod are: (1) nolong-term
recharge from ephemeral streamsin the study area has
been measured; and (2) there are no perennial streams
southwest of Cottonwood Creek to compare with dis-
charge estimates obtained by using eguation 3.

Method 2

Thisalternative method of estimating ephemeral
stream recharge is based on an infiltration experiment
done during February and March 1997 along City
Creek where it traverses the Navajo Sandstone outcrop
(pl. 1, fig. 22). The St. George City Creek Well #2
(Wilkowske and others, 1998, table 1) was pumped at
540 gal/min and discharged into the dry stream chan-
nel. Flow measured 4 mi downstream at Dixie-Red
Hills Golf Course was 250 gal/min. Thetest, donein
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Table 13. Estimated annual recharge from ephemeral streams to the Navajo aquifer based on estimated annual stream

discharge, central Virgin River basin, Utah

Estimated recharge assuming:

Estimated

average annual 15 percent 10 percent 5 percent Measu_red
Drainage basin discharge infiltration of infiltration of infiltration of fseeeetppaegri/'e'gregz
(acre-feet discharge discharge discharge
per year) (acre-feet (acre-feet (acre-feet table 11)
per year) per year) per year)
Ephemeral streams
Snow Canyon 2,140 320 210 110
Halfway Wash 1,080 160 110 50
City Creek 180 30 20 10
Middleton Wash 360 50 40 20
Mill Creek 1,000 150 100 50
Gould Wash 1,480 220 150 70
Cottonwood Creek (lower) 2,450 380 250 130
Grapevine Wash 3,830 570 380 190
Anderson Junction Wash 3,610 540 360 180
Dry Sandy Wash 4,050 610 400 200
Total (rounded) 20,200 3,000 2,000 1,000
Perennial streams?
Quail Creek 4,490 670 450 220 140
Leeds Creek 5,770 870 580 290 2160
Wet Sandy 4,050 610 400 200 270-720
South Ash Creek 5,990 900 600 300 2350-1,800
Total (rounded) 20,300 3,000 2,000 1,000 900-2,800

1 Excludes the perennial reach of Cottonwood Creek because stream discharge is affected by spring diversions.

2 Based on seepage studies from Cordova (1978, p.17).

early spring when evapotranspiration effects are con-
sidered negligible, showed a net seepage loss of 290
gal/min, or 53 percent of the total flow. The loss per
mile during this experiment was about 70 gal/min or
about 0.31 (acre-ft/d)/mi. When making the simplifying
assumption that thisinfiltration rate is constant for all
ephemeral streams crossing the Navajo Sandstone in
the study area, the following method was used to calcu-
late total ephemeral stream recharge: (1) this rate was
multiplied by the length of each ephemeral stream
reach along the outcrop; and (2) this product was then
multiplied by the estimated number of days of flow in
each ephemeral drainage.

The duration of the flow and length of stream
reach along the outcrop in the larger ephemeral stream
drainages are shown in table 14. These estimates are
based on observations from local residents (Morgan
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Jensen, oral commun., 1998), aswell ason the
hydrograph of discharge along L eeds Creek for the past
19 years (fig. 28). Base flow on Leeds Creek, deter-
mined from annual discharge hydrographs, isabout 2.8
ft3/s, and is represented by a horizontal dashed line on
figure 28. Two distinct types of higher flows can be seen
on the hydrograph: (1) narrow spikes representing rain-
storms and (2) wider peaks of longer duration repre-
senting periods of snowmelt runoff. Factors assumed to
affect the duration of flow in ephemeral stream drain-
ages are the estimated number of larger rainstorms, the
frequency and length of snowmelt-runoff events, and
the presence of springs. On the basis of anecdotal infor-
mation from local residents, large rainstorms are esti-
mated to occur on average five times per year, causing
ephemeral streamflow lasting about 1 day in the larger
drainages. Periods of snowmelt are identified on the



Table 14. Estimated recharge from ephemeral streams to the Navajo aquifer based on the City Creek infiltration
experiment, February to March 1997, central Virgin River basin, Utah

Factors affecting streamflow: R, rainfall events; SP, spring flow; SN, snowmelt-runoff events.

Stream Infiltration Flow Estimated
Factors . Measured
. . reach on rate (acre- . duration recharge
Drainage basin 1 affecting seepage (acre-
outcrop feet per day (days per (acre-feet
. . streamflow feet per year)
(miles) per mile) year) per year)
Ephemeral Streams
Snow Canyon 7.7 0.31 R 5 12
Halfway Wash 9 31 R 5 14
City Creek 5.2 31 R 5 8
Middleton Wash 7.7 31 R 5 12
Mill Creek 8.9 31 R 5 14
Gould Wash 2.8 31 R+SP 15 13
Cottonwood Creek 7.3? 31 R+SN+SP 25 57
(lower)
Grapevine Wash 4.2 31 R+SN+SP 25 33
Anderson Junction 5.6 31 R 5 9
Wash
Dry Sandy Wash 3.7 31 R+SN 15 17
Total (rounded) 200
Perennial streams®
Quail Creek 4.1 31 365 470 140
Leeds Creek 2.8 31 365 310 4160
Wet Sandy 2.8 31 365 310 270 -720
South Ash Creek 3.1 31 365 360 4350-1,800
Total (rounded) 1,500 900-2,800

1 Length of stream reach along either the Navajo Sandstone or Navajo Sandstone and Kayenta Formation outcrop.
2 Lower Cottonwood Creek (ephemeral part) is about 2/3 of the 11.0-mi stream reach along the Navajo Sandstone and Kayenta Formation.
3 Excludes the perennial reach of Cottonwood Creek because stream discharge is affected by spring flow diversions.

4 Based on seepage studies from Cordova (1978, p. 17).

L eeds Creek hydrograph asthose multiple-month flows
during late winter through early summer with adis-
charge greater than 10 ft3/s. On the basis of the Leeds
Creek hydrograph, longer periods of snowmelt runoff
are estimated to occur on average once every third year.
Local residents have observed that these snowmelt-run-
off flows last about 30 days (or 10 days per year) for
higher altitude ephemeral streams, such as Cottonwood
Creek, Grapevine Wash, and Dry Sandy Wash. The
presence of springsin an ephemeral wash isassumed to
increase the duration of flow by enhancing the dis-
charge. It is estimated that the presence of springs
would lengthen rain and snowmelt-runoff flowseach by
10 days. Cottonwood Creek, Grapevine Wash, and

Gold Wash have springs that discharge into the stream
channel (table 14).

The estimated recharge from ephemera streams
to the Navajo aquifer calculated using method 2 is
shown in table 14. Thetotal estimated recharge from
ephemeral streamsisabout 200 acre-ft/yr. To verify the
accuracy of this method, the same infiltration rates per
river mile were applied to the perennia streams and
compared to values measured during the seepage inves-
tigations (not including the Santa Clara River and Cot-
tonwood Creek, whose discharge is regulated by dam
releases, irrigation diversions, and/or spring-flow diver-
sions). With this method, the total estimated recharge
from perennial streamswould beabout 1,500 acre-ft/yr.
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Figure 28. Discharge of Leeds Creek and precipitation at St. George, Utah, from 1965 through 1997.

Thisvalueiswithin the range of 900 to 2,800 acre-ft/yr
estimated from base-flow seepage measurements for
the same perennial streams. The limitation of this
method is the assumption that infiltration occurs at a
constant rate, independent of factors such as streambed
geometry, total discharge, or evapotranspiration |osses
during warmer months. It is unlikely that the 0.3 acre-
ft/d/mi infiltration rate measured at City Creek would
apply for different channel conditions (slope, width,
thickness of unconsolidated stream deposits) and dif-
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ferent times of year. Also, the City Creek experiment
simulated base-flow conditions by adding a constant
but small flow to the channel. During an actual flash
flood or snowmelt-runoff event, the discharge and cor-
responding rate of infiltration would be larger. The
amount of infiltration from ephemeral streams esti-
mated using method 2 may represent the lower values
in the range of possible recharge from ephemeral
streams. However, becauseinfiltration val ues estimated
for perennia streams with the experimental infiltration



rate arewithin the measured range of seepage, they may
provide areasonable estimate for recharge from
ephemeral streams.

In summary, both methods for estimating
recharge from ephemeral streams closely approximate
or bracket the measured base-flow seepage to the
Navajo aquifer from perennial streams. The amount of
ephemeral stream recharge based on the method 1
ranges from 1,000 to 3,000 acre-ft/yr. The amount of
ephemeral stream recharge based on method 2 is 200
acre-ft/yr. Therefore, the overall estimated range of
ephemeral stream recharge is from 200 to 3,000 acre-
ft/yr.

Overlying and Underlying Formations

The Carmel Formation overliesthe Navajo Sand-
stone and consists of limestone, sandstone, shale, and
gypsum deposits. Little vertical ground-water move-
ment islikely through these low-permeability sedimen-
tary rocks. However, because of higher precipitation
toward the Pine Valley Mountains where the Navajo
and Kayenta aquifers are covered by the Carmel For-
mation, the possible infiltration of small amounts of
water downward into the Navajo aquifer cannot be
entirely ruled out. Hurlow (1998) suggested that the
large thickness and low permeability of overlying for-
mations likely minimizes recharge to the Navajo aqui-
fer. In astudy by Cordy, Seiler, and Stolp (1993) of
springs in Zion National Park, higher dissolved-solids
concentrations were measured in water samples from
the Navajo agquifer near where it is covered by the gyp-
sum beds of the Carmel Formation. Lower dissolved-
solids concentrations were associated with areas where
the Navajo Sandstone outcrop is exposed at land sur-
face. Also, surface water sampled from Bitter Creek
(Wilkowske and others, 1998, tables 4, 6) contained
high dissolved-solids concentrations in the reach that
crosses the Carmel Formation. If large amounts of
recharge from the overlying Carmel Formation were
moving into the Navajo aquifer, thislikely would cause
an increase in dissolved-solids concentration in the
parts of the aquifer near this contact, compared with
parts of the aquifer, such as south of Hurricane, where
thereis no overlying Carmel Formation. However, the
areas of higher dissolved-solids concentration within
the study area do not correlate with parts of the Navajo
aquifer near the Carmel Formation contact. Therefore,
it is assumed that downward infiltration of water
through the Carmel Formation is not a substantial
source of recharge to the Navajo aquifer.

The Kayenta Formation is underlain by progres-
sively older sedimentary formationsincluding the Moe-
nave Formation, the Chinle Formation, and the
Moenkopi Formation (table 2; fig. 5). Although these
finer grained formations generally are considered less
permeabl e than the Navaj o Sandstone and K ayenta For-
mation, ground water may migrate upward along frac-
tures into the Navajo and Kayenta aquifers. Two
flowing wellsin the study area, well (C-41-17)29aba-1
drilled into the Shinarump Conglomerate of the Chinle
Formation, and well (C-41-13)16bcd-1 drilled into the
Springdal e Sandstone of the Moenave Formation
(Wilkowske and others, 1998, table 1), each have water
levels similar to those of nearby wellsin the Navajo
aguifer, which indicates that an upward gradient
towards the Navajo and Kayenta aquifers may exist at
some locations.

Solute mass balances were devel oped to quantify
recharge to the Navajo and Kayenta aquifersin the
areasnorth of St. George and west of Hurricane (fig. 9).
The mass balances were devel oped on the basis of 4
assumptions; (1) That the principal source of dissolved
solids in the aquifer originate from underlying forma-
tions, (2) that other sources of dissolved solidswere not
considered, (3) that thereis no changein storage in the
aquifer, and (4) that the dissolved-solids concentration
does not change with time. The water- and solute-mass
balance equations used are:

Q]_ + Qz = Q3 4)
and
Q€1+ QC; = Q3C5 ®)

where

Qq isrecharge (ft3/s) from surface infiltration;

Qo isrecharge (ft3/s) from underlying formations;

Qs discharge (ft/s) from the high dissolved-sol-
ids concentration parts of the Navajo and Kayenta
aquifers;

C, is average dissolved-solids concentration
(mg/L) of ground-water samples from the low dis-
solved-solids concentration parts of the Navagjo and
Kayenta aguifers, which represents water recharged
predominantly from surface infiltration that interacts
with the aquifer solids;

C, is average dissol ved-solids concentration
(mg/L) of ground-water samples from the underlying
Triassic and Permian Formations; and
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C; is average dissol ved-solids concentration
(mg/L) of water that discharges from the high dis-
solved-solids concentration parts of the Navagjo and
Kayenta aquifers.

Equation 4 is the water-budget mass balance.
Equation 5 is a solute mass balance that describes the
mixing of two water sources with different dissolved-
solids concentrations while retaining conservation of
mass. The amount of discharge, Qs, from the aquifer in
the areanorth of St. Georgeis estimated to be about 8.2
ft3/s, equal to the average annual well pumpage and
spring dischargefor that area. The amount of discharge,
Qs, west of Hurricaneis estimated to be about 4.5 /s,
equal to the average annual well pumpage and seepage
to the Virgin River. Assuming steady-state conditions,
equation 4 indicatesthat these amounts of discharge are
equal to the two sources of recharge, Q4 (infiltration of
surface water) and Q. (recharge from underlying for-
mations). Equation 5 indicates that the amount of each
source of recharge, multiplied by the average dis-
solved-solids concentration of that recharge, will equal
the amount of discharge, multiplied by the average dis-
solved-solids concentration of the discharge. The two
unknown parameters, Q; and Q,, can be determined by
simultaneous solution of equations4 and 5. C4, C,, and
Czareestimated to be about 300 mg/L, 2,500 mg/L, and
1,020 mg/L, respectively for both areas of dissolved-
solids concentration.

Theresultsindicate that in the area of high dis-
solved-solids concentration north of St. George, as
much as 2.7 ft3/s enters the Navajo aquifer from under-
lying formationsand 5.5 ft3/s or more entersthe aquifer
from infiltration of surface water. West of Hurricane, as
much asl.5 ft3/s enters the aguifer from underlying for-
mations and 3.0 ft3/s or more enters the aquifer from
infiltration of surface water. These estimated amounts
of recharge from underlying formations should be con-
sidered amaximum becauseit is assumed that the only
source of water with a dissolved-solids concentration
greater than 300 mg/L isthe underlying formations. It
is possible that another source is seepage from streams
traversing the Navajo Sandstone outcrop after dissolu-
tion of higher-solubility minerals as the streams cross
overlying layers such as the Carmel Formation.

On the basis of these cal culations, the estimated
recharge to the Navajo and Kayenta aquifers from
underlying formations in the higher dissolved-solids
concentration parts of the aquifer north of St. George
and west of Hurricane, is as much as 4.2 ft3/s,
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Irrigation

Irrigation of alfalfa occurs along a small part of
the Navgjo Sandstone outcrop west and southwest of
Hurricane, Utah. Most of the alfalfa (2,100 acres) is
flood irrigated in townships/ranges C-41-13 and C-42-
13 (fig. 22). These alfalfafields are located along thick
aluvial deposits associated with Gould Wash and Frog
Hollow Wash (pl. 1). A drillers' log for well (C-42-
13)15bad-1 at the mouth of Frog Hollow Wash shows
aternating layers of clay, sand, and gravel to adepth of
400 ft. A much smaller area of about 200 acres directly
on the Navaj o Sandstone outcrop in section 12 of Town-
ship 42 S., Range 14 W. (fig. 22) is sprinkler irrigated.
A study of recharge beneath sprinkler- and flood-irri-
gated fieldsnear Milford, Utah, indicated that therewas
no recharge beneath the sprinkler-irrigated field,
whereas about 30 in. of recharge occurred beneath the
flood-irrigated field (Susong, 1995). Onthebasisof this
study, no recharge is assumed to occur beneath the
sprinkler-irrigated fields on the Navajo Sandstone out-
crop within the study area. The amount of recharge
from unconsumed irrigation water on the flood-irri-
gated fields cannot be accurately measured because no
information is available regarding the amount of water
applied annually to the fields. The consumptive use of
water by alfalfaat Milford (altitude 5,000 ft) isabout 34
infyr, whereas the consumptive use near Hurricane
(altitude 2,900 ft) is about 43 in/yr, because of higher
mean annual temperatures and lower relative humidity
(Hill, 1994). Therefore, it isassumed that the amount of
recharge from unconsumed irrigation water near Hurri-
caneislessthan theinfiltration measured at Milford.
Assuming aninfiltration rate of 0to 20 in/yr beneath the
flood-irrigated fields near Hurricane, estimated
recharge is from 0 to 5 ft3/s (4,400 acre-ft/yr). But
without information concerning the amount of water
applied yearly to the flood-irrigated fields, this esti-
mated range is poorly constrained.

Gunlock Reservoir

Recharge to the Navajo aquifer most likely is
occurring beneath the southern half of the Gunlock
Reservoir, which overlies about 125 acres (5,450,000
ft2) of the Navajo Sandstone outcrop (fig. 24). It is
assumed that about 20 ft of silt hasbeen deposited at the
base of thereservoir sinceit was constructed. Thewater
level in the reservoir generally isabout 3,580 ft. Itis
assumed that a mound has devel oped beneath the reser-
voir so that the water in the reservoir isin hydraulic
connection with the water table of the Navajo aquifer.



Assuming that the water table in the Navajo aguifer at
the base of the reservoir is at about 3,470 ft and the ver-
tical conductivity isabout 0.01 ft/d for silts (Freeze and
Cherry, 1979), Darcy’slaw calcul ationsindicate that up
to 3 ft/s (2,200 acre-ft/yr) may seep into the Navgjo
aquifer. However, this estimate is based on many
unknown parameters such as the actual thickness and
hydraulic conductivity of thesilt layer at the base of the
reservoir.

Ground-Water Movement

Ground water moves from areas of high hydrau-
lic head to areas of low hydraulic head. In an uncon-
fined aquifer, thisis generally from higher elevation
areas to lower elevation areas. Based on water levels
measured in wells during February and March of 1996
and 1997 (Wilkowske and others, 1998) ground water
in the Navajo and Kayenta aquifers generally moves
from the base of Pine Valley Mountains southward
towards the Santa Clara and Virgin Rivers (pl. 2, fig.
26). The exception to thisisthe part of the aquifers
southwest of Hurricane, where ground water moves
northwestward toward the Virgin River. The potentio-
metric surface within the Navajo Sandstone and Kay-
enta Formation outcrop (unconfined) part of the
aquifersis similar to the topography; ground water
moves perpendicular to the potentiometric contours,
generally from higher-altitude areas of the outcrop
toward lower-altitude areas. There arethree areas of the
outcrop with very sparse water-level data: the eastern
part of the outcrop west of Hurricane Fault, the area
between Leeds Creek and Grapevine Pass Wash, and
the area northwest of the St. George municipal well
field in the Gunlock part of the Navajo aquifer (pl. 1).
Inthese areas, the direction of ground-water movement
can only beinferred from distant water-level measure-
ment sites. Also, many of thewater levelson plate 1 and
in figure 26 are from production wells, many of which
are pumped for most of the year. Although water levels
were measured near the end of the winter when pump-
ing isminimal, water levels may still be recovering
from earlier pumping and may not be representative of
the regional potentiometric surface.

Vertical movement of ground water between the
Navagjo and Kayentaaquiferslikely occurs, asindicated
by small vertical gradientsinferred from nearby pairsof
wells finished in the two formations. Small downward
vertical gradients likely exist near the Navajo Sand-
stone/Kayenta Formation contact southwest of Hurri-
cane, northwest of Toquerville, and north of

Washington. The vertical gradients estimated in these
areas generally are lessthan 0.10 and were determined
by dividing the difference in water-level altitude (gen-
erally less than 50 ft) by the vertical distance between
the perforated intervals of the well pairs (generally
about 500 ft). There are no nested pairs of wellsfin-
ished in the Navajo and Kayenta aquifers for direct
measurement of vertical gradient. Smaller vertical gra-
dients are consistent with the assumption that water
moves easily between the two aquifers.

In the high dissolved-solids concentration parts
of the aquifers, upward vertical gradients likely exist
between the Kayenta Formation and underlying forma-
tions as aresult of hydrothermal circulation. The evi-
dence of this, as discussed above, includes a strong
correlation between elevated dissolved-solids concen-
tration and elevated ground-water temperature. Also,
flowing well (C-41-17)29aba-1 in the Shinarump
Member of the Chinle Formation had a reported water
level similar to that in the nearby Navajo aquifer, indi-
cating the possible upward vertical gradient.

Discharge

The principal sources of discharge from the
Navajo and Kayentaaquifersarewell discharge, spring
discharge, and seepage to streams. Additional possibil-
itiesfor discharge include seepageto underlying forma
tions and evapotranspiration. Measured and estimated
sources of discharge from the Navgjo and Kayenta
aquifersare showninfigure 29. Thetotal amount of dis-
chargeis estimated to range from 23 to 39 ft3/s (17,000
to 28,000 acre-ft/yr) and from 5 to 8 ft3/s (3,800 to
5,900 acre-ft/yr), respectively, for the main and Gun-
lock parts of the Navajo aquifer. These ranges of dis-
charge values are much narrower than the range of
recharge reported above. Thisisbecausethelarger dis-
charge components, including well discharge, spring
discharge, and stream seepage, can be more accurately
measured than many of the recharge components, espe-
cialy infiltration of precipitation.

Wells

Well pumpage is the largest source of discharge
from both the main and Gunlock parts of the Navajo
and Kayentaaquifers. Except for anirrigation-well area
southwest of Hurricane, most well dischargeisfor
potable use. Historical well-pumpage records are
incompl ete for some municipalities and for many pri-
vate potable and irrigation wells. The best source of
datais St. George, where accurate discharge measure-
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ments have been kept since the late 1980s (Phillip
Solomon, City of St. George, oral commun., 1995).
WEell discharge from St. George municipa wellsin the
main and Gunlock parts of the Navajo and Kayenta
aquifersfrom 1987 through 1996 is shown in figure 30.
Averagewell discharge from 1987 through 1996 for the
Gunlock part of the aquifers was 5.5 ft3/s (4,200 acre-
ft/yr), and varied from 4.7 to 7.6 t3/s (3,400 and 5,500
acre-ft/yr). Average St. George well dischargein the
main part of the aquifers for this period was 4.4 ft/s
(3,200 acre-ft/yr), and varied from 3.6 to 5.4 ft3/s
(2,6001t0 3,900 acre-ft/yr) (Jerry Olds, Utah Division of
Water Rights, written commun., 1998). Except for 1995
data, total pumpage for the main part is not known
because irrigation-well discharge and some potable-
well discharge from subdivisions and municipalitiesis
not regularly reported to the Utah Division of Water
Rights.
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Figure 30. Well discharge from St. George municipal
wells in the main and Gunlock parts of the Navajo and
Kayenta aquifers from 1987 through 1996.

Thetotal 1995well dischargefor the main part of
the Navajo and Kayentaaquifersisestimated to be 12.7
ft3/s (9,200 acre-ft/yr) based predominantly on St.
George City Water and Power Department (Phillip
Solomon, written commun., 1996) and Utah Division
of Water Rights (Jerry Olds, written commun., 1996)
reported usage. About 70 percent, or 9.1 ft3/s (6,600
acre-ft/yr), of well discharge isfor potable use by
municipalities and subdivisions. The 1995 well pump-
age also includes about 3.6 ft3/s (2,600 acre-ft/yr) from
private potable and irrigation wells southwest of Hurri-
cane. Thisamount was determined with discharge mea-
surements from each well taken with either a sonic
velocity device or bucket and stopwatch. The discharge
measurements are then combined with power-meter

readingsto determine average annual pumpagefor each
well (calculated by multiplying the ratio of discharge
rateto power consumption by the total power consump-
tion for the year).

Because 1995 discharge from the St. George
wellsis similar to the 1987-96 average St. George
pumpage, it is assumed that the 1995 total discharge of
12.7 ft%/s (9,200 acre-ft/yr) from the main part of the
Navajo and Kayenta aquifersis close to the 10-year
average. Assuming that the 20 percent variation in St.
George well discharge between 1987 and 1996 is simi-
lar to variations in well discharge for the entire main
part of theaquifers, well dischargeisestimated to range
from about 10 to 15 ft3/s (7,200 to 10,900 acre-ft/yr).

Thetrendin St. Georgewell dischargefrom 1987
through 1996 (fig. 30) isgenerally related to theamount
of precipitation, which determines the avail ability of
surface water. However, to keep up with population
growth there have been numerous wells drilled since
1995, including the St. George municipa wells down-
stream from Gunlock Reservoir and in Mill Creek, a
Washington City well in Grapevine Pass, and a
WCWCD well at Anderson Junction. In addition, there
have been recent acquisitions of private wellsand water
rights south and west of Hurricane by the cities of Hur-
ricane and St. George, and the WCWCD. Asthese new
and redevel oped wells become fully operational and if
the population of the region continuesto grow, itis
likely that a general trend of increased well discharge
will occur and be magnified during periods of less-
than-normal precipitation.

In the main part of the Navajo and Kayenta aqui-
fers, about 80 percent of thewell dischargeis estimated
to be from the Navajo aguifer and 20 percent from the
Kayenta aquifer. Most of the Navajo aquifer discharge
occurs along Snow Canyon, City Creek, in the Mill
Creek area, and southwest of Hurricane (fig. 29). Most
of the Kayenta aquifer discharge occurs from wells
along Snow Canyon, Mill Creek, and near Leeds that
are drilled into the Navajo Sandstone but also perfo-
rated in the upper part of the Kayenta Formation. Inthe
Gunlock part, all of the well discharge isfrom the
Navajo aquifer.

Because drawdown associated with pumping
rapidly decreases with distance away from production
wellsin an unconfined to partly confined aquifer there
likely isnot much drawdown in areas at |arge distances
(generally more than amile) from a production well in
the Navgjo and Kayenta aguifers. However, in areas
such as Millcreek, Snow Canyon, and downstream
from Gunlock Reservoir, where many large production
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wells are located in close proximity, the drawdown
effectsare additive and farther reaching. Although only
afew feet of drawdown likely occurs regionally along
the perimeter of these wellsfields, such change could
be large enough to (1) reverse the direction of flow
between ground water and surface water, as seen by the
change in the Santa Clara River near the St. George
municipal well field from gaining reach to losing reach
during the past few decades; or (2) capture naturally
occurring discharge that, prior to ground-water devel-
opment, emanated at springs and gaining stream
reaches. It is possiblethat additional ground-water
development in areas upgradient of naturally occurring
discharge (springs or gaining streams) may eventually
capture some of this water. Anderson Junction is one
such location where additional pumping may divert
some of the ground water from seeping into the Virgin
River.

Springs

Springs are the second-largest source of dis-
charge from the main part of the Navgjo and Kayenta
aquifers. There is no known spring discharge from the
Gunlock part of the aquifers. Total spring discharge for
the main part is estimated to be about 7.7 ft3/s plus or
minus 10 percent, or 6.9 to 8.5 ft3/s (5,000 to 6,200
acre-ft/yr) (fig. 29), based on two spring inventories
donein December 1995 and April 1996 (Wilkowske
and others, 1998, table 3). All of the larger springs dis-
charge from the lower Navajo Sandstone and upper
Kayenta Formation between Snow Canyon and Mill
Creek (fig. 29). It is estimated that thereislittle sea-
sonal variation in spring discharge from the Navajo and
Kayentaaguifers. Six springs measured during both the
1995 and 1996 surveys had less than 10-percent varia-
tion in discharge, within the error of the measurement
methods. Similarly, atotal spring discharge of 2,655
gal/min was measured at seven springs (Snow, Mill
Creek, Warm, Huntington, Cox, East City, and West
City Springs) during November 1974 (Cordova, 1978,
table 2). Tota discharge from the same springs mea-
sured during 1995 and 1996 was 2,635 gal/min, a vari-
ation of lessthan 1 percent from the earlier study.
Finally, discharge at Sheep Springs showed little varia-
tion (1.9 to 2.1 gal/min) during 12 monthly measure-
ments from November 1990 through October 1991
(Jensen and others, 1997, table 14).

The location of springs within the Navajo and
Kayenta aquifers may be related to permeable frac-
tures. Jensen and others (1997) noted that Beecham,
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Gray, and Sheep Springs are located along a fracture
identifiable on areal photographs. These springs trend
on aline that extends northwestward along the axis of
the inferred Snow Canyon Fault. Similarly, Warm
Spring, north of Washington, may be associated with
hydrothermal circulation along the nearby Washington
Fault (Budding and Sommer, 1986).

Streams

A seepage study done during November 1994
along the Virgin River documented about 7.2 ft3/s
(5,200 acre-ft/yr) streamflow gain across the Navajo
Sandstone outcrop west of LaVerkin (Herbert, 1995).
Assuming atemporal variation in discharge of 10 per-
cent, the estimated discharge from the Navgjo is 6.5 to
7.91t%s (4,700 to 5,700 acre-ft/yr). TheVirgin River
cuts deeply into the Navajo Sandstone, and it is
assumed that the source of thisgain in streamflow is
discharge from the Navajo aquifer (fig. 29). Because
the study wasdonein latefall, it is assumed that evapo-
transpiration losses were minimal.

A larger gain of 13.8 ft3/s (10,000 acre-ft/yr) in
theVirgin River was determined during aseepage study
donein 1974 by Cordova (1978). The decreasein aqui-
fer discharge since the 1970s may be caused by
increased well discharge from the Navgjo aquifer inthe
residential area northeast of Leeds and in the agricul-
tural area southwest of Hurricane.

As part of this study, two seepage studies were
done along the Santa Clara River (Wilkowske and oth-
ers, 1998, table 6). On the basis of these discharge mea-
surements, an estimated average streamflow gain of
about 0.5 ft3/s (400 acre-ft/yr) was calculated in the
Santa Clara River asit crossed the Kayenta Formation
outcrop.

Adjacent and Underlying Formations

The November 1994 seepage study along the Vir-
gin River showed additional streamflow gains of about
3.5 ft3/s along the K ayenta Formation outcrop and
downstream Quaternary sediments (Qs) in contact with
underlying formations (fig. 29, pl. 1) (Herbert, 1995).
The part of this discharge coming from the Kayenta
Formation could not be determined because no mea-
surement was taken at the contact between the Kayenta
Formation and the Quaternary sediments. However, itis
assumed that most of thiswater originatesinthe Navajo
Sandstone and Kayenta Formation, is discharged into
the Quaternary and Tertiary basalt (Qtb), infiltratesinto
the Quaternary sediments, and finally seepsinto the



Virgin River. On the basis of discharge measurements
along the Santa Clara River (Herbert and others, 1997)
and observations by local residents (R. Levitt, oral
commun., 1998), an estimated streamflow gain of from
0 to 2 ft3/s (1,400 acre-ft/yr) between Ivins and St.
George originates from the Navajo and Kayenta aqui-
fers (fig. 29). Thiswater may seep into the Santa Clara
River from Quaternary sediments and basalt in contact
with the Navaj o Sandstone and K ayenta Formation near
Snow Canyon, or through fractures in the underlying
Moenave and Chinle Formations (pl. 1). Likewise,
there are numerous seeps and small springs along the
Moenave and Chinle Formation outcrop between St.
George and Leeds (pl. 1). From 0 to 2 ft3/s (1,400 acre-
ft/yr) of discharge is estimated to migrate from the
Navajo Sandstone and Kayenta Formation through
fractures into these underlying formations before seep-
ing to the surface (fig. 29). A total estimated discharge
of from 0to 7.5 ft3/s (0 to 5,400 acre-ft/yr) moves from
the main part of the Navajo and Kayenta aquifersinto
adjacent unconsolidated or consolidated formations,
eventually discharging as seepageto springsor streams.

Evapotranspiration

Transpiration occurs from phreatophytes grow-
ing along perennial stream reaches that cross the
Navajo Sandstone and Kayenta Formation outcrops.
Except for the Virgin River, phreatophyte growth along
the perennial reachesis generally sparse because of the
steep canyon topography along the streams. Except for
theVirgin River, al the perennial streams|ose water to
the aquifer. Thus, only the net amount of water
recharging the aquifer (after removal by transpiration)
is estimated and was based on seepage studies con-
ducted during the autumn when transpiration is mini-
mal. While transpiration losses are larger during the
spring and summer, flow is also generally higher.
Therefore, it islikely that the increased transpiration
losses during the warmer months is offset by higher
stream flow.

For the Virgin River, seepage studies were also
conducted in the late autumn (Herbert, 1995) when
transpiration losses were minimal and total discharge
from the aquifer to the river could be accurately esti-
mated Therefore, transpiration did not need to be con-
sidered for the ground-water budget.

Ground-water budget

Theestimated ground-water budgetsfor themain
and Gunlock parts of the Navgjo and Kayenta aquifers
are shown in tables 15 and 16.

NUMERICAL SIMULATION OF
GROUND-WATER FLOW

Computer models were developed to simulate
various concepts of how ground water moves through
the upper Ash Creek aquifer system and the Navajo and
Kayentaaquifers. Computer models are ableto test the
viability of conceptual models and to determine the
sensitivity of simulation results to uncertainty in data
and interpretations based on those data. A model should
reasonably represent most aspects of ground-water
recharge, movement, and discharge, and results of ssim-
ulations should reasonably match measured ground-
water budget components and measured water levelsin
wells. The differences between simulation results and
the measured aquifer flows and water levels should be
“acceptable” for the intended use of the model.

Another equally important purpose for devel op-
ing aground-water flow model isto guidethe collection
of additional data. Data-collection priority can be set
for parameters that are not well known by determining
the sensitivity of simulation resultsto different types of
data. Data to which the simulation results are sensitive
should be given ahigh priority in future data-collection
efforts. Only then can amodel be successfully
improved and updated in the future.

The purpose for devel oping the three models
described in thisreport wasto (1) evaluate the practical -
ity of the conceptual models described, (2) evaluate
aternative conceptual models, and (3) determine the
sensitivity of simulation results to uncertainty in prop-
erties and flowsto help prioritize future data collection.

The ground-water flow models were constructed
with the latest version of the MODFLOW finite-differ-
ence simulation code (McDonal d and Harbaugh, 1988).
The updated version (Harbaugh and McDonald, 1996),
known as MODFL OW-96, adds double precision to
budget cal culations and new input and output capability
but retains the same programming structure for solving
the ground-water flow equation.

The mathematical boundaries used to represent
hydrologic boundaries of the aquifers include no-flow
boundaries, specified-flux boundaries, and head-depen-
dent flux boundaries. A no-flow boundary does not
allow water to movethroughit. A specified-flux bound-
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Table 15. Estimated ground-water budget for the main part of the Navajo and Kayenta aquifers, central Virgin River basin,

Utah

Flow component

Volume, in cubic feet

Volume, in acre-feet

per second per year

Recharge
Infiltration of precipitation 10to 30 7,200 to 21,700
Seepage from perennial streams 1.8t05.5 1,300 to 4,000
Seepage from ephemeral streams .281t04.2 200 to 3,000
Seepage from underlying formations 0to4.2 0 to 3,000
Infiltration of unconsumed irrigation water Oto5 0 to 4,400
Total (rounded) 12to 49 8,700 to 36,100

Discharge
Well discharge 10to 15 7,200 to 10,900
Spring discharge 6.91t0 8.5 5,000 to 6,200
Seepage to the Virgin River 6.5t07.9 4,700 to 5,700
Seepage to underlying formations 0to7.5 0 to 5,400
Total (rounded) 2310 39 17,000 to 28,000

Table 16. Estimated ground-water budget for the Gunlock part of the Navajo and Kayenta aquifers, central Virgin River basin,

Utah
Flow component Volume, in cubic Volume, in
feet per second acre-feet per year
Recharge
Infiltration of precipitation 1to3 700 to 2,200
Seepage from the Santa Clara River (rounded) lto4 700 to 2,900
Seepage from the Gunlock Reservoir O0to3 0to 2,200
Total (rounded) 21010 1,400 to 7,300
Discharge
Well discharge 471t07.6 3,400 to 5,500
Seepage to the Santa Clara River 5 400
Total (rounded) 5t0 8 3,800 to 5,900

ary allows water to move acrossiit at afixed rate. A
head-dependent flux-boundary allows the amount of
water moving across it to vary when the head in the
aquifer varies (see Franke, Reilly, and Bennett, 1987).
No-flow boundaries representing the erosional and
fault-controlled extend or ground-water dividesin the
aquifersarefairly well defined. Other boundaries, such
asthose representing flow to and from underlying, adja-
cent, and overlying formations, are not well under-
stood. In general, the contact between the aquifersand
underlying or overlying formations are represented by
no-flow boundaries except where hydrologic or
geochemical evidenceindicates that ground water may
be crossing these boundaries. Where the aquifers are
unconfined, the boundary is afree surface. A specified-
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flux is applied across the free-surface boundary to rep-
resent infiltration from precipitation, streams, and
unconsumed irrigation water. There also are areas on
the free surface boundary where head dependent fluxes
are applied to simulate discharge from the system, such
as spring discharge and seepage to streams.

Upper Ash Creek Drainage Basin Ground-
Water System

Ground-water development in the upper Ash
Creek drainage basin was negligible prior to 1995.
Water-level variation in awell that has been measured
since 1934 indicatesno long-term effect from pumping,
but seasonal and longer-term water-level changes indi-



cate that recharge to the system is probably affected by
climatic variability (fig. 31). Because there have been
no long-term changes in water levels, changesin
ground-water storage are negligible and the system is
considered to be in steady-state. Thus, a steady-state
computer model was developed to examine how the
hydrol ogic system functionsand to test and eval uate the
conceptual model and test the estimated water budget.
The basdline period was 1995.

A baseline simulation was devel oped to represent
how the system is conceptualized to function. Alterna-
tive simulations, which represent variations to the con-
ceptual model, were tested to determine which were
reasonable and which were not. Because of uncertain-
ties about the flows and properties of the hydrologic
system, sensitivity analyses were done on the baseline
simulation to test how variations in these parameters
within reasonable limits affected simulation results.

Model Characteristics and Discretization

The modél is discretized into agrid of rectangu-
lar blocks or cells, each assumed to have homogeneous
properties. The ground-water flow system for the upper
Ash Creek drainage basin is divided into 67 rows, 49
columns, and 3 layers with atotal of 9,849 cells (fig.
32). The model grid is designed to emphasize flow in
the basin-fill aquifer, for which the most informationis
available. All but afew cellsthat represent the basin-fill
aquifer are 1,000 ft by 1,000 ft (about 23 acres). The
southernmost cells are as much as 34 acres. Cellsthat
represent the aluvial-fan aquifer range from 1,000 ft
by 1,000 ft to 1,000 by 1,500 ft (about 34 acres). Cells
that represent areas in the Pine Valley Mountains and
the Pine Valley monzonite aguifer are aslarge as 3,000
ft by 3,000 ft (about 207 acres). The three aquifers are
each represented by amodel layer and the areal extent
of each layer becomeslarger with depth. Layer 1 repre-
sents the basin-fill aguifer and includes about 28 mi2
and 875 active cells. Layer 2 representsthe alluvial-fan
aquifer and includes about 50 mi and 1,251 active
cells. Layer 3 represents the Pine Valley monzonite
aquifer and includes about 99 mi2 and 1,865 active
cells. The Pine Valley monzonite aquifer is assumed to
underlie the entire modeled area, but thisis not based
on fact, merely supposition. The orientation of the grid
isrotated clockwise about 35 degreesfrom true north to
better align with physical boundaries of the system and
the dominant fracture orientation in the Pine Valley
monozonite aquifer.

The modél layers correspond to geologic units
and vary in thickness. Layer 1 represents the Quater-
nary basin fill and rangesfrom lessthan 100 to asmuch
as 1,500 ft thick. Layer 2 represents semiconsolidated
Tertiary aluvial-fan deposits and ranges from less than
100to asmuch as 1,500 ft thick. Layer 3 representsthe
Pine Valley monozonite aquifer and is assigned a thick-
ness of no morethan 3,000 ft. The thickness of the Pine
Valley monozonite aquifer is not known, but 3,000 ft
was arbitrarily chosen as a depth below which ground-
water movement is negligible. Figure 32 showsthe
model layering used for the flow simulation.

Boundary Conditions

No-flow, specified flux, and specified-head
boundaries were used to represent the hydrologic
boundariesin the Ash Creek basin model (fig. 33).

Recharge Boundaries

Thetop of the uppermost layer throughout the
modeled area represents a specified-flux recharge
boundary, where simulated recharge includes infiltra-
tion of precipitation, seepage from ephemeral and
perennial streamflow, and infiltration of unconsumed
irrigation water. No recharge from subsurface flow was
conceptualized or simulated.

Precipitation

Infiltration of precipitation is simulated with the
recharge package (Harbaugh and McDonald, 1966, p.
28). The distribution of annual precipitation for the
modeled areawas obtained from the Utah Climate Cen-
ter (1996). Initially recharge from infiltration was
applied as 8.5 percent of total precipitation, but as the
steady-state model was refined, the percentage was
increased astotal precipitation increased with atitude.
The areadl distribution of recharge from infiltration of
precipitation is shown in figure 34.

Ephemeral Streams

Recharge from streams flowing onto the valley
floor from the surrounding mountains and plateaus al so
issimulated as part of the recharge package but is not
represented in figure 34. In the areas where Kanarra,
Spring, Camp, and Taylor Creeks flow onto the valley
floor the recharge package was used to apply about half
the total estimated flow in these streams as infiltration
into layer 1. The recharge package a so was used to
apply additional infiltration to cellsthat represent areas
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where ephemeral streams flow from the Harmony and
Pine Valley Mountains onto the valley floor. The
amount was arbitrary because thereis no record of
streamflow for these washes. The amount was adjusted
during steady-state model refinement to closely
approximate steady-state water levels but not beyond
the estimated runoff for the drainage area represented
by the wash.

Ash Creek

Theriver package (Harbaugh and McDonald,
1996, p. 26) simulates stream seepage from Ash Creek
to the basin-fill aguifer (recharge). The river package
represents a head-dependent flux boundary and one
reach per cell issimulated (fig. 35). Stream leakage
occurswhenever thewater level intheaquifer isbelow
the stage in the stream. When the stream isnot in
hydraulic connection with the aquifer (when thereisan
unsaturated zone beneath the streambed), the flux is
controlled by the difference between the altitude of the
stream stage and the bottom of the streambed material
(RBOT) and the hydraulic conductance of the stre-
ambed. In cases where the stream isin hydraulic con-
nection with the aquifer, the rate of leakageis
controlled by (1) the difference between the altitude of
the stream stage and the calculated head at the node of
the cell underlying the steam reach; and (2) the conduc-
tance of the streambed (the product of vertical hydrau-
lic conductivity and cross sectional area divided by
streambed thickness). The cross sectional areaisthe
area of streambed within each cell. Vauesfor conduc-
tance of asmall stream traversing basinfill are probably
guite variable, but most were assigned a value equal to
one-tenth of the horizontal hydraulic-conductivity
value of the basin-fill aquifer times the length of the
stream acrossthe cell divided by a 1-ft thick streambed.
The cells that represent Ash Creek Reservoir were
assigned avalue equal to one-hundredth of the horizon-
tal hydraulic-conductivity value of the basin-fill aquifer
times the reservoir areain the cell divided by a 1-ft
thick lake bed because the reservoir bottom likely con-
sists of much finer grained sediments than the stre-
ambed. The average atitude of the stream/lake bed was
obtai ned from topographi c mapswith acontour interval
of 20 ft. The stream/reservoir altitude was assigned a
value 10 ft higher than the bottom altitude, thereby
allowing stream or |ake leakage to be driven by a
hydraulic head of 10 ft. The actual driving head is prob-
ably more than 10 ft in the reservoir and less than 10 ft
in the stream. A model that isintended for use asa pre-
dictive tool should be constructed so that this interac-
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tion between stream and aquifer and between reservoir
and aquifer ismore realistically depicted using vertical
hydraulic conductivity values and varying stream/reser-
VOir stage.

Irrigation

Irrigation areas were delineated from land-use
maps developed by the Utah Division of Water
Resources. Recharge of 880 acre-ft/yr was simulated
with the recharge package to account for unconsumed
irrigation that infiltrates to the water table (fig. 33).
During steady-state model refinement, recharge rates
for selected cells were adjusted within reason to obtain
a better simulated match with measured water levels.
Thetotal recharge simulated for irrigation is consi stent
with the application method being used.

Discharge boundaries

Several types of head-dependent flux and speci-
fied-flux discharge boundaries are used in the baseline
simulation (fig. 35). Evapotranspiration is simulated
with the evapotranspiration package, well dischargeis
simulated with the well package, and discharge from
springsissimulated with the drain package. Seepageto
Ash, Sawyer, and the lower reach of Kanarra Creek was
simulated with the river package. Subsurface flow to
the south into the lower reaches of the Ash Creek drain-
age is simulated with the general-head package.

Evapotranspiration

Simulated evapotranspiration from the saturated
zone in areas where cottonwood trees and pasture
grasses grow is dependent on the depth of the water
table, the average rate of consumption by each type of
vegetation present, and the depth below land surface at
which transpiration ceases for each type of vegetation.
The evapotranspiration package simulatesthe effects of
direct evaporation and plant transpiration by using a
linear variation in the evapotranspiration rate. The
maximum rate occurs when the water tableisat or near
land surface. The rate drops to zero when the water
tableisdeeper than a specified extinction depth for each
type of vegetation. The two dominant types of phreato-
phytes, cottonwood trees and pasture grasses, have dif-
ferent rates of water consumption and different
maximum depths from which they can use ground
water. The baseline numerical simulation described in
this report uses extinction depths of 25 ft (Robinson,
1958, p. 62) for cottonwoods and 5 ft for pasture grass.
Because of lower temperatures and density of the
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flow model of the upper Ash Creek drainage basin, Utah.
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growth in the upper Ash Creek drainage, consumptive
use rates were set at 3.5 ft/yr for cottonwood trees and
1.75ft/yr for pasture grass, somewhat |essthan therates
from other studies. Evapotranspiration represents a
head-dependent discharge boundary at the top of the
saturated zone that functions only when the water-table
atitudeis above the extinction depth or above land sur-
face.

Wells

Well discharge is simulated as a specified-flux
discharge with the well package. Because water usefor
the upper Ash Creek drainage basin is not well docu-
mented, the amount of discharge simulated for each cell
was estimated on the basis of type of water use, well
diameter, and length of open interval. Relative to the
water right, household wells were assigned afixed dis-
charge of 0.67 acre-ft/yr, wells used for stock were
assigned afixed discharge of 0.23 acre-ft/yr, and wells
used for domestic, stock, and irrigation were assigned a
fixed discharge of 3.3 acre-ft/yr. These rates combined
with the rate for irrigation wells yielded atotal dis-
charge of 1,440 ft/yr. Discharge fromirrigation wells
was estimated based on average discharge from four
irrigation wells measured with a sonic velocity device.
The average discharge per square foot of screen for the
four measured wellswas 0.85 (gal/min)/ft%. Thisfactor
was multiplied by the screen area of all other irrigation
wells, and assuming 3 months of pumping per year, was
used to obtain the estimated discharge in the baseline
simulation. The distribution and magnitude for simu-
lated well dischargeis shown in figure 36.

Springs

Spring discharge is simulated with the drain
package. The drain package represents a head-depen-
dent discharge boundary for each cell towhichitis
assigned. The amount of discharge simulated depends
on the assigned conductance value and the difference
between the assigned drain altitude and the simulated
water level inthat cell. Drain altitudes were taken from
topographic maps and were adjusted during model
refinement within the accuracy of the map contour
intervals. The drain simulates no discharge when the
computed head is lower than the specified drain alti-
tude. The conductance valueswere adjusted during the
model refinement procedure to approximate the mea-
sured discharge at selected springs.
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Ash and Kanarra Creeks

Discharge from the aguifer into the perennial
reaches of Ash and Kanarra Creeksis simulated with
theriver package (fig. 33). Theriver package represents
a head-dependent boundary at the contact between
perennia streams and the uppermost saturated zone.
Dischargefrom the ground-water system to the streams
is controlled by (1) the difference between the simu-
lated head in ariver cell and the altitude of the stream
or lake bottom, (2) the streambed areain each cell, and
(3) the assigned conductance value for the streambed.
The streambed areain each cell and the assigned con-
ductancevaluesare explained aboveinthe“Ash Creek”
section.

Subsurface Flow to Lower Ash Creek Drainage

Subsurface flow from the upper Ash Creek drain-
age basin ground-water system to the south into the
lower Ash Creek drainage (fig. 33) issimulated with the
general-head package. This package represents a head-
dependent boundary between the assigned cellsand a
fixed-head boundary outside of the modeled area.
When the fixed head is lower in atitude than the smu-
lated water-level altitude in the general-head cells, dis-
charge from those cellsis simulated. The amount of
discharge simulated depends on the simul ated head dif-
ference and the assigned conductance value. The con-
ductancevalueisapproximated by dividing the product
of the horizontal hydraulic conductivity of the material
and the cross-sectional area by the distance traveled
through that material. This value is somewhat specula-
tive for the area south of Ash Creek Reservoir because
the hydraulic properties of the material through which
ground water moves are uncertain. Values of conduc-
tance assigned for the baseline simul ation were 20 ft%/d
for the basin-fill and Pine Valley monzonite aquifers
and 15 ft%/d for the alluvial-fan aguifer. A fixed head of
3,850 ft was assigned to represent awell 3.5 mi to the
south.

No-Flow Boundaries

It is conceptualized that no ground water enters
or exitsthe upper Ash Creek drainage basin at thedrain-
age-basin boundaries or at the Hurricane Fault. The
model was developed so that the appropriate layer
boundaries terminate at the drainage-basin boundaries
and the fault. No flow was simulated for all lateral
boundariesexcept at the general head cells south of Ash
Creek Reservoir. Also, no flow was simulated for the
base of the Pine Valley monzonite aquifer (layer 3).
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Ground-Water Divide

The ground-water divide between the upper Ash
Creek drainage basin and Cedar Valley ground-water
systems represents a no-flow boundary whose position
varies with time. Withdrawal s from the Cedar Valley
ground-water system to the north apparently have
moved this boundary 2 mi farther south since the mid-
1940s. These withdrawals were not simulated in the
upper Ash Creek drainage basin.

Faults

A no-flow boundary is simulated for the Hurri-
cane Fault. Cross sections from geologic mapping indi-
cate that the offset of the fault is many thousands of
feet. Water levels and streamflow measurements indi-
cate that there islittle or no ground water moving
through the fault system into the basin-fill aquifer.

Underlying Formations

The nature of the material that underliesthe Pine
Valley monzonite aquifer is not known. As stated previ-
ously, this aquifer is thought to be more than 2,000 ft
thick. The bottom of the aquifer was chosen to be at
3,000 ft below land surface. This allowsthe simulated
transmissivity to be calculated from the product of
hydraulic conductivity and saturated thickness. Com-
paction and cementation associated with deeper burial
are presumed to have resulted in low hydraulic conduc-
tivity, so that no ground water is moving from depth up
into the aguifer; thus, it is simulated as a no-flow
boundary.

Divides

The surface drainage divide for the Ash Creek
drainage basin was assumed to be a ground-water
divide and thusis simulated as a no-flow boundary.

Distribution of Aquifer Characteristics

Each model layer represents a different aquifer
and is assigned hydrologic properties on the basis of
aquifer-test results reported in the literature, specific-
capacity tests, and lithologic descriptionsfrom drillers
logs. Available data with which to estimate aquifer
propertiesare scant. Theinitial distribution of transmis-
sivity for layer 1, the basin-fill aquifer, was devel oped
by comparing the values reported from a few aquifer
tests with val ues from specific-capacity tests done by
drillers. A rough map of themost likely valuesand their
areal distribution was created and appropriate values

82

for agquifer top, bottom, and hydraulic conductivity
were assigned to the cells that represent that aguifer.
Transmissivity in the model is calculated from the
product of the hydraulic conductivity and the saturated
thickness. Thedistribution for layers 2 and 3 was deter-
mined in the same way but is based on fewer data.

While trying to match measured and model-com-
puted water levels and estimated and model-computed
flows, initial distributions were atered within reason-
able limits to obtain the best match between measured
and computed values. Fina distributions of transmis-
sivity areshowninfigure 37. Thedistribution valuesfor
layer 2 are 10 times smaller than valuesin the other lay-
ers. Thisis speculative and was based on the relative
differencesin afew specific-capacity values. The distri-
bution for layer 3islargely uncertain for all areas
except south of New Harmony, where several irrigation
wells have been drilled. Layer 3 for the Harmony and
Pine Valley Mountains and where the monzonite aqui-
fer is at depth under basin fill, was assigned a small
transmissivity value. A lineof cellsacrossthe Harmony
structural basin al'so were assigned asmall valueto sim-
ulate the potential impedance of west-to-east ground-
water movement across the fault zone mapped by Hur-
low (1998). Slightly higher values were assigned to a
zone of cells that represent a more structurally dis-
turbed transition from Pine Valley monzonite to the
Quichapa Group and Claron Formation, roughly along
the stream course of Comanche Creek.

Vertical-Head Gradients

No wells with multiple completions are finished
in any of the three aguifers; however, anomal ous water
levelsin some closely spaced wellsindicate possible
vertical-head gradients within and between aquifers
(discussed in “ Ground-water movement” section). To
simulate vertical-head differences, the values for verti-
cal conductance between layers must be small enough
to create an impedance to vertical ground-water move-
ment. Laterally uniform valuesare used for the baseline
simul ation and were chosen during model development
to approximate measured water levels. Final vertical-
conductancevalueswere 1x10™ (ft/d/)ft between layers
1 and 2 and 1 (ft/d)/ft between layers2 and 3. Thissim-
ulates little or no vertical impedance to flow between
layers 2 and 3 and substantial impedance between lay-
ers1 and 2. Because of the uncertainty in the valuesfor
aquifer properties and geometry, vertical-conductance
values were assigned during model refinement, not on
the basis of calculations of vertical hydraulic conduc-
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tivity multiplied by cross sectional area divided by dis-
tance between the center of layers.

Conceptual Model and Numerical Simulations

Two factors are typically used to determine how
closely a numerical simulation compares to a concep-
tual ground-water flow model: (1) comparison of com-
puted and measured water levelsin wells, and (2)
comparison of the model’s volumetric-balance calcula-
tion and the estimated ground-water budget. Although
there are similarities between the budgets, computed
water levelsin layer 3 of the upper Ash Creek drainage
basin model are substantially higher than measured
water levels, and thereis considerable variation among

the four computed and measured water levels for layer
2 (table 17). These comparisons indicate that although
the conceptual model could be correct, there are many
detail s about aquifer-property distribution and system
heterogeneity that are not accurately represented by this
baseline simulation. The direction of ground-water
movement depicted by the baseline simulation (fig.
38a, b, and c) is similar to that depicted in figure 18,
indicating flow from recharge areas in the surrounding
mountai nsto discharge pointsat springsand streams.

Model Applicability

The model was devel oped to help understand the
ground-water flow system in the upper Ash Creek

Table 17. (a) Conceptual and simulated ground-water budgets and (b) simulated versus measured water-level differences for

the upper Ash Creek drainage basin ground-water system, Utah

(a) Ground-water budget

Baseline simulation?

Flow component Conceptual (rounded)
Recharge, in acre-feet per year
Infiltration of precipitation 2,100 to 9,200 10,410
Seepage from ephemeral streams 1,000 to 6,000 2,650
Infiltration of unconsumed irrigation water 0 to 5,000 880
Seepage from perennial streams 500 to 1,100 380
Total 3,600 to 21,300 14,320
Discharge, in acre-feet per year
Well discharge 1,200 to 1,500 1,440
Evapotranspiration 1,100 to 15,000 8,410
Spring discharge 200 to 1,000 340
Seepage to Ash, Sawyer, and Kanarra Creeks 500 to 3,000 1,630
Subsurface outflow to lower Ash Creek drainage 0 to 7,500 2,500
Total 3,000 to 28,000 14,320
1Budget amounts in italics are specified and not computed by the model.
(b) Difference between simulated and measured water levels, in feet
Water-level comparison bLaagirfﬁl aIILue:/inIr fzan Pine Va:_lzil/erggnzonite
Number of water levels compared 18 4 8
Maximum computed above measured, in feet 54 51 97
Maximum computed below measured, in feet -36 -110 -35
Mean of differences, in feet -8 -4.4 34.0
Root mean square error, in feet 24 63 57
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(a) Layer 1 — Basin-fill aquifer

(b) Layer 2 — Alluvial-fan aquifer

EXPLANATION

—s,000— Potentiometric contour

(c) Layer 3 — Quartz-monzonite aquifer

Figure 38. Simulated potentiometric contours in (a) layer 1, (b) layer 2, and (c) layer 3 from the baseline
simulation of the upper Ash Creek drainage basin, Utah. [New figure]
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drainage basin. It isthefirst computer simulation of the
upper Ash Creek drainage basin. Because of the many
uncertainties regarding boundaries, geometry, and
aquifer properties, it is not considered a“ calibrated”
steady-state model. It should be thought of as atool to
useto explorethe viability of aternative conceptualiza-
tions about the flow system.

Alternative Conceptualizations

Numerous aternative conceptual models might
match the measured ground-water budget components
and water levels. Much more hydrologic dataare
needed before a calibrated model can be devel oped.
Thismodel isthe mathematical representation of one of
those conceptual models. This numerical model was
used to explore the validity of other conceptualizations
about the upper Ash Creek drainage basin ground-water
system. Four different conceptualizations were simu-
lated.

Alternative 1—Flow Across the Hurricane Fault

Onthebasisof therelation between rechargeand
average annual precipitation in excess of 8 in. defined
for the basin-fill aquifers of Nevada and Utah (Harrill
and Prudic, 1998), about 1,000 acre-ft/yr of “mountain-
front” recharge could be generated by precipitation on
the Markagunt Plateau east of the Hurricane Fault. If
this amount of recharge were added as inflow to the
basin-fill aquifer at the eastern boundary of the upper
Ash Creek drainage basin, water levelsin all three lay-
erswould rise along the boundary by 5 to 15 ft. Water
levelsin the areaaround Ash Creek Reservoir and New
Harmony would increase by lessthan 2 ft. Most of the
increase in recharge would be counterbalanced by an
increase in evapotranspiration, which would be well
within conceptual estimates. Seepage to Ash Creek,
discharge at springs, and underflow to the lower Ash
Creek drainage areawould also increase sightly. Seep-
age from Ash Creek would decrease by lessthan 1 acre-
ftiyr.

In summary, the alternative 1 simulation did not
improve the water-level match for layers 1 and 2 and
dightly improved the match for layer 3 (table 18).
Recharge along the east boundary acrossthe Hurricane
Fault is plausible, but not an improvement over the
baseline simulation. Simulated ground-water move-
ment through the system did not change substantially in
this aternative (fig. 39a, b, and c).
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Alternative 2—No Subsurface Outflow to
Lower Ash Creek Drainage

Because no physical evidence of ground-water
seepage to lower Ash Creek drainage has been
observed, an alternative simulation without this seep-
age wastested. Simulating no subsurface outflow to the
lower Ash Creek drainage was done by changing the
conductance values for these general-head boundary
cellsto zero in the baseline modd. The budget compo-
nents in Alternative 2 were within reasonable ranges;
seepage into Ash Creek and spring discharge were
increased to values that were closer to those initially
conceptualized. The match between measured and sim-
ulated water levels were about the same for layer 1 and
layer 2. The layer 3 water-level match was dlightly
worsethan in the baseline simulation. Simulated water
levelsrose as much as 98 ft, but no measured water |ev-
els are available for the area where these increases
occurred (table 19). The configuration of the potentio-
metric surfaces was not substantially different than that
of the baseline ssimulation (fig. 40).

Alternative 3—Increased Transmissivity of the
Pine Valley Monzonite Aquifer

The hydrologic character of the Pine Valley
monzonite aquifer islargely unknown, especialy inthe
mountains and beneath the main part of the aluvial
basin between Kanarraville and Ash Creek Reservair.
The aquifer is assumed to have low transmissivity
everywhere except south of New Harmony where irri-
gationwellshave highyields. Transmissivity valuesfor
these unknown areas were increased to about 10 times
thevalues used in the baseline simulation. Higher trans-
missivity values for layer 3 could not be numerically
simulated. The model would not converge to the pre-
scribed closure criteriaand water-level declines caused
numerous cellsin layer 2 to be eliminated from the sim-
ulation because water levelsfell below the defined bot-
tom of the aquifer. Thiswas likely caused by the
conductive vertical connection simulated between lay-
ers 2 and 3. Increasing the transmissivity of layer 3
likely is not a viable conceptualization.

Alternative 4—Variation in anisotropy of the
Pine Valley Monzonite Aquifer

The Pine Valley monzonite contains numerous
fracturesin outcrops (Hurlow, 1998, p. 29) and the pri-
mary orientation of thesefractureshasbeen observed to
be generally north-south. An anisotropy ratio for
hydraulic conductivity of 1.5-to-1 along the column
direction (south-southwest to north-northeast) was used



Table 18. (a) Conceptual and simulated ground-water budgets and (b) simulated versus measured water-level differences for

the baseline simulation and the simulation testing flow across the Hurricane Fault in the upper Ash Creek drainage basin

ground-water system, Utah

(a) Ground-water budget

Flow component

Conceptual

Baseline simulation

Hurricane Fault

(rounded) simulation (rounded)
Recharge, in acre-feet per year
Infiltration of precipitation 2,100 to 9,200 10,410 10,410
Seepage from ephemeral streams 1,000 to 6,000 2,650 2,650
Infiltration of unconsumed irrigation water 0 to 5,000 880 880
Seepage from perennial streams 500 to 1,100 380 370
Underflow across Hurricane Fault z— — 950
Total 3,600 to 21,300 14,320 15,260
Discharge, in acre-feet per year
Well discharge 1,200 to 1,500 1,440 1,440
Evapotranspiration 1,100 to 15,000 8,410 9,320
Spring discharge 200 to 1,000 340 350
Seepage to Ash, Sawyer, and Kanarra Creeks 500 to 3,000 1,630 1,650
Subsurface outflow to lower Ash Creek drainage 0to 7,500 2,500 2,500
Total 3,000 to 28,000 14,320 15,260
(b) Difference between simulated and measured water levels, in feet
Layer 1 Layer 2 Layer 3
basin fill alluvial fan Pine Valley monzonite
Water level . . .
. Hurricane . Hurricane . Hurricane
Baseline Baseline Baseline
- ; Fault - ; Fault . ; Fault
simulation . . simulation . . simulation . }
simulation simulation simulation
Number of water levels compared 18 4 8
Maximum computed above measured, 54 64 51 54 97 92
in feet
Maximum computed below measured, in -36 -34 -110 -108 -35 -37
feet
Mean of differences, in feet -0.8 3.9 -4.4 -3 34.0 29.3
Root mean square error, in feet 24 26 63 63 57 54
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(a) Layer 1 — Basin-fill aquifer

(b) Layer 2 — Alluvial-fan aquifer

EXPLANATION

—s5,000— Potentiometric contour

(c) Layer 3 — Quartz-monzonite aquifer

Figure 39. Simulated potentiometric contours in (a) layer 1, (b) layer 2, and (c) layer 3 from alternative
simulation depicting flow across the Hurricane Fault, the upper Ash Creek drainage basin, Utah.



Table 19. (a) Conceptual and simulated ground-water budgets and (b) simulated versus measured water-level differences for
the baseline simulation and the simulation of no subsurface outflow to the lower Ash Creek drainage basin, Utah

(a) Ground-water budget

No subsurface outflow

Flow component Conceptual Baseline simulation : .
simulation
Recharge, in acre-feet per year
Infiltration of precipitation 2,100 to 9,200 10,410 10,410
Seepage from ephemeral streams 1,000 to 6,000 2,650 2,650
Infiltration of unconsumed irrigation water 0 to 5,000 880 880
Seepage from perennial streams 500 to 1,100 380 350
Total 3,600 to 21,300 14,320 14,290
Discharge, in acre-feet per year
Well discharge 1,200 to 1,500 1,440 1,440
Evapotranspiration 1,100 to 15,000 8,410 10,290
Spring discharge 200 to 1,000 340 390
Seepage to Ash, Sawyer, and Kanarra 500 to 3,000 1,630 2,170
Creeks
Subsurface outflow to lower Ash Creek 0to 7,500 2,500 0
drainage
Total 3,000 to 28,000 14,320 14,290
(b) Difference between simulated and measured water levels
Layer 1 Layer 2 Layer 3
basin fill alluvial fan Pine Valley monzonite
Water level . No under- . No under- . No
Baseline Baseline Baseline
. . flow B ) flow - . underflow
simulation . . simulation . . simulation B .
simulation simulation simulation

Number of water levels compared 18 4 8
Maximum computed above mea- 54 54 51 51 97 98
sured, feet
Maximum computed below mea- -36 -36 -110 -110 -35 -35
sured, in feet
Mean of differences, in feet -0.8 -04 -4.4 -4.4 34.0 35.3
Root mean square error, in feet 24 24 63 63 57 58
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(a) Layer 1 — Basin-fill aquifer

(b) Layer 2 — Alluvial-fan aquifer

EXPLANATION

—s,000— Potentiometric contour

(c) Layer 3 — Quartz-monzonite aquifer

Figure 40. Simulated potentiometric contours in (a) layer 1, (b) layer 2, and (c) layer 3 from alternative simulation
depicting no outflow from the basin near Ash Creek reservoir, upper Ash Creek drainage basin, Utah.



in the baseline simulation; however, thisratio is specu-
lative. Because of uncertainty about the relative magni-
tude of hydraulic conductivity in the direction of
primary fracture orientation, the anisotropy ratio con-
ceptually could be lower or higher than the value used
in the baseline model. To test this aternative, the
anisotropy ratio was increased from 1.5-to-1 to 3-to-1,
and then decreased to 1-to-1.

The simulations (table 20) indicate that an anisot-
ropy of 3-to-1inlayer 3isaplausible hydrologic con-
ceptualization. Thisratio, however, did not provide as
close a match to measured water levelsin layers 1 and
2 asan anisotropy ratio of 1.5-to-1. An anisotropy ratio
of 1-to-1inlayer 3 asoisaplausible hydrologic con-
ceptualization. Water-budget discharge to springs and
streams was within the desired range, and simulated
water levelswere closer to measured valuesfor layers 2
and 3. The configuration of the potentiometric surfaces
was not substantially different than that of the baseline
simulation.

Model Sensitivity

Sensitivity analyses are an important part of
developing ground-water flow models. They help to
understand which properties and budget components
are most important to simulation results, and thus,
which should be given the highest priority when con-
sidering additional analysis or data collection. The
upper Ash Creek drainage basin ground-water flow
model described in thisreport is considered the most
plausible and probable representation of the ground-
water flow system for 1995 conditions. It is not consid-
ered to be “calibrated.” There are numerous uncertain-
ties about the hydrologic boundaries, the amount of
water moving across these boundaries, and about the
geometry and properties of the aguifers. Relative sensi-
tivity of the baseline model to variations in different
parametersisshowninfigure41. The height of each bar
is subjective and is based on an overall evaluation of
how variations in the parameters affected computed
water levels and head-dependent flux. More detailed
analyses and results of all sensitivity runs are in appen-
dix B.

The baseline model was acutely sensitive to vari-
ations in the water transmitting properties of the layers
that represent the basin-fill and the Pine Valey monzo-
nite aquifers and of the vertical conductance in the
basin fill. The model appears to be insensitive to verti-
cal conductance between the alluvial-fan and Pine Val-
ley monzonite aquifers, but this was aresult of setting

the baseline value for conductance high. If conduc-
tance val ues were decreased to those for the basin-fill
aguifer, the model would indicate a comparable sensi-
tivity to this value. The amount of water simulated as
recharge from unconsumed irrigation and as direct
infiltration from precipitation also affected baseline
model results. Other parameters such as transmissive-
nessof thealluvial-fan aguifer, streambed conductance,
and recharge attributed to ephemeral stream flow
affected results moderately to slightly.

Need for Additional Study

On the basis of model sensitivity to selected
parameters, collection of specific types of datawould
help refine the present hydrologic conceptualization.
Data needed to update this preliminary model might
include the amount of (1) water applied for irrigation,
(2) water used by different crops, (3) applied water that
evaporates, and (4) applied water that runs off into
drainage channels. Recharge from precipitation and
how it isdistributed |aterally throughout the upper Ash
Creek drainage basin also warrants additional attention.

Appropriately designed multiple-observation-
well aquifer testing is needed for the basin-fill and Pine
Valley aguifers. The variability in transmissivity of the
basin-fill aguifer, created by variationsin thicknessand
lithologic character, needs to be well delineated to
decrease the uncertainties in thisimportant parameter.
Additional data on the variability of transmissivity in
the monzonite aquifer are equally needed. Water from
snowmelt and precipitation infiltrating into the sur-
rounding mountains eventually moves from this frac-
tured crystalline aguifer into shallow aluvial deposits
where it is discharged by evapotranspiration, springs,
wells, and seepage to streams. Better understanding of
the flow paths through the fractured monzonite aquifer
and how water movesfrom fractured crystallinerock to
unconsolidated sediments are critical to developing
accurate numerical simulations of this flow system.

Water-Resource Management

Probably the most important aspects of effec-
tively managing the surface- and ground-water
resources of the upper Ash Creek drainage basin arethe
amount of water that moves through the system from
year to year and where, why, and how that water is
being used within the system. Much of that information
has been documented by observations, measurements,
and development of a preliminary simulation. The sim-
ulations described herein should not be used to manage
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Table 20. (a) Conceptual and simulated ground-water budgets and (b) simulated versus measured water-level differences for
the baseline simulation and the simulation testing anisotropy in the Pine Valley monzonite aquifer in the upper Ash Creek
drainage basin ground-water system, Utah

(a) Ground-water budget

Baselinesimulation

Higher-anisotropy

No-anisotropy

Flow component Conceptual model (anisotropy 1.5:1) simulation (3:1) sin}li!it)ion
Recharge, in acre-feet per year
Infiltration of precipitation 2,100 to 9,200 10,410 10,410 10,410
Seepage from ephemeral streams 1,000 to 6,000 2,650 2,650 2,650
Infiltration of unconsumed irrigation water 0 to 5,000 880 880 880
Seepage from perennial streams 500 to 1,100 380 360 370
Total 3,600 to 21,300 14,320 14,300 14,310
Discharge, in acre-feet per year
Well discharge 1,200 to 1,500 1,440 1,440 1,440
Evapotranspiration 1,100 to 15,000 8,410 8,150 8,550
Spring discharge 200 to 1,000 340 450 260
Seepage to Ash, Sawyer, and Kanarra Creeks 500 to 3,000 1,630 1,730 1,570
Subsurface outflow to lower Ash Creek drainage 0 to 7,500 2,500 2,530 2,490
Total 3,000 to 28,000 14,320 14,300 14,310
(b) Difference between simulated and measured water levels, in feet
Layer 1 Layer 2 Layer 3
basin fill alluvial fan Pine Valley monzonite
Water level Baseline Higher . No Baseline Higher . No Baseline I_—Iigher . No
simula- anisotropy  anisotropy simula- anisotropy  anisotropy simula- anisotropy  anisotropy
tion simulation  simulation tion simulation  simulation tion simulation  simulation
3:1) 1:1) (3:1) (1:1) (3:1) (1:1)
Number of water levels 18 4 8
compared
Maximum computed above 54 47 57 51 48 52 97 96 90
measured, in feet
Maximum computed below -36 -38 -36 -110 -120 -104 -35 -41 -36
measured, in feet
Mean of differences, in feet -0.8 -5.9 0.5 -4.4 -13.6 -0.8 34.0 32.2 274
Root mean square error, in 24 24 25 63 65 61 57 56 53
feet
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K1 Basin-fill horizontal hydraulic conductivity

K2 Alluvial-fan horizontal hydraulic conductivity

K3 Pine Valley monzonite horizontal hydraulic conductivity
VC1 Basin-fill vertical leakance
VC2 Alluvial-fan vertical leakance
RIV Streambed conductance

ETD Evapotranspiration extinction depth
ETR Maximum evapotranspiration rate

IRR Recharge rate from irrigation
ESTR Recharge rate from ephemeral streams
PPT Recharge rate from precipitation

High

RELATIVE SENSITIVITY
Moderate

Low

Bl water level
[] Head-dependent flux

K1 K2 K3 vC1 vC2
PROPERTIES

ETD ETR IRR

RIV ESTR PPT

FLOWS

Figure 41. Relative sensitivity of the baseline model representing the upper Ash Creek drainage
ground-water flow system to uncertainty in selected properties and flows.

the basin’s ground water, but only to visualize the inter-
dependencies of hydrologic processes and the possible
effects of climate change or human-caused change.

Model Limitations

Thelimitationsof themodel have beenimpliedin
previous sections. The baseline simulation is consid-
ered to be the most reasonable representation for the
upper Ash Creek ground-water system, but because the
model has no storage component, it can only simulate
the ultimate result of changesin stress on aguifer prop-
erties. Other representations may also be redistic, and
thus the baseline simulation may need to be revised
after additional hydrologic or geologic data about the
system become available.

Alternate steady-state simulations could be
devised to show the potential effect of (1) decreasein
areal recharge because of drought, (2) remova of ripar-
ian vegetation, or (3) increased or decreased pumpage,
but simulations such as these should not be used to

manage the water resources but rather to better under-
stand interaction of hydrologic processes.

Navajo and Kayenta Aquifer System

Becausethe Gunlock Fault completely offsetsthe
Navajo Sandstone and K ayenta Formation outcrops (pl.
1), two separate ground-water flow models were devel-
oped for the main and Gunlock parts of the Navajo and
Kayentaaquifers. The two computer models share sim-
ilar aguifer properties and boundary conditions; for
example, a shared no-flow boundary represents the
Gunlock Fault. They were devel oped independently on
the basisof the conceptual model ground-water budgets
presented earlier (tables 15 and 16). Recharge to and
discharge from the aguifers varies both seasonally and
yearly as aresult of both climatic changes and water
use; however, there has generally been little overall
water-level change at wells measured both in 1974 and
as part of this study (fig. 42). Although at least 30 ft of
water-level decline was measured at three of the Gun-
lock wells, those measurement were at productions
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wells and may reflect localized drawdown cones rather
than regional declines. Also, these declines are small
relativeto the overall saturated thickness of the aquifer.
Unfortunately, there are no long-term water-level data
from the Navajo or Kayenta aquifer observation wells
to show historical trends. Therefore, only steady-state
modelswere devel oped for the main and Gunlock parts
of the Navajo and Kayenta aquifers. The most recent
year for which complete well discharge information
was available was 1995. Water levelsin wellswere
measured in 1996 and additional measurements were
acquired in 1997 tofill in gaps. To evaluate the use of
1995 pumpage and 1996 to 1997 water levelsfor the
steady-state model, February and March 1996 water
levels were compared to measurements at 9 wells mea-
sured in February and March 1995 and 38 wells mea-
sured during June and July 1995. The average
difference for the nine wells measured in February and
March 1995 was a 1.6-ft decline in water levels, rang-
ing from arise of 2.5 ft to adecline of 12.8 ft. The aver-
age difference for the 38 wells measured in June and
July 1996 was a 2.9-ft risein water levels, ranging from
arise of 44.5 ft to adecline of 10.0 ft (Wilkowske and
others, 1998, table 2). However, as stated earlier, most
of the measured wells were production wells, so the
larger changes (plus or minus more than 5 ft) were
likely due to effects of seasonal pumping. Thus, while
not ideal, the baseline simulation for the main Navajo-
Kayenta model represents average conditions for the
period 1995 to 1997. Although pumping did increasein
1996 and 1997, the 1995 withdrawal s were an accept-
able long-term average to try and represent in a steady-
state simulation.

Main Part of the Navajo and Kayenta Aquifers

The ground-water flow model developed for the
main part of the Navajo and Kayenta aquifersincludes
the areawest of the Hurricane Fault and east of the
Gunlock Fault where the Navagjo Sandstone and Kay-
enta Formation are exposed, as well as an area extend-
ing up to 4 mi north of the Navajo Sandstone/Carmel
Formation contact, where the formations are buried.
Themodel wasdevel oped asasimplified representation
of acomplicated and extensive aquifer system. The
approach was to create a baseline model with which to
test various alternative conceptualizations of aquifer
properties.

Model Characteristics and Discretization

The model is divided into 58 rows, 65 columns,
and 2 layerswith atotal of 7,540 model cells (fig. 43).
The model grid was designed to emphasize more
detailed simulation of ground-water flow along the
exposed outcrop part of the aquifers between the Hurri-
cane Fault and Snow Canyon, where most hydrologic
information is available. Therefore, the size of model
cells ranges from about 2,000 ft by 2,000 ft along the
center of the outcrop to about 2,000 ft by 5,000 ft along
the northeast and the western parts of the simulation
area. Layer 1 representsthe Navajo aquifer and
includes about 2,020 active cells simulating an area of
about 330 mi2. Layer 2 represents the Kayenta aguifer
and includes about 2,340 active cellssimulating an area
of about 390 mi2. The orientation of the grid was
rotated clockwise about 10 degrees from true north so
that the columns are parallel to the general orientation
of predominant faulting and jointing.

The atitude of the base of layer 2 that represents
the Kayenta aquifer is shown in figure 44. Generaly
thiscorrespondsto altitudes 850 ft bel ow the base of the
Navajo Sandstone (Hurlow, 1998, pl. 5a), except where
the base of the Kayenta aquifer isinferred to be lower
than 1,850 ft below sealevel in the northeast corner of
the model. The saturated thickness of layer 1 ranges
from 2,400 ft where the Navajo aquifer is confined by
overlying formationstowardsthe north, to lessthan 200
ft near its erosional extent. The saturated thickness of
layer 2 ranges from 850 ft wherethe Kayentaaguifer is
confined by overlying formations toward the north, to
lessthan 200 ft near itserosional extent. A cross section
of the model grid along column 20 shows the layer
geometry used in the ground-water flow model
(fig. 45).

Boundary Conditions

The hydrologic boundaries that represent the
main part of the Navajo and Kayenta aquifersinclude
no-flow boundaries, specified-flux boundaries, and
head-dependent (general-head) boundaries. No-flow
boundaries representing the erosional and fault-con-
trolled extent of the aquifers are fairly well defined.
However, other boundaries, such as those representing
flow to and from underlying, adjacent, and overlying
formations, are not well understood. In general, these
underlying and overlying formations arerepresented by
no-flow boundaries except where hydrologic or
geochemical evidenceindicatesthat ground water may
be crossing these boundaries. Where the aquifers are
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Figure 43. Model grid of the ground-water flow model of the main part of the Navajo and Kayenta
aquifers within the central Virgin River basin study area, Utah.
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Figure 45. Generalized cross section along column 20 of the ground-water flow model of the main part of the
Navajo and Kayenta aquifers within the central Virgin River basin study area, Utah.

unconfined along the Navajo Sandstone and Kayenta
Formation outcrops, the water table generally is ssimu-
lated as a recharge boundary to represent infiltration
from precipitation, streams, and unconsumed irrigation
water, but there are areas where the water tableis sim-
ulated as a discharge boundary to represent spring dis-
charge and seepage to the Virgin River.

Recharge Boundaries

Thewater tableis simulated as arecharge bound-
ary where the Navajo Sandstone and Kayenta Forma-
tion becomes fully saturated. The depth of this
boundary could range from land surface to as much as
800 ft below land surface. Simulated sources of
recharge along this boundary include infiltration from
precipitation, perennial and ephemeral streams, and
unconsumed flood-irrigation water. Recharge from
underlying formations was simulated along parts of the
base of layer 2 where higher dissolved-solids concen-
trations are contained within the Navajo and Kayenta
aquifers.
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Precipitation

Infiltration of precipitation was simulated with
the recharge package at model cells that represent the
outcrop of the Navajo Sandstone and the Kayenta For-
mation. The distribution of precipitation (fig. 3) was
based on the average annua precipitation map (Utah
Climate Center, 1996). Recharge from infiltration was
initially specified as 10 percent of total annual precipi-
tation. But as model refinement for the steady-state
solution progressed, the percentage was increased
along the part of the outcrop north of Anderson Junc-
tion where average annual precipitation exceeds 14
infyr. A higher recharge rate was applied to this area
because the Navajo Sandstone outcrop is more highly
fractured and partially covered by more permeable
aluvia material than elsewhere in the study area (Hur-
low, 1998). The distribution of recharge from infiltra-
tion of precipitation simulated in the ground-water flow
model is shown in figure 46.
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Streams

Recharge from perennial and ephemeral streams
flowing along the Navajo Sandstone outcrop was simu-
lated with the river package (fig. 47). When the water
level inthe aquifer isbelow the bottom of the stream, a
constant amount of water is simulated to recharge the
aquifer and isdetermined by the difference between the
stream stage and the altitude of stream bottom multi-
plied by the vertical hydraulic conductivity of the stre-

ambed deposits. When the water level in the aquifer is
between the stream-bottom altitude and the stream
stage, simulated recharge to the aquifer is variable and
depends on this head difference. When the water level
in the aquifer is above the stream stage, the aquifer dis-
charges water to the stream, depending on the differ-
ence between the stream stage and the aquifer water
level. Therefore, the river package can either simulate
recharge to or discharge from the aquifer.
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The perennia streams that cross the Navajo
Sandstone and Kayenta Formation outcrops within the
study area are assumed to be in hydraulic connection
with the water table. A test of the model’s accuracy in
representing the Navajo and Kayenta aquifersisits
ability to simulate this surface-water/ground-water
interaction. Therefore, it was important to evaluate
whether stream reaches that are known to recharge
water to the aguifer also simulate recharge in the
model; conversely, streams reaches that are known to
gain water from aquifer discharge are expected to sim-
ulatethisflow. Themodel doessimulate recharge along
the same five stream reaches where seepage studies
indicate recharge (South Ash Creek, Wet Sandy Creek,
L eeds Creek, Quail Creek, and Cottonwood Creek)
(table 11). Conversely, simulated discharge to the Vir-
gin River is consistent with the seepage study donein
November 1994 that indicated discharge from the
Navajo and Kayenta aquifers (Herbert, 1995).

The simulated amount of recharge or discharge
depends on the streambed conductance, the elevation of
the streambed, the stream stage, and the head at the
node in the cell underlying the stream. Streambed con-
ductance is the product of the vertical hydraulic con-
ductivity and the cross sectional area of the streambed
divided by the thickness of the streambed. Field data
on actual streambed conductance were not available.
Therefore, for the five perennia creeks draining south-
eastward from the Pine Valley Mountains, an initia
stream-bed conductance value of about 0.01 ft%/d was
assumed. This value represents avertical hydraulic
conductivity that is 1 to 2 orders of magnitude lessthan
the estimated 2 ft/d horizontal hydraulic conductivity of
the Navgjo aguifer. The atitude of the stream assigned
for each river cell was estimated from topographic
maps with 40-ft contour intervals. On the basis of mea-
surements made during seepage studies, thewidth of all
five streamsis estimated to be about 10 ft. The stream
stage was originally estimated to be 2 ft above the bot-
tom altitude of each stream reach. However, with these
conductance values, simulated recharge was much less
than measured recharge for al five streams. To more
closely approximate measured recharge, stage was uni-
formly increased to 20 ft above the streambed el evation
for al five streams. Thiswas a simplistic way of
increasing stream seepage to the aquifer and might not
be appropriate for any other conditions or stresses on
this system. A model intended for use as a predictive
tool should be structured to more realistically depict
thisinteraction between stream and aguifer. After these

changes, simulated recharge rates along Leeds, Qualil,
and Cottonwood Creeks more closely approximated
measured values. To closely approximate measured
recharge along Wet Sandy and South Ash Creeks, the
streambed conductance was increased five-fold and
ten-fold, respectively, to 0.05 and 0.1 ft/d. Thisis con-
sistent with surficial geologic studies, which indicate
that the unconsolidated deposits along the streambeds
north of Anderson Junction are coarser and more per-
meable (Hurlow, 1998).

Ephemeral streams that cross the Navajo Sand-
stone and Kayenta Formation outcrops within the study
areaare not assumed to bein hydraulic connection with
the water table because of their sporadic nature. How-
ever, to allow prospective users of the model to keep
line recharge mechanisms separate from aerial recharge
mechanisms such as precipitation, the river package
was chosen to simulate recharge from ephemeral
streams. In thisinitial simulation, a constant flow was
assumed for each ephemeral stream reach. To do this,
the stream bottom and stage were assigned a higher alti-
tude than the potentiometric surface of the aguifer and
the stream stage was assigned avalue 1 ft higher than
the stream bottom. This allowed a constant flow to be
specified on the basis of the streambed conductance and
length of the reach. The total specified amount of
ephemera stream recharge for layer 1 wasinitially 4.1
ft3/s (3,000 acre-ft/yr). This corresponds to the median
values (assuming 10 percent infiltration) determined
abovefrom estimated annual stream discharge (method
1, table 13). However, to be consistent with the
increased infiltration rates for precipitation north of
Anderson Junction, the infiltration rate for Dry Sandy
(the only ephemeral stream north of Anderson Junc-
tion) was increased to 15 percent, so that the total sim-
ulated rechargefrom ephemeral streamsinlayer 1is4.4
ft3/s (3,200 acre-ft/yr).

Some recharge is assumed along the ephemeral
streams north of where Leeds Creek crosses the Kay-
enta Formation outcrop. Assuming the sasmeinfiltration
rates specified for the reaches that cross the Navajo
Sandstone outcrop, an estimated 0.6 ft%/s recharges the
Kayenta aquifer along Anderson Junction and Grape-
vineWash (fig. 48). Because the Kayenta aquifer to the
south between Snow Canyon and Mill Creek isamajor
areaof discharge, it isassumed that ephemeral streams
along the Kayenta Formation outcrop in this southern
area do not recharge the aquifer.
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Underlying Formations

Recharge as seepage from underlying forma-
tions was simulated with the general-head package.
Thisrepresentsinflow of water with ahigher dissolved-
solids concentration assumed to come from the area
north of St. George and southwest of Hurricane (fig.
22). Thecellsin layer 2 that simulate this recharge are
shown in figure 48. The amount of simulated recharge
isafunction of (1) the head difference between the cell
and a fixed head that represents the water level in the
underlying formation and (2) the conductance of the
material between the cell and the fixed-head location.
Both of these parameters are very speculative for the
two areas of higher dissolved-solids concentration
because the potentiometric surface and the vertical
hydraulic conductivity of the underlying formationsin
these areas are unknown. A conductance value of
2.5x10°° (ft/d)/ft was assigned to both general-head
boundary areas. This value was determined during
model refinement and assumes that the hydraulic con-
ductivity of the material between the Kayenta aquifer
and the underlying formations was 2.5 x 10°3ft/d, or
about three orders of magnitude lessthan the estimated
vertical hydraulic conductivity of layer 2. For both
areas the fixed general head was assumed to be about
200 ft higher than the average head in the aquifer,
which isabout 3,250 ft for the areanorth of St. George
and 3,130 ft for the area southwest of Hurricane. A ver-
tical distance of 1,000 ft between layer 2 and the loca-
tion of the fixed general head was assumed for both
areas.

Irrigation

Recharge from unconsumed irrigation water
beneath the flood-irrigated fields southwest of Hurri-
caneissimulated as a specified flux with the recharge
package (fig. 47). A rechargerate of about 0.5 ft/yr over
theflood-irrigated area of 2,100 acres (1,050 acre-ft/yr)
was applied at this location. Thisamount is within the
estimated range of 0'to 5 ft3/s (3,600 acre-ft/yr) of
recharge.

Discharge Boundaries

Dischargeissimulated as both constant-flow and
head-dependent boundaries in the ground-water flow
model. Sources of discharge include well discharge,
spring discharge, seepage to the Virgin River, and seep-
age to adjacent and underlying formations.
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Wells

Simulated pumpage was based on well discharge
records from various city, county, and state water agen-
cies. A total of about 14 ft3/s (10,100 acre-ft/yr) of well
dischargeis simulated with the well package. About 80
percent, or 11 t3/s (8,000 acre-ft/yr) of the well dis-
charge is simulated from layer 1 (fig. 49), whereas
about 20 percent, or 3 ft3/s (2,200 acre-ft/yr) is simu-
lated from layer 2 (fig. 50). Originally, an estimated dis-
charge of 12.7 ft3/s (9,200 acre-ft/yr) was specified for
1995. However, simulated water levels were much
higher than measured water levelsin the Mill Creek
area. Although 1991 and 1993 well discharge at Wash-
ington City’s Mill Creek wells was not reported to the
Utah Division of Water Rights, 1992 and 1994 well dis-
chargein the Mill Creek areawas about 40 percent
higher than reported 1995 pumpage. Because the
Navajo and Kayenta aquifers may buffer short-term
variations in pumping, measured water levels do not
likely reflect the anomalously small amount of 1995
Mill Creek well discharge. Therefore, specified well
discharge was increased by 40 percent, or about 1.3
ft3/s (900 acre-ft/yr), at the Mill Creek areato reflect
longer-term average pumping rates.

Springs

Spring discharge was simulated with the drain
package. Because of coarse vertical discretization,
spring discharge from the Navajo aquifer could not be
accurately simulated in layer 1 because numerical
oscillation would cause drying of these cells. There-
fore, all of the spring discharge was simulated in layer
2. Thisis areasonable approximation because most of
the spring discharge from the Navajo aquifer occurs
just above the contact with the Kayenta Formation. The
location of drain cellsthat represent spring dischargeis
shown in figure 50. The discharge from drain cellsis
head-dependent and is determined by the differencein
head (the simulated water level at the cell compared
with the specified atitude of the spring) multiplied by
the spring conductance. Altitude of each spring was
determined from 1:24,000 USGS topographic maps.
Because of the 40-ft contour interval on these maps,
specified spring altitudes may have as much as plus or
minus 20 ft in error. Aswith the river package, the con-
ductance represents the permeability of materia at the
spring location. Because of the strong influence of frac-
turing, this conductance is highly variable and could
not be measured. Therefore, conductance values were
adjusted during model refinement to approximate the
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discharge measured at each spring area. The final spec-
ified conductance ranges from about 0.02 to 0.8 ft%/s
(1,700 to 70,000 ft/d).

Virgin River

Theriver package is used to simulate seepage to
theVirgin River from layer 1 (fig. 49). Riverbed con-
ductance was estimated at about 0.1 ft%/d. The vertical
hydraulic conductivity used in thisconductanceterm is
more than one order of magnitude less than the esti-
mated 2 ft%/d horizontal hydraulic conductivity of the
Navajo aquifer. On the basis of measurements made
during seepage studies, the width of the river is esti-
mated to be about 100 ft and the stage dtitude is esti-
mated to be about 3 ft above the bottom altitude of each
stream reach. The altitude assigned for each river cell
was based on 1:24,000 USGS topographic maps with
40-ft contour intervals.

Adjacent and Underlying Formations

Seepageto adjacent and underlying formationsis
simulated as a head-dependent flux boundary with the
drain package. The drain cells simulating discharge to
adjacent and underlying formations shown in figure 50
represent (1) dischargeto theVirgin River downstream
of the Navajo Sandstone outcrop, (2) discharge to the
Santa Clara River on the reach between Ivins and St.
George, and (3) discharge to numerous seeps and
springs along the Moenave and Chinle Formation out-
crop between St. George and Leeds. The altitude
assigned for each drain cell was based on topographic
maps with 40-ft contour intervals. For simplicity, a uni-
form conductance of about 0.1 ft%/d was assi gnedfor all
three areas.

No-Flow Boundaries

In general, no ground-water movement is simu-
lated to enter or exit the Navajo and Kayentaaquifers at
the erosional extents of the formations toward the
south, where the aquifers are deeply buried toward the
north, across the Hurricane and Gunlock Faults, or at
the base of the Kayenta aquifer (layer 2). However,
exceptions to this include two areas of general-head
boundary cells at the base of layer 2 that simulate
inflow of water with higher dissolved-solid concentra-
tions from underlying formations and drains along part
of the erosional extent of the Kayenta aquifer that rep-
resent subsurface outflow to adjacent or underlying for-
mations.
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Because little recharge is thought to enter the
Navajo and Kayenta aquifers where they are deeply
buried by younger formations to the north, little
ground-water flow isassumed in thisregion. Therefore,
an arbitrary no-flow boundary was assigned at the
northern edge of the ground-water flow model about 4
mi north of the contact with the Carmel Formation (fig.
43). This was considered sufficiently far from any
potential ground-water development so that additional
well dischargewould not cause drawdown effectsalong
these boundaries.

Distribution of Aquifer Characteristics

Although horizontal hydraulic-conductivity val-
ues for the Navgjo aquifer, determined from aquifer
tests, varied by more than two orders of magnitude
because of fracturing and other heterogeneities, not
enough information was available to accurately simu-
late this variation throughout the model area. There-
fore, uniform hydraulic-conductivity values were
simulated for each layer of the baseline model. The
simulated hydrologic properties were within the range
of measured valuesfor the Navgjo and Kayentaaguifers
(see sections on Navajo and Kayenta aquifer proper-
ties). While keeping within this range, horizontal
hydraulic-conductivity values for layers 1 and 2 were
varied more than one order of magnitude to yield the
best matchesto measured or estimated water levelsand
fluxes. Thefinal specified horizontal hydraulic-conduc-
tivity values are 2 ft/d for layer 1 (the Navajo aquifer)
and 0.5ft/dfor layer 2 (the Kayentaaguifer) (table 21).

There are no nearby pairs of wells perforated in
the Navgjo and Kayenta aquifers. Therefore, vertical
gradients between the two aquifers can only be
inferred. If potentiometric gradients are extended from
Kayenta aguifer wells to the closest Navajo aguifer
wells, water-level differences are estimated to be gener-
ally lessthan 100 ft and indicate a slight downward ver-
tical gradient. Thisis consistent with the conceptuali-
zation that most recharge to the Kayentaaquifer isfrom
downward vertical migration of water from the Navajo
aquifer. At certain locations, such asthe two areas of
higher dissolved-solids concentration, there may be an
upward vertical gradient between the Kayentaand
Navajo aquifers. The vertical hydraulic-conductivity
value for each layer was varied by up to one order of
magnitude to determine the best match to water levels
and ground-water budget components. The final speci-
fied values for vertical hydraulic conductivity are 1.5



Table 21. Measured, estimated, and simulated hydraulic-conductivity values for the main part of the Navajo and Kayenta

aquifers, central Virgin River basin, Utah

Measured or estimated, in

Baseline simulation,

feet per day in feet per day

Layer 1 (Navajo aquifer) horizontal hydraulic conductivity
Layer 1 (Navajo aquifer) vertical hydraulic conductivity
Layer 2 (Kayenta aquifer) horizontal hydraulic conductivity
Layer 2 (Kayenta aquifer) vertical hydraulic conductivity

10.2t0 32 2
208 to 22 15
38.2x10%t0 6 5
38.2x10%t0 0.5 25

1 From table 10.

2 Determined by assuming a vertical-to-horizontal hydraulic conductivity ratio of 0.4 t0 0.7.

3 Discussed earlier inthe “Aquifer properties—Kayenta aquifer” section.

ft/d for layer 1 (the Navgjo aquifer) and 0.25 ft/d for
layer 2 (the Kayenta aguifer) (table 21).

Conceptual Model and Numerical Simulation

Comparison between the conceptual and numer-
ical ground-water budgets shows that simulated flows
are within the estimated ranges (table 22a). The two
head-dependent recharge flows, seepage from perennial
streams and seepage from underlying formations, are
near or at the maximum of the estimated ranges. Of the
three head-dependent discharge flows, spring discharge
and seepage to underlying formations are at or near the
maximum of the estimated ranges. Simul ated discharge
to the Virgin River is the same as measured during the
seepage investigation.

Water-level comparisons, however, are not as
close (table 22b). In general, simulated water levelsare
higher in the central area and lower in the Anderson
Junction area than measured water levels at selected
observation wells (fig. 51). The simulated water levels
in the Hurricane Bench area are similar to measured
values. It was not considered important to match mea-
sured water levels exactly because of several factors:
(1) most measured water levels were from production
wells and may have been influenced by residual draw-
down cones (depending on the time interval since
pumping ceased); (2) simulated water levelsarethe cal-
culated average water levels for each cell, which may
not be the same asthe water level at a point within the
area (at least 2,000 ft by 2,000 ft) of each model cell,
especially at pumping wells. However, the relatively
large water-level differencesin the central and Ander-
son Junction areas indicate that the baseline simulation
only offersageneral approximation to the actual hydro-
logic system. Various factors, such as heterogeneity of

aquifer properties and inaccurate estimates for some of
the ground-water budget components may be the rea-
son for these differences.

The potentiometric surface for the baseline simu-
lation shows a pattern of ground-water movement (fig.
52) similar to that conceptualized from sparse water-
level measurements (pl. 2).

Model Applicability

The baseline simulation was devel oped to better
understand ground-water flow in the main part of the
Navajo and Kayenta aquifers. It is the first computer
model devel oped to represent these aquifers and repre-
sents avery simplified conceptualization of a compli-
cated ground-water flow system. Certain boundaries
and boundary conditions are well understood, but oth-
ers have not been well defined. Therefore, rather than
being considered a“ calibrated” model, it should be
considered as atool for testing alternative conceptual -
izations of the flow system. Although the baseline sim-
ulation is a viable representation of the ground-water
system, there likely are other combinations of aquifer
properties that may yield asimilar or improved repre-
sentation of measured or estimated hydrologic proper-
ties.

Alternative Conceptualizations

The baseline numerical simulation concentrated
on testing the effects of simulating various combina-
tions of fluxes and uniform hydraulic properties; how-
ever, heterogeneous aquifer properties were not tested.
Because of sparse spatial information about aquifer
properties and the large model area, localized heteroge-
neity in aquifer propertieswas not simulated. However,
generalized, non-uniform alterations of hydraulic con-
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Table 22. (a) Conceptual and simulated ground-water budgets and (b) simulated versus measured water-level differences
for the main part of the Navajo and Kayenta aquifers, central Virgin River basin, Utah

(a) Ground-water budget

Baseline numerical simulation®

Flow component Conceptual model (rounded)
Recharge, in acre-feet per year
Infiltration of precipitation 7,200 to 21,700 14,500
Seepage from perennial streams 1,300 to 4,000 4,000
Seepage from ephemeral streams 200 to 4,500 3,600
Seepage from underlying formations 0 to 3,000 2,400
Infiltration of unconsumed irrigation water 0 to 4,400 1,100
Total 8,700 to 37,600 225,600
Discharge, in acre-feet per year
Well discharge 7,200 to 10,900 10,200
Spring discharge 5,000 to 6,200 5,900
Seepage to the Virgin River 4,700 to 5,700 5,200
Seepage to underlying formations 0 to 5,400 4,500
Total 16,900 to 28,200 225,800

1Budget amounts listed in italics were specified fluxes. All others are head -dependent fluxes determined by the model.
2Numbers do not match due to slight rounding error.

(b) Difference between simulated and measured water levels

Anderson Junction Hurricane Bench

Water level Central area area area
Number of water levels compared 18 7 17
Maximum computed above measured, in feet 160 61 197
Maximum computed below measured, in feet -158 -305 -58
Mean of differences, in feet 62 -158 12
Root mean square, in feet 91 196 58
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Figure 51. Location of observation wells used for comparison of computed and measured water levels for the
ground-water flow model of the main part of the Navajo and Kayenta aquifers within the central Virgin River basin
study area, Utah.
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B. Layer 2

EXPLANATION

=3,200— Potentiometric contour—Interval is 50 feet

Figure 52. Simulated potentiometric contours for (a) layer 1 and (b) layer 2 of the baseline main Navajo aquifer
ground-water flow model.
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ductivity, related to fracturing, were examined. Two
types of alternative simulations were tested that
explored the effects of decreased ground-water flow
perpendicular to large faults and increased ground-
water flow parallel to predominant fracture orienta-
tions.

Alternative 1—Effects of Faulting

Several faults have been mapped in the Navajo
Sandstone and the Kayenta Formation between the
Gunlock Fault and the Hurricane Fault. Actual offset
along most of these faultsis difficult to determine and
may be minor; however, the Washington Hollow Fault
and an unnamed fault near Anderson Junction are
assumed to have substantial offset (Hurlow, 1998).
Ground-water flow is assumed to be impeded across
formations substantially offset by faults as a result of
shearing within the fault zone, which likely creates
fine-grained fault gouge and increased remineraliza-
tion. To explorethe possibility of decreased flow across
these faults, the horizontal hydraulic-conductivity
value of both model layerswas reduced by one order of
magnitude for aline of cells along the two fault traces
(fig. 53). Horizonta hydraulic conductivity was
decreased from 2.0 ft/d to 0.2 ft/d for these “fault” cells
in layer 1 (the Navajo aquifer). Likewise, horizontal
hydraulic conductivity was decreased from 0.5 ft/d to
0.05ft/dfor “fault” cellsinlayer 2 (Kayentaaquifer).

The most important effect of thissimulationisa
risein water levelsin the Anderson Junction area
between the two faults (fig. 54). The mean of the differ-
ence between simulated and measured water levelsin
this area was reduced from -158 ft in the baseline sim-
ulation to -2 ft in alternative smulation 1 (table 23).
Simulated water levelsin alternative 1 were somewhat
higher in the Snow Canyon part of the central areaand
somewhat lower inthe Mill Creek and City Creek parts.
Simulated water levelsin the Hurricane Bench area
were essentially unchanged. The primary ground-water
budget effects were decreased spring discharge in the
central area and decreased seepage to the Virgin River,
offset by increased seepage to underlying formations
(table 23). These ssmulated ground-water budget com-
ponents were generally within the ranges estimated in
the conceptual model. Because of the improved match
between simulated and measured water levelsin the
Anderson Junction area, the simulation of decreased
horizontal hydraulic conductivity along thetwo faultsis
an improvement over the baseline simulation.

Alternative 2—Combined Effects of Faulting
and Anisotropy

Extensive fracturing within the Navajo and Kay-
entaaguifers likely causes anisotropic conditions with
increased ground-water flow aong predominant frac-
ture orientations. Outcrop-scale scan-line surveys and
areal -photograph analyses (Hurlow, 1998, pl. 6) indi-
cate that the predominant fracture orientation changes
acrossthe study area. On the basis of surface fracturing
and multiple-well aquifer testing (appendix 1), the gen-
eral fracture orientation is interpreted to be in a north-
south direction in the central areaand in an east-west
direction in the Anderson Junction area. Although a
multiple-well aquifer test at the Winding Rivers prop-
erty did not indicate anisotropic conditions within the
Navajo aquifer at that site, surface-fracture data indi-
cate a predominant northeast-southwest fracture orien-
tation for the Hurricane Bench area.

To investigate the possibility of anisotropic con-
ditions, two simulationstesting anisotropy ratios of 1.5
to 1 along the column direction (roughly north-south;
aternative 2a) and 1.5 to 1 along the row direction
(roughly east-west; alternative 2b) for both layerswere
tested, while maintaining the decreased flow across
major faults simulated with aternative 1. Because of
limitationswith thefinite-difference numerical method,
anisotropy could not be evaluated at oblique angles to
the model-grid orientation. For the north-south anisot-
ropy simulation, horizontal hydraulic-conductivity val-
ues were increased in the north-south direction from 2
ft/d to 3 ft/d in layer 1 and from 0.5 ft/d to 0.75 ft/d in
layer 2. For the east-west anisotropy simulation, hori-
zontal hydraulic-conductivity values wereincreased in
the east-west direction by the same amount.

Resultsfrom these simulations (table 23) indicate
that increased horizontal hydraulic conductivity in the
north-south direction (alternative 2a) substantially
improvesthe match of simulated to measured water lev-
elsin the central area (generally higher water levels
(fig. 55) and generally stays within the ground-water
budget constraints estimated in the conceptual model.
However, simulated water levelsin the Anderson Junc-
tion area, although closer to measured values than the
baseline simulation, showed a poorer match than in the
homogeneousalternative with faulting only (alternative
1). The water-level match in the Hurricane Bench area
was better than in both the baseline and aternative 1
simulations.

The anisotropic simulation with increased
hydraulic conductivity in the east-west direction (alter-
native 2b) did not produce close matches to measured
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Table 23. (a) Conceptual and simulated ground-water budgets and (b) simulated versus measured water-level differences for
the baseline simulation and simulations testing faulting and anistropy in the main part of the Navajo and Kayenta aquifers,

central Virgin River basin, Utah

(a) Ground-water budget

Flow component

Conceptual

Baseline
simulation

Alternative 1:
decreased fault-
flow simulation

Alternative 2a:
increased north-
south anisotropy
simulation (1.5:1)

Alternative 2b:
increased east-
west anisotropy
simulation (1.5:1)

Infiltration of precipitation

Seepage from perennial streams
Seepage from ephemeral streams
Seepage from underlying formations

Infiltration of unconsumed irrigation
water

Total (rounded)

Well discharge

Spring discharge

Seepage to the Virgin River
Seepage to underlying formations

Total (rounded)

Recharge, in acre-feet per year

7,200 to 21,700
1,300 to 4,000
200 to 4,500

0 to 3,000

0 to 4,400

8,700 to 37,600

14,500
4,000
3,600
2,400
1,100

225,600

14,500
4,000
3,600
2,300
1,100

225,500

Discharge, in acre-feet per year

7,200 to 10,900
5,000 - 6,200
4,700 to 5,700
0 to 5,400

17,000 to
28,000

10,200
5,900
5,200
4,500

225,800

10,200
5,600
4,600
5,300

225,700

14,500
4,000
3,600
2,800
1,100

226,000

10,200
6,200
4,800
5,200

226,400

14,500
4,000
3,600
2,400
1,100

225,600

10,200
5,900
4,200
5,500

225,800

1Budget amounts listed in italics are specified fluxes. All others are head-dependent fluxes determined by the model.
2Numbers do not match due to slight rounding error.

(b) Difference between simulated and measured water levels

Central area Anderson Junction area Hurricane Bench area
Decrease Decrease Decreased Decreased Decrease  Decrease
d fault d fault d fault
d fault fault flow fault flow
flow and flow and flow and
De- in-creased flow and De- and and De- increased increased
Water-level B . in-creased . creased increased increased )
comparison aseline  creased north- east-west Baseline fault- north- east. Baseline creased north- east-
simula-  fault-flow south aniso- simula- flow south west simula-  fault-flow south west
tion simula- aniso- tro tion simula- aniso- aniso- tion simula- aniso- aniso-
tion tropy tropy . tion tropy tropy
. simula- tion tropy tropy . N
simula- tion simula- simula- simula- simula-
(ﬂg:”l) 1.5:1) tion (L5:1) tion (1.5:1) (Eg:”l) (i'_g:”l)
Number of water levels 18 7 17
compared
Maximum computed 160 183 132 187 61 253 164 234 197 196 182 194
above measured,
feet
Maximum computed -158 -160 -160 -161 -305 -197 -295 -210 -58 -60 -64 -63
below measured,
feet
Mean of differences, feet 62 67 16 73 -158 -2 -101 -22 12 11 2 13
Root mean square, feet 91 97 69 104 196 137 174 138 58 58 57 58
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EXPLANATION

=3,200- Potentiometric contour—Interval is 50 feet

Figure 55. Simulated potentiometric contours for (a) layer 1, and (b) layer 2 of the alternative depicting
effects of faulting and north-south anisotropy of the main Navajo aquifer ground-water flow model.
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water levels, except for the Anderson Junction area
wherewater levelsare higher thaninthe baseline model
(figs. 52, 56). Theimprovement at Anderson Junctionis
consistent with the directional anistropy determined
from the aquifer test. Also, the seepage to the Virgin
River with this simulation was about 20 percent less
than measured. Therefore, the east-west anisotropy
simulation isnot viewed as an improvement to the over-
al model. However, if future versions of the MOD-
FLOW software package permit directional changesin
anistropy at different parts of the model, both the east-
west anistropy at Anderson Junction and the north-
south anistropy elsewhere could be accommodated.

In summary, the alternative 1 simulation
(decreased flow across faults) substantially improved
water-level matches in the Anderson Junction area.
Adding north-south anisotropy (alternative 2a) substan-
tially improved water-level matchesin the central and
Hurricane bench areas. Unfortunately, the MODFL OW
software program does not allow for variable anisot-
ropy. However, if this capability were added to the pro-
gram, acloser match to measured water levels likely
could be achieved by using the alternative 1 simulation,
along with increased north-south hydraulic conductiv-
ity in the central and Hurricane Bench areas, and
increased east-west hydraulic conductivity in the
Anderson Junction area.

Model Sensitivity

The baseline model for the main part of the
Navajo and Kayenta aquifersis considered to be area-
sonable, albeit simplified, representation of the ground-
water flow system. It is not considered to be “cali-
brated.” There are numerous uncertainties about the
hydrologic boundaries, the amount of water moving
across these boundaries, and the geometry and proper-
ties of the aquifers. Relative sensitivity of computed
water level and independent flux to variationsin differ-
ent parametersis shown in figure 57. It is presented to
show the relative importance of the different parame-
tersin the computer model. M ore detailed analyses and
results of al sensitivity runs are described in A ppendix
B2.

Simulated water levelsin the baseline model are
very sensitive to variations in the horizontal hydraulic
conductivity of layer 1 (Navgjo aquifer), streambed
conductance, and areal recharge. Simulated water lev-
elsare only dightly to moderately affected by varia-
tionsin the horizontal hydraulic conductivity of layer 2
(Kayenta aquifer), vertical leakance between the
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Navajo and Kayenta aquifers, aswell as the conduc-
tance of general-head boundary cells and drain cells.

Simulated ground-water budget components are
very sensitive to streambed conductance of river cells,
the conductance of general-head boundary cells, and
areal recharge. Simulated ground-water budget compo-
nents are only slightly to moderately sensitive to varia-
tionsin horizontal hydraulic-conductivity values for
layers 1 and 2, vertical leakance between the Navajo
and Kayenta aquifers, and the conductance of drain
cells.

Need for Additional Study

The above analysis indicates that the baseline
model of the main part of the Navajo and Kayenta aqui-
fersisvery sensitive to some of the simulated parame-
ters. A better understanding of these parameters would
help to improve and refine this initial modeling effort.
Suggestions for additional data collection are (1) quan-
tify diffuseinfiltration of precipitation and how it varies
across the Navajo outcrop within the study area; (2)
carry out additional multiple-well aquifer testing to bet-
ter characterize the variation in horizontal and vertical
hydraulic conductivity of the Navajo aquifer; (3) do
seepage studies along the Santa Claraand Virgin Rivers
upstream of their confluence to better estimate seepage
to underlying and adjacent formations; (4) take addi-
tional spring measurements to better determine varia-
tion in spring discharge under different hydrologic
conditions; (5) quantify recharge along the larger
ephemeral stream drainages; and (6) undertake a more
in-depth age-dating study, including the installation of
nested piezometers for investigating vertical stratifica-
tion of ground water and particle-tracking computer
analysis, to better-define aguifer residence times.

In addition, periodic measurements of water lev-
elsin observation wells located away from pumping
wells would provide information for the development
of atransient ground-water flow model to examine
shorter-term effects of drought cycles and increased
well discharge. There are presently no long-term water-
level data available for any Navajo or Kayenta aquifer
wells.

Water-Resource Management

This preliminary simulation of ground-water
flow in the main part of the Navajo and Kayenta aqui-
fers provides a useful tool for evaluating the validity of
the conceptual model and the relative importance of
different hydrologic processes and hydraulic proper-



EXPLANATION

=3,200- Potentiometric contour—Interval is 50 feet

Figure 56. Simulated potentiometric contours for (a) layer 1, and (b) layer 2 of the alternative depicting effects of
faulting and east-west anisotropy of the main Navajo aquifer ground-water flow model.
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K1 Horizontal hydraulic conductivity of Navajo aquifer
K2 Horizontal hydraulic conductivity of Kayenta aquifer
VCNT Vertical leakance between Navajo and Kayenta aquifers
RIV Streambed conductance
GHB Conductance of general-head boundaries representing subsurface inflow

DRN Conductance of drain cells representing springs and simulating leakage to
underlying formations

RCH Recharge rate from precipitation and unconsumed irrigation

High

I water level

[1 Head-dependent
flux

RELATIVE SENSITIVITY
Moderate

Low

K1 K2 VCNT RIV GHB DRN RCH

Figure 57. Relative sensitivity of the baseline model
representing the main part of the Navajo and Kayenta
aquifers to uncertainty in selected properties and
flows.

ties. Although the model was constructed with all avail-
able hydrol ogic information, many unknown or poorly-
defined hydrol ogic parameters need to be further inves-
tigated. Inits present state, the model should not be

used as a ground-water management tool, but rather to
illustrate the interdependence of hydrologic processes
and potentia effects of climate change or water use.

Model Limitations

Asprevioudly stated, the alternative 1 simulation
is considered to be a reasonable approximation to the
aquifer system of the main part of the Navajo and Kay-
enta aquifers. However, it is evident from both aquifer
testing and computer modeling of anisotropic condi-
tions that aquifer properties vary throughout the study
area. Because of sparse hydraulic-property data and
limitations of the modeling software, such variability
was not simulated. Likewise, important ground-water
fluxes, such as recharge from precipitation and ephem-
eral streams, were only estimated; the spatial |ocation
and rates of recharge may vary substantially from the
simulated fluxes. Therefore, the model is a reasonable
representation of the aquifer system on aregiona scale
but may not accurately represent hydrol ogic conditions
at particular locations. Thus, the model should be used
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as atool for testing general cause-and-effect scenarios
rather than evaluating site-specific processes.

In addition, the model simulates steady-state
conditions based on the underlying assumption that
hydrologic data collected during 1995 and 1996 are
representative of average conditions. If either natural or
man-induced stressesto the hydrol ogic system substan-
tially change different ground-water budget compo-
nents, these componentswould need to berevised inthe
computer model. Subsequently, the revised model’s
ability to accurately represent the hydrologic system
would need to be reevaluated. Finally, because the
model is a steady-state simulation, it can only indicate
the ultimate effects of imposed changes rather than the
changing effects over time. For example, if the effect of
anew well field were to be evaluated, the model would
only show the potential ultimate decrease in ground-
water levels, rather than year-to-year declines.

Gunlock Part of the Navajo Aquifer

The Gunlock part of the Navajo and Kayenta
aquifersisdefined by the Gunlock Fault on the east and
the erosional extent of the Kayenta Formation on the
south and west. These aquifers are in hydrologic con-
tact with the Santa Clara River and stores amajor por-
tion of the potable water supply of St. George. To
examine the hydrologic characteristics of the Gunlock
aquifers, a steady-state baseline ground-water flow
model was developed. The flow model was used to
study pumping at the St. George municipal well field,
flow in the Santa Clara River, and aternative hydro-
logic boundaries. The steady-state simulation incorpo-
rates an average recharge and dischargefor the system.
Simulated well discharge is the 1987-96 average; sim-
ulated precipitation recharge represents the 1961-90
average.

Model Characteristics and Discretization

The ground-water flow model presented hereis
aninitial effort at simulating hydrologic conditionsin
the Gunlock part of the Navajo and Kayenta aquifers.
Most model parameters were not adjusted frominitial
estimates and the model is not considered to be “ cali-
brated.” Limited data are available to describe condi-
tionsin the Gunlock part and a determination of
whether adjusted model parameters result in amore
acceptable or “ better” simulation of the system than ini-
tial valuesis difficult to make.

The 59-mi? areathat represents the Gunlock part
of the Navajo and Kayenta aquifersis divided into 132



rows, 67 columns, and 2 layers with atotal of 17,688
model cells(fig. 58). The model ed areaisdefined by the
Gunlock Fault on the east, the saturated extent of the
Navajo Sandstone and Kayenta Formation on the south
and west, and extends up to 4 miles north of the Carmel
Formation and Navajo Sandstone contact. Model cells
are530ft by 530ft (0.01 mi?); cell sizewas determined
so that each well in the St. George municipal well field
would be represented by an unique cell. Layer 1 repre-
sentsthe Navajo aquifer and includes 5,058 active cells
simulating an area of about 52 mi2. Layer 2 represents
the Kayentaaquifer and includes 5,585 active cellsthat
simulate an area of about 59 mi2. The model grid is ori-
entated 10 degrees east of true north so that columns
run parallel to the general orientation of the Gunlock
Fault. Thevertical dip of both layersisabout 20 degrees
to the northeast, consistent with the structural geology
of the area.

Vertical model discretization is referenced from
the top and bottom of the Navajo Sandstone (fig. 59).
The base of model layer 2 was set at 850 ft below the
base of the Navajo Sandstone (table 2); where the Kay-
enta Formation is overlain by the Navajo Sandstone,
model layer 2 is 850 ft thick. Where the Kayenta For-
mation is exposed, the smulated thickness of model
layer 2 corresponds to model-computed water levelsin
the layer (200 ft to 850 ft thick). The base of model
layer 1 (equivalent to the top of modd layer 2) was
determined from the structure contour map of the base
of the Navajo Sandstone (Hurlow, 1998, pl. 5a). Where
the Navgjo Sandstone is exposed, the thickness of
model layer 1 depends on computed water levelsfor the
layer (200 ft to 2,400 ft). Where the Navajo Sandstone
isoverlain by Carmel Formation, thetop of modd layer
1 is based on the contour map of the top of the Navajo
Sandstone (Hurlow, 1998, pl. 5b). The average thick-
ness of the Navajo aquifer whereit is overlain by the
Carmel Formation is about 2,400 ft.

Boundary Conditions

Hydrologic boundaries used in the baseline
model of the Gunlock part of the Navajo and Kayenta
aquifersinclude no-flow, specified-flux, and head-
dependent (genera-head) boundaries. Similar to the
main part, no-flow boundaries represent the erosional
extent of the aquifersand arefairly well defined. Other
boundaries, such as those that represent flow to and
from underlying and overlying formations, and across
the Gunlock Fault, are not well defined and therefore
are represented by no-flow boundaries. Where the agui-

fers are unconfined along the Navajo and Kayenta For-
mation outcrops, the water table is treated as afree
surface with a specified flux recharge boundary to sim-
ulate infiltration of precipitation and seepage from
Gunlock Reservoir. Model cells corresponding to the
Santa Clara River include a head-dependent boundary
that allowsfor interaction between the free surface and
theriver.

Recharge Boundaries

Precipitation

Recharge from precipitation is simulated with
the recharge package at model cells that represent the
surface exposure of Navajo Sandstone and Kayenta
Formation. Where average annual precipitation is esti-
mated to be 14 in. or less, recharge is specified as 10
percent of total precipitation. For areas where precipi-
tation exceeds 14 in., rechargeis specified as 15 percent
of total precipitation. These estimated rates are based
on water-budget calculations. The distribution of pre-
cipitation was derived from the 30-year average annual
preci pitation contours (1961-90) compiled by the Utah
Climate Center (fig. 2). The distribution and amount of
precipitation that becomesrecharge usedinthe baseline
model is shown in figure 60.

Santa Clara River

Recharge as seepage from the Santa Clara River
is simulated as head-dependent flux with the stream-
flow package (Prudic, 1989). Propertiesthat control the
rate of simulated recharge are (1) the difference
between the computed water level for the appropriate
model cell and the altitude of the water surface in the
Santa Clara River (stream stage), (2) the width and
thickness of the aluvia streambed materia that sepa-
ratesthe Santa Clara River from the underlying Navajo
Sandstone, and (3) the hydraulic conductivity of the
streambed material. Altitude of thetop of the streambed
was determined from the appropriate USGS 1:24,000-
scale topographic map, which has a contour interval of
40 ft, and surveyed altitudes at four selected sites.
Width of the alluvial material is specified as 100 ft and
thickness is specified at 20 ft. These dimensions are
rough estimates made on the basis of field observations
and correspond to values used in the analysis of the
Gunlock well-field aguifer test. Hydraulic-conductivity
values specified for the streambed range from 1.4 to
290 ft/day. Thedistribution of hydraulic conductivity is
shown on figure 61, and was a so made on the basis of
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Figure 58. Model grid of the Gunlock part of the Navajo and Kayenta aquifers within the central Virgin

River basin study area, Utah.
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Figure 59. Generalized cross section along column 45 of the ground-water flow model of the Gunlock part of
the Navajo and Kayenta aquifers within the central Virgin River basin study area, Utah.

the Gunlock well-field aquifer test. The degree of vari-
ability in hydraulic conductivity islargeand reflects (1)
averaging and uncertainty associated with the width
and thickness of the streambed alluvium, and (2) heter-
ogeneity of the underlying Navajo Sandstone that is
caused by joints and fractures. The Santa Clara River
alternates from running along and perpendicular to fac-
tures that exist in the Navajo Sandstone.

As mentioned, the distribution of hydraulic con-
ductivity of the streambed alluvium was determined
from results of the Gunlock well field aquifer test.
However, conductivity values used in this simulation
are one order of magnitude less than those from the
aquifer test. This discrepancy islikely caused by the
fact that simulated stream seepage in the aquifer test
model is considered a combined effect from the river
and release of water from storage in the aluvial stre-

ambed material (appendix A, fig. A-10). Streambed

conductivitiesin this simulation were reduced in an

attempt to replicate measured stream channel losses
from the Santa Clara River.

In addition to simulating interaction with the
Gunlock aguifer, the streamflow package also accounts
for surface flow in the Santa Clara River; surface flow
changes in accordance with seepage losses from the
river. Streamflow in the Santa Clara River, at the point
where water is released from Gunlock Reservoir, is
specified at 6.0 ft3/s (4,300 acre-ft/yr). Surface flow in
successive stream reaches is determined by the com-
puter model. Stream stage for the Santa Clara River is
specified at 1 ft above the top of the streambed, on the
basis of field observations made at several locations
along the stream. The location and course of the Santa
Clara River also was determined from the 1:24,000-
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Figure 60. Distribution of recharge from infiltration of precipitation and reservoir leakage simulated in the ground-
water flow model of the Gunlock part of the Navajo and Kayenta aquifers within the central Virgin River basin
study area, Utah.
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Figure 61. Distribution of streambed hydraulic conductivity that simulates seepage from the Santa Clara River in
the ground-water flow model of the Gunlock part of the Navajo and Kayenta aquifers within the central Virgin
River basin study area, Utah.
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scale topographic map. Seventy-six model cells are
used to simulate the river.

Gunlock Reservoir

Recharge as seepage from Gunlock Reservoir is
specified with the recharge package at cells where the
reservoir overliesthe Navajo Sandstone (fig. 53). Total
simulated recharge beneath the reservoir is 1.4 ft%/s
(1,000 acre-ft/yr), as determined from Darcy’s law and
seepage estimates discussed in the conceptual descrip-
tion of the Gunlock area. Because seepage from theres-
ervoir is treated as a specified flux, rechargeis
independent of water levelsin the Navajo aguifer and
the pool altitude in the reservair.

Discharge Boundaries

Wells

Discharge from eight wellsin the St. George
municipal well fieldissimulated with thewell package.
These wells are located in a cluster about 1 to 2 miles
south of Gunlock Reservoir. The dischargerate used in
the baseline simulation, 5.8 ft3/s, is based on water-use
information compiled by the city of St. George and rep-
resentsthe 1987-96 average. During that time, total dis-
chargeratesfromthe eight wellsranged from4.1to 7.1
ft¥/s. Thelocation of the wellsis shown in figure 51.
All well dischargeissimulated from the Navajo aquifer
(modél layer 1).

Santa Clara River

Discharge as seepage to the Santa Clara River is
simulated as head-dependent flux with the streamflow
package. Discharge is simulated when the model-com-
puted water level for the agquifer is higher than the
stream stage of the river. On the basis of field observa-
tions, seepageto the Santa ClaraRiver occurswherethe
river flows across the southern extent of the Navajo
Sandstone and across the Kayenta Formation. Model
parameters required for the streamflow boundary and
the methods used to estimate them are explained in the
section titled “ Recharge boundaries.” Hydraulic con-
ductivity of the streambed material whereitisunderlain
by the Kayenta Formation was estimated at 12 ft/d (fig.
61). This value was not determined directly but was
extrapolated from the hydraulic conductivity assigned
to the southern most streambed material included inthe
Gunlock well-field aquifer test.
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No-Flow Boundaries

No-flow boundaries are used to represent (1) the
base of the Kayenta Formation, (2) the lateral extent of
the Navgjo and Kayenta aguifers to the south, west,
east, and north, and (3) the top of the Navajo Sandstone
whereit is overlain by Carmel Formation. This bound-
ary condition is based on the conceptual assumptions
that (1) thereis no hydraulic connection between the
Kayentaaquifer and underlying formations, (2) thereis
no hydraulic connection across the Gunlock Fault with
the main part of the Navajo and Kayenta aquifers, and
(3) thereis no ground-water recharge from the overly-
ing Carmel Formation to the Navajo aquifer.

Distribution of Aquifer Characteristics

The Navajo and Kayenta aquifers are ssimulated
asindividual layersinthe baselinemodel. Each layer is
assigned a set of aquifer characteristics on the basis of
aquifer tests and simulation results for the main part of
the Navgjo and Kayenta aguifers. Data describing the
spatial distribution of aquifer properties are not avail-
able; therefore, both layers are considered homoge-
neous. Aquifer properties include horizontal hydraulic
conductivity, vertical hydraulic conductivity, and
anisotropy. These properties are assigned to all active
cellsinthe modeled area. In conjunction with boundary
conditions, aguifer properties determine the amount
and pattern of simulated ground-water flow. Values
assigned to each layer are listed in table 24.

The horizontal hydraulic conductivity of layer 1
(the Navgjo aquifer) is specified as 0.33 ft/d and the
east-west to north-south horizontal anisotropy ratio is
specified as 3.0. Thisresultsin asimulated hydraulic
conductivity of 0.33 ft/d in agenerally east-to-west
direction (along rows) and 1.0 ft/d in agenerally north-
to-south direction (along columns). Anisotropy and
horizontal hydraulic conductivity of the Navajo aquifer
are based on values determined from the Gunlock well-
field aquifer test. A vertical hydraulic-conductivity
value of 0.25 ft/d is specified for layer 1 and was cal cu-
lated by multiplying the east-west horizontal -conduc-
tivity value by 0.75. This multiplier is the same as that
used in the baseline simulation of the main part of the
Navajo and Kayenta aquifers and isin agreement with
laboratory hydraulic testing of Navajo Sandstone.

The horizontal hydraulic-conductivity value of
layer 2 (the Kayenta aquifer) is specified as 0.25 ft/d.
Initially, the conductivity value assigned to layer 2 was
0.085, which resulted in the sameratio of layer 1:layer
2 horizontal conductivity specified in the baseline sim-



Table 24. Hydraulic-conductivity values used in the baseline simulation of the Gunlock part of the Navajo and

Kayenta aquifers, central Virgin River basin, Utah

Navajo aquifer Kayenta aquifer

(layer 1), (layer 2),
in feet per day in feet per day
East-west to north-south anisotropy 13.0 13.0
East-west horizontal hydraulic conductivity .33 .25
North-south horizontal hydraulic conductivity 1.00 .75
Vertical hydraulic conductivity .25 .125

LAnisotropy is unitless.

ulation of the main part of the Navajo and Kayenta
aquifers. Thefinal value of 0.25 ft/d results in a better
match to measured and estimated water levels and
fluxes. The vertical hydraulic conductivity of layer 2is
specified as 50 percent of the horizontal value, main-
taining the horizontal-to-vertical conductivity ratio
specified in the baseline simulation of the main part.
The Kayenta Formation contains zones of silts and
clays, most likely causing overall conductivity valuesto
be less than those estimated for the Navajo Sandstone.
Assuming that fracture density and orientation within
the Kayenta aquifer are smilar to the Navajo aquifer,
the anisotropy for layer 2 was specified at 3.0, the same
valueasin layer 1.

Conceptual Model and Numerical Simulation

Two factors were used to determine how closely
the baseline numerical simulation matched the concep-
tual model: (1) a comparison of conceptual and model-
computed ground-water budgets, and (2) acomparison
of computed and measured water levelsin wells (table
25). The computed ground-water budget indicates that
simulated seepage from the Santa Clara River to the
aquifers are at the upper limit of the range estimated in
the conceptual model. Simulated seepage to the Santa
Clara River from the aquifersis several times the esti-
mated amount, although the excess represents|essthan
15 percent of the total ground-water budget. Other
components of the simulated budget are specified and
not computed by the model. The direction of ground-
water movement depicted by the baseline simulating
(fig. 62) issimilar to that depicted in figure 26, indicat-
ing flow from recharge areas toward the Santa Clara
River.

Water levelsindicate considerable variation
between simulated and measured values (table 25).

Although differencesin excess of 25 ft occur only at
wells 3 and 4, the root mean square error (a measure of
overall error) indicates that the numerical simulation
does not accurately simulate the detailed shape of the
water table in the area of the municipa well field. Sev-
eral factors may explain this, including the use of
pumping wells as observation wells, and steep ground-
water gradients (drawdown cones) near pumping wells.
The overall hydraulic gradient from northwest to south-
east in the Navajo aquifer, as measured by the differ-
ence in water levels at the USGS Motoqua well and
well 3 (figs. 26 and 58) is reasonably represented. The
measured difference is 240 ft; the ssimulated difference
is 263 ft.

Model Applicability

The baseline model represents the conceptual
understanding and available data for the Gunlock part
of the Navgjo and Kayentaaquifers. However, asisthe
case for the upper Ash Creek drainage basin ground-
water system and the main part of the Navajo and Kay-
enta aquifers, other possible numerical simulations
might match the recharge fluxes, discharge fluxes, and
water-level distribution observed and estimated for the
Gunlock aquifers. Because available data are limited
and certain hydrologic boundaries of the Gunlock agui-
fersare not well defined, the baseline model should not
be considered a*“ calibrated” model. Although other
combinationsof aquifer propertiesand fluxesmay yield
asimilar or improved match to measured and estimated
hydrologic properties, the baseline model isaviable
representation that can be used as atool for testing
alternative combinations of aquifer properties and
fluxes.
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Table 25. (a) Conceptual and simulated ground-water budgets and (b) simulated versus measured water-level differences in
the Gunlock part of the Navajo and Kayenta aquifers, central Virgin River basin, Utah

(a) Ground-water budget!

Baseline simulation?

Flow component Conceptual (rounded)

Recharge, in acre-feet per year

Infiltration of precipitation 700 to 2,200 1,400

Seepage from Gunlock Reservoir 0 to 2,200 1,000

Seepage from the Santa Clara River 700 to 2,900 2,900

Total 1,400 to 7,300 5,300
Discharge, in acre-feet per year

Well discharge 3,400 to 5,500 4,200

Seepage to the Santa Clara River 400 1,100

Total 3,800 to 5,900 5,300

1 Budget amounts listed in italics were specified fluxes. All others are head-dependent fluxes determined by the model.

(b) Measured and simulated water levels, in feet above sea level

Well identifier Measured water level Simulated water level Difference®
Well #11 3,341 3,348 7
Well #21 3,343 3,356 13
Well #32 3,326 3,290 -36
Well #41 3,351 3,318 -33
Well #51 3,419 3,418 -1
Well #6* 3,352 3,376 24
Well #71 3,411 3,410 -1
Well #81 3,407 3,400 -7
Motoqua Wellt 3,566 3,549 -17
Root mean square error, in feet 20

1 Water level measured in February 1996, when pump in well was not operating. Motoqua well contains no pump.
2 Water level measured in February 1997, when pump in well was not operating.
3 (-) indicates simul ated water level is lower than measured water level.
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Figure 62. Simulated potentiometric contours for (a) layer 1 and (b) layer 2 of the baseline simulation of the

Gunlock ground-water flow model.

Alternative Simulations

Conceptually, the Gunlock part of theNavajo and
Kayenta aquifersis not considered to be hydraulically
connected to underlying formations, nor to the main
Navajo and Kayenta aquifers east of the Gunlock Fault.
Reflecting that, the baseline model simulates the bot-
tom of the Kayenta aquifer and the Gunlock Fault as
no-flow boundaries. Only seepage to and from the
Santa ClaraRiver was simulated as being dependent on
hydrologic conditions within the aquifers. To examine
the effects of other hydraulically connected boundaries,
two alternative simulations were tested.

Alternative 1—Seepage Across the Gunlock Fault.

In the baseline model, the Gunlock Fault isrepre-
sented as a no-flow boundary. Because the fault has
created a vertical offset between the main part of the
Navajo and Kayenta aquifers and the aquifers of the
Gunlock part. However, no direct evidence or field
observations substantiate this concept. To explore the
possible effects of ground-water flow across the fault,
the no-flow baseline boundary was replaced with a
head-dependent flow boundary with the general-head
boundary package.

Required input parameters for the general-head
boundary include hydraulic conductivity of the bound-
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ary and water-level dtitude outside of the modeled
area. Computed flow across the boundary is directly
proportional to the difference between computed water
levelsinside the model area and the water levels
assigned outside the model area. The general-head
boundary was placed in model layer 1 at cells that cor-
respond to the segment of the Gunlock Fault with the
vertical offset between the main and Gunlock aguifers.

To simulate seepage across the fault, the follow-
ing assumptions were made: (1) the vertical face of the
boundary is set to the 2,400-ft measured thickness of
the Navaj 0 Sandstone west of the Gunlock Fault; (2) the
water level on the east side of the fault (3,345 ft) isthe
average water level smulated for the main part of the
Navajo Sandstone at the fault; (3) the fault zoneis 300
ft wide; and (4) the hydraulic conductivity of the fault
zone is the average horizontal hydraulic-conductivity
value of the Navgjo Sandstone (1.2 ft/d) used in the
main and Gunlock parts. Data are not availableto
describe the hydrology of the fault zone, and these
assumptions are hypothetical.

Given the conditions listed above, the computer
model simulated ground-water flow out of the Gunlock
aquifers across the Gunlock Fault (fig. 63, table 26).
This outflow has a moderate effect on the simulated
interaction between the Navgjo aquifer and the Santa
Clara River. Seepage from the river increased from
2,900 to 3,400 acre-ft/yr. Seepage to the river
decreased, from 1,100 to 900 acre-ft/yr, and is a closer
match to measured seepage. Overall, simulated water
levels at the St. George municipal well field decreased.
This simulation indicates that some flow across the
fault toward the main aquifer is plausible. However,
only one of many possible representations of the fault
is explored.

Alternative 2—Inflow from Underlying Formations

The formations underlying the Kayenta aguifer
contain fine-grained material and are generally consid-
ered to have poor water-bearing characteristics.
Because of this, the base of the Kayenta aquifer is
treated as a no-flow boundary in the baseline model.
However, asis the case with the Gunlock Fault, no
direct hydrologic evidence substantiates the no-flow
concept. Depending on the vertical extent of fractures,
some ground-water flow across the base of the Kayenta
aquifer is possible. Such flow could be induced or
enhanced if water levelsin the Navajo and Kayenta
aquifers declined. Higher dissolved-solids concentra-
tions at St. George Gunlock Well 2, (C-41-17)7ddb-1
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(Wilkowske and others, 1998, table 4) indicate that
there may be some upward movement of ground water
from underlying formations at the municipal well field.
To explore this possibility, the no-flow boundary at the
base of the Kayenta Formation was replaced with a
head-dependent flow boundary, with the general-head
boundary package.

The general-head boundary was arbitrarily
assigned to cellsdefining al-mi? areaat the base of the
Kayenta aquifer and centered at St. George Gunlock
WEell 2. The following assumptions were made for this
aternative: (1) thewater-level altitudeinthe underlying
formation near St. George Gunlock Well 2 is about 100
ft higher than the average water level of 3,340 ft esti-
mated for the area (fig. 26); (2) the point at which this
water level existsin the underlying formation is 300
vertical feet below the base of the Kayentaaquifer; and
(3) thevertical hydraulic conductivity of theunderlying
formationsis about three orders of magnitude less than
the estimated vertical hydraulic conductivity of the
Kayenta aquifer. These values are consistent with the
values specified to simulate flow from underlying for-
mations in the main part of the Navajo and Kayenta
aquifers. No data are available to determine the charac-
teristics of this boundary with certainty.

Using the conditions stated above, the alternative
model simulated about 300 acre-ft/yr of ground-water
inflow from underlying formations (table 27). This
inflow has a small effect on the simulated interaction
between the Navajo aquifer and the Santa Clara River.
Seepage from the river decreased slightly, from about
2,900 to 2,700 acre-ft/yr. Seepageto theriver increased
by about the same amount, from about 1,100 to 1,200
acre-ft/yr. Simulated water levels at the St. George
municipal well field generally rose, increasing at seven
wells and remaining the same at one well (table 27).
The simulated water level at the Motoqua well
increased by 6 ft. The direction of ground-water move-
ment depicted by this alternative simulation (fig. 64a
and b) is similar to the baseline simulation, but water
levelsare dightly higher in the northern part of the sim-
ulated area. Given the above conditions, the alternative
of allowing a small amount of inflow to the areafrom
underlying formationsis plausible.

Model sensitivity

Although the baseline model is not “calibrated,”
itisaviabletool for analysis of general concepts of
ground-water flow for the Gunlock part of the Navgjo
and Kayenta aquifers. To get afeel for the relative
importance of the aquifer properties and fluxes that
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Figure 63. Simulated potentiometric contours for (a) layer 1, and (b) layer 2 of the alternative simulation
depicting flow across the Gunlock Fault, Gunlock ground-water flow model.

make up the Gunlock aquifers, a sensitivity analysis of
the baseline simulation was performed. A sensitivity
analysis identifies which model parameters have the
greatest influence on model simulations. Although
thereisno direct correlation between model sensitivity
and the natural system, model sensitivity isuseful when
considering additional analysis or data collection.

The sensitivity of the baseline model to different
parametersisshowninfigure 65. The height of each bar
is subjective and based on an evaluation of how varia-
tionsin the parameter affected computed water-levels
and fluxes. A more detailed analysis and the quantita-
tive results of al sensitivity runs are described in
appendix B.

Computed water levelsin the baseline model are
highly sensitive to both increases and decreases in hor-
izontal anisotropy (the ratio between east-west and
north-south horizontal hydraulic conductivity) and the
distribution of infiltration of precipitation. Decreased
horizontal hydraulic conductivity in the north-south
orientation caused computed water levelsin all parts of
the modeled area to decrease dramatically. Increased
anisotropy caused increased head-dependent flux into
and out of the Santa Clara River. Changes in the distri-
bution of infiltration of precipitation had the greatest
affect on water levelsin areas away from the Santa
Clara River. Both seepage to and from the Santa Clara
River are moderately sensitiveto changesin streambed
properties. Computed water levels were moderately
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Table 26. (a) Conceptual and simulated ground-water budgets and (b) simulated versus measured water-level differences for
the baseline simulation and the simulation testing flow across the Gunlock Fault in the Gunlock part of the Navajo and
Kayenta aquifers, central Virgin River basin, Utah

(a) Ground-water budget!

Gunlock Fault flow

Flow component Conceptual Baseline simulation simulation
Recharge, in acre-feet per year
Infiltration of precipitation 700 to 2,200 1,400 1,400
Seepage from Gunlock Reservoir 0to 2,200 1,000 1,000
Seepage from Santa Clara River 700 to 2,900 2,900 3,400
Total 1,400 to 7,300 5,300 5,800
Discharge, in acre-feet per year

Well discharge 3,400 to 5,500 4,200 4,200
Seepage to Santa Clara River 400 1,100 900
Flow across Gunlock Fault 0 0 600
Total 3,800 to 5,900 5,300 5,700

1 Budget amounts listed in italics were specified fluxes. All others are head-dependent fluxes determined by the model.

(b) Difference between simulated and measured water levels, in feet
Well identifier Baseline simulation Gunlock Fault flow simulation

Well #1 7 2

Well #2 13 -2

Well #3 136 1.38

Well #4 -33 -35

Well #5 -1 -2

Well #6 24 8

Well #7 -1 -3

Well #8 -7 -9

Motoqua well -17 -62

Root mean square error 20 27

1 Difference determined from water level measured in February 1997; all other water levels measured in Feb-
ruary 1996.
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Table 27. (a) Conceptual and simulated ground-water budgets and (b) simulated versus measured water-level differences for
the baseline simulation and the simulation testing inflow from underlying formations in the Gunlock part of the Navajo and
Kayenta aquifers, central Virgin River basin, Utah

(a) Ground-water budgets1

Flow component

Conceptual

Baseline simulation

Underlying-formation
inflow simulation

Infiltration of precipitation
Seepage from Gunlock Reservoir
Seepage from Santa Clara River
Flow from the Moenave

Total

Well discharge
Seepage to Santa Clara River

Total

Recharge, in acre-feet per year

700 to 2,200
0to 2,200
700 to 2,900
0

1,400 to 7,300

Discharge, in acre-feet per year

3,400 to 5,500
400
3,800 to 5,900

1,400
1,000
2,900

0
5,300

4,200
1,100
5,300

1,400
1,000
2,700

300
5,400

4,200
1,200
5,400

1 Budget amounts listed in italics were specified fluxes. All others are head-dependent fluxes determined by the model .|

(b) Differences between simulated and measured water levels, in feet

Underlying-formation inflow

Well identifier Baseline simulation simulation
Well #1 7 11
Well #2 13 27
Well #3 1.36 L34
Well #4 -33 -32
Well #5 -1 -1
Well #6 24 33
Well #7 -1 0
Well #8 -7 -6
Motoqua -17 -11
Root mean squared error 20 22

1 Difference determined from water level measured in February 1997; all other water levels measured in February 1996.
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Figure 64. Simulated potentiometric contours for (a) layer 1, and (b) layer 2 of the alternative simulation
depicting inflow from underlying formations, Gunlock ground-water flow model.

sensitive to changing aquifer properties of layer 1 near
the Gunlock Fault. The baseline ssimulation is not very
sensitive to changesin hydraulic properties of the Kay-
enta aquifer.

Need for additional study

On the basis of the alternative simulations and
sensitivity analysis of the baseline model of the Gun-
lock part of the Navajo and Kayenta aquifers, the need
for additional data became apparent. Better quantifica-
tion of the hydrologic properties associated with the
Gunlock Fault is needed to determine whether ground-
water flow occurs acrossthefault, and the direction and
amount of that flow. Design of an aquifer test with
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observation wells located on both sides of the fault
would answer some of those questions. Additional
information regarding the interaction between the
Santa Clara River and adjacent Navajo aquifer also
would improve the conceptual model. Specifically,
identifying aquifer properties associated with the stre-
ambed material would be helpful and could be deter-
mined with an appropriately designed multi-well
aquifer test.

To better define the general shape and hydraulic
gradient of the water table, water-level observation
wells need to be constructed in areas away from the St.
George municipa well field. Annual, seasonal, or
monthly monitoring of water levelsat observationwells
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Figure 65. Relative sensitivity of the baseline model of
the Gunlock part of the Navajo and Kayenta aquifers to
uncertainty in selected properties and flows.

would help identify temporal variationsin the potentio-
metric surface of the agquifers. Long-term water-level
trends would help determine whether natural recharge
to the aguifersisin balance with well discharge and
seepage to the Santa Clara River.

Water-resource management

For the Gunlock part of the Navajo and Kayenta
aquifers, the most important hydrologic parameter is
theground-water/surface-water interaction between the
Santa Clara River and Navajo aquifer. Interaction isa
function of aquifer boundaries and the hydraulic prop-
erties of the Navgjo aquifer and streambed materials.
Effective water-resource management must consider
the effects of pumping at the St. George municipal well
field on ground-water/surface-water interaction. The
baseline model isatool that can be used to better illus-
trate the role of pumping on streamflows.

Model Limitations

The ground-water flow model of the Gunlock
part of the Navajo and Kayenta aquifers required sim-
plification and, thus, could not accurately represent the
actual heterogeneity of the system. Rarely are model
simulationsin perfect agreement with observations and
field measurements. These factors are even more rele-
vant for the baseline model, which, because of limited
data, is not calibrated to reproduce a specific set of
hydrologic conditions. Also, the model simulates
steady-state conditions and does not account for the
effects associated with any changes in the amount of

water stored in the aquifers. Although this model sim-
ulates the Gunlock aguifers reasonably well, the solu-
tion is not unique. Other numerical simulations could
yield similar results. Model results should only be used
for verifying concepts and indicating generalized
effects associated with the hydrologic stresses that are
simulated. Results should not be used to evaluate abso-
lute water levels and flows at specific locations. The
ability of this model to represent actual ground-water
conditions could be better evaluated when additional
data are collected and the system is observed under
other stress conditions.

A specific limitation of the baseline model con-
cerns flow at specified-flux boundaries. Because the
model contains only one head-dependent flux boundary
(the Santa Clara River), any change in specified flux
will be exactly compensated for at the head-dependent
flux boundary. For example, an increase in smulated
pumping rates will be compensated for by a net
increase in seepage from the Santa Clara River. Pump-
ing cannot be increased beyond the point where seep-
age from the stream exceedstotal streamflow, whichis
specified at 6.0 ft3/s. Therefore, any increase in pump-
ing rates beyond that will result in the complete dewa-
tering of the model area. Although thisis consistent
with the conceptual model, it represents a simplifica-
tion that may not accurately reflect the natural system.

SUMMARY

Thisstudy focused on thetwo main ground-water
reservoirs within the central Virgin River basin: the
upper Ash Creek basin ground-water system and the
Navajo and Kayenta aquifer system. On the basis of
measurements, estimates, and numerical simulations of
reasonable values for all inflow and outflow compo-
nents, total water moving through the upper Ash Creek
drainage basin ground-water system is estimated to be
about 14,000 acre-ft/yr. Recharge to the upper Ash
Creek drainage basin ground-water system primarily
enters the system as infiltration of precipitation and
seepage from ephemera and perennial streams. The
main source of discharge is assumed to be evapotrans-
piration; however, subsurface discharge near Ash Creek
Reservoir also maybe important. The character of two
of the hydrologic boundaries of the upper Ash Creek
drainage basin ground-water system isspeculative. The
eastern boundary represented by the Hurricane Fault is
assumed to be a no-flow boundary. Likewise, itis
assumed that the principal drain for the system is sub-
surface outflow beneath Ash Creek Reservoir along the
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southern boundary. However, these conceptualizations
could be incorrect because alternative numerical simu-
lations using different boundary conditions proved to
befeasible. Major ion chemistry datafrom ground- and
surface-water along the Ash Creek drainage were ana-
lyzed to determine possible sourcesfor Toquervilleand
Ash Creek Springs. Although additional data are
needed, the preliminary analysis indicates that the
sources may be Ash Creek Reservoir surface water
seeping in and mixing with ground water from the Pine
Valley monzonite aquifer, the Navajo aquifer, or upper
Ash Creek drainage.

Because of large outcrop exposures, uniform
grain size, and large stratigraphic thickness, the Navajo
Sandstone and Kayenta Formation receive and store
large amounts of water and provide most of the potable
water to the municipalities of Washington County.
Aquifer tests of the Navajo aquifer indicate that hori-
zonta hydraulic-conductivity values range from 0.2 to
32 ft/d at different locations and may be primarily
dependent on the extent of fracturing. The Navgjo and
Kayenta aquifers are bounded to the south and west by
the erosional extent of the formations and to the east by
the Hurricane Fault, which completely offsetsthesefor-
mations and is assumed to be alateral no-flow bound-
ary. Like the Hurricane Fault, the Gunlock Fault is
assumed to be alateral no-flow boundary, dividing the
Navajo and Kayenta aquifers within the study areainto
two parts: the main part, |ocated between the Hurricane
and Gunlock Faults; and the Gunlock part, located west
of the Gunlock Fault.

Generally, water quality within the Navajo and
Kayenta aquifersis very good with respect to dis-
solved-solids concentration. However, two distinct
areas contain water with a dissolved-solids concentra-
tion greater than 500 mg/L and water temperatures
greater than 20°C: alarger areanorth of St. George and
asmaller areaafew mileswest of Hurricane. Mass-bal-
ance calculations indicate that in the higher dissolved-
solids and higher water-temperature area north of St.
George, asmuch as 2.7 ft%/s of hydrothermal water may
be entering the aquifer from underlying formations. For
the area west of Hurricane, as much as 1.5 ft3/s of
hydrothermal water may be entering the aquifer from
underlying formations. A relation between higher dis-
solved-solids concentrations and lighter stableisotopic
ratios in these two areas indicates that mixing may be
occurring between the upward seepage of hydrothermal
water and recharge along the outcrop carrying isotopi-
cally light precipitation from the higher-elevation Pine
Valley Mountains.
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A preliminary investigation of aguifer residence
times, based on CFC and radio-isotope techniques,
indicates that the time it takes for water to move
through the main part of the Navagjo and Kayenta aqui-
fers from points of recharge to points of discharge var-
ies from less than 20 years to more than 50 years.
However, additional sampling sites, age-dating tech-
nigques, and computer particle-tracking analysis are
needed to more thoroughly define regional aquifer res-
idence times. Also, CFC data, in combination with
maj or-ion geochemical data, show that the Santa Clara
River islikely the main source of recharge to the Gun-
lock part of the Navajo aquifer in the vicinity of the
St.George municipa well field.

On the basis of measurements, estimates, and
numerical simulations, total water moving through the
Navajo and Kayenta aquifersis estimated to be about
25,000 acre-ft/yr for the main part and 5,000 acre-ft/yr
for the Gunlock part. The primary source of rechargeis
assumed to be infiltration of precipitation in the main
part and seepage from the Santa Clara River in the Gun-
lock part. The primary source of discharge is assumed
to be well discharge for both the main and Gunlock
parts of the aquifers. Numerical simulations indicate
that faults with major offset may impede horizontal
ground-water flow. Also, increased horizontal hydrau-
lic conductivity along the orientation of predominant
surface fracturing appears to be an important factor in
regional ground-water flow. Computer simulationswith
increased north-south hydraulic conductivity substan-
tially improved the match to measured water levelsin
the central area of the model between Snow Canyon
and Mill Creek.

Numerical simulation of the Gunlock part of the
Navajo and Kayenta aquifers, using aquifer properties
determined for the St. George municipal well field,
resulted in a reasonabl e representation of regional
water levels and estimated seepage to and from the
Santa Clara River. Analysis of hydrologic properties
and flows indicates that horizontal hydrologic conduc-
tivity along the direction of regional fracturing and stre-
ambed aquifer propertiesareimportant to ground-water
flow. Additional data needed to improve the conceptual
model of ground-water flow within the Gunlock agui-
fersinclude better understanding of flow properties of
the Gunlock Fault and better water-level information
for areas away from the St. George municipal well field.
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Appendix A

Results of aquifer testing within the study area

AQUIFER TEST ANALYSES

As part of this study, aquifer tests were done to
evaluate the hydraulic properties of the Navajo Sand-
stone aquifer and the Pine Valley monzonite aquifer.
Four aquifer tests were done in the Navajo Sandstone
and one aquifer test was donein the PineValley monzo-
nite. Thelocationsof thesefivetestsareshowninfigure
A-1.
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Hurricane Bench Aquifer Test

The purpose of the Hurricane Bench aguifer test
was to determine the transmissivity and storage proper-
ties of the Navajo aguifer about 5 mi southwest of Hur-
ricane, Washington County, Utah (fig. A-2). Theaquifer
test was conducted in January and February 1996 by the
USGS in coordination with the Winding Rivers Corpo-
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Figure A-1. Location of aquifer-test sites within the central Virgin River basin study area, Washington County,

Utah, 1996.
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ration. Themultiple-well aquifer test involved pumping
well (C-42-14)12dbb-2 at arate of about 330 gal/min
for aimost 5 days. The discharge from the pumped well
was diverted into an irrigation pipe, which transported
the water more than 1 mi away from the well, where it
was applied asirrigation water via sprinklers. Dis-
charge was measured with a Clampatron flow meter,
which was field checked by capturing discharge from
one of theirrigation sprinkler nozzles and multiplying
this by the total number of active nozzles. Because of
problems with the circuit breaker controlling the sub-
mersible pump, some pumping occurred during the 2
days prior to the aquifer test. Therefore, only datafrom
the recovery part of this aquifer test were analyzed.

Analysis of geologic mapsand drillers' logsindi-
catesthat the Navajo Sandstone aquifer isareally exten-
sive at the aquifer-test site and is underlain by the less
permeable Kayenta Formation. Information from the
drillers log of well (C-42-13)7bcc-3 (0.45 mi from the
pumping well) indicatesthat sandstone wasfound from
12 to 1,450 ft below land surface; and alternating silt-
stone and sandstone layers characteristic of the Kayenta
Formation were found from 1,450 ft to 1,860 ft.
Because of the shallow dip of the Navajo Sandstone to
the northeast and the average prepumping depth to
water of about 60 ft, the average saturated thickness of
the Navajo aquifer at the aquifer-test site was assumed
to be about 1,350 ft. According to arecent Utah Geo-
logical Survey fracture study of a nearby Navajo out-
crop on Sand Mountain (about 3 1/2 mi to the south),
the predominant fracture direction is northeast-south-
west and the secondary direction is east-west.

Water levels were measured in six observation
wellsand the pumped well for 6 dayspreceding thetest,

during the 7 days of pumping, and for 6 days after the
pump was shut off. Datafor the pumped well and obser-
vation wells are recorded in table A-1. Drawdown and
recovery of sufficient magnitude to analyze were
observed in five of the six observation wells. Therewas
no noticeable drawdown or recovery at the observation
well farthest from the pumped well, (C-42-14)12ada-1.
All of the observation wells are finished in the Navajo
Sandstone aguifer. The two observation wells nearest
the pumped well have similar perforation intervals to
the pumped well. The four observation wells farther
away generally are open to the aquifer at shallower
depths than the pumped well.

The measured water levels at five observation
wells were corrected for barometric changes assuming
100 percent barometric efficiency. This barometric effi-
ciency was chosen on the basis of observations of
prepumping water-level changes at observation well
(C-42-14)12dba-2 as aresult of changes in barometric
pressure. The 100-percent correction was verified by a
comparison of the effects on water levels of barometric
efficienciesranging from 50 to 100 percent. Barometric
data from amercury barometer located at the Cedar
City Airport, about 30 mi to the north, was used for this
correction.

Asmentioned above, only therecovery datafrom
the aquifer test was analyzed. Because water levelsin
the affected observation wells did not reach a pumping
equilibrium before the pump was shut off, the recovery
datawere affected by residual drawdown and trend cor-
rections to the recovery datawere necessary. Straight-
line fits to semilogarithmic plots of the water levelsin
the observation wells during drawdown were used for
determining the prerecovery trend. This prerecovery

Table A-1. Construction data for the wells used in the Hurricane Bench aquifer test, Washington County, Utah

[N/A, not applicable]

Radial Casing diameter Open interval (feet
Well number distance . 9 P Opening type
(inches to feet) below land surface)

(feet)
(C-42-14)12dbb-2 N/A 12 to 560 62 - 560 Screen
(C-42-14)12dba-2 34 12 to 510 120 - 510 Perforations
(C-42-14)12dbb-3 106 12 to 510 58 - 510 Screen
(C-42-14)12dbb-1 475 12 to 23 23 - 140 Open hole
(C-42-14)12dbc-1 590 10 to 100 100 - 270 Open hole
(C-42-14)12dda-1 1,665 12 to 40 40 - 425 Open hole
(C-42-14)12ada-1 2,500 12 to 300 101 - 300 Open hole
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trend was extended through the recovery part of the
aquifer test to correct for thistrend.

Recovery datafor the observation wellswere ini-
tially plotted together by dividing timein elapsed min-
utes by the observation well’sradia distance squared.
However, recovery datafrom the closest observation
well, (C-42-14)12dba-2, were eliminated from the
analysis becauseitsinitially steep responseis assumed
to be affected by well-bore storage because its proxim-
ity to the pumping well (34 ft) and its large borehole
size (12-in. diameter). Also, the maximum drawdown
and recovery at this observation well were a substantial
part of the saturated thickness of the aquifer and would
cause the transmissivity to change during the aquifer
test. Recovery data from observation well (C-42-
14)12dda-1 were also eliminated because the baromet-
ric pressure and prerecovery-trend corrections were a
substantial part of the recovery (asmuch as 0.5 ft of the
total 1.6 ft of recovery) and could haveintroduced error
into the analysis. Therefore, only recovery data from
observation wells (C-42-14)12dbb-3, (C-42-14)12dbb-
1, and (C-42-14)12dbc-1, were analyzed. Because the
maximum 50-ft drawdown and recovery measured at
the closest of the three wells, (C-42-14)12dbb-3), was
less than 4 percent of the saturated thickness, changes
intransmissivity with changein the saturated thickness
of the aquifer were not substantial at these three obser-
vation wells. Because these three observation wells are
all at asimilar radial orientation with respect to the
pumping well, the degree of horizontal anisotropy
resulting from fractures within the sandstone could not
be evaluated.

The Theis solution (1935) for confined aquifers
wasfirst chosenfor theanalysis. Theaguifer isassumed
to act as confined, asindicated by (1) the high baromet-
ric efficiency observed at well (C-42-14)12dba-2, and
(2) drillers logs for wells (C-42-14)12dbb-1 and (C-
42-14)12dda-1, drilled with a cable-toal rig, both indi-
cate that water was initially encountered deeper (12 ft
and 6 ft, respectively) than the static water levels later
measured in the wells. The Theis method assumes that
water is released instantaneously from storage with a
decline of hydraulic head. However, scatter in the com-
posite plot of recovery versustime for these three
observation wells indicated that well responses varied
substantially from the Theis-type response. Calcula-
tions of transmissivity and storage values for the indi-
vidual observation wells were also determined from
separate time-recovery plotsfor each well, either using
the Cooper-Jacob solution (Cooper and Jacob, 1946) or
the Theis solution. These calculations show generally

higher values of transmissivity with increased distance
from the pumped well. Assuming that the Navajo aqui-
fer inthisregion is fairly homogeneous, this apparent
increasein transmissivity with radial distance may indi-
cate the effects of leakage or delayed yield. Also, the
confined-type response to barometric pressure changes
may only indicate the aquifer’s confined response to
small stresses; larger stresses may result in dewatering
and a conversion to an unconfined aquifer response at
closer observation wells.

Therefore, the recovery data were reanalyzed
with the modified Hantush solution (Lohman, 1972, p.
32-34) for leaky confined aguifers with vertical move-
ment. This solution provided the best fit to the compos-
ite plot of recovery data from the three observation
wells(fig. A-3). Thismethod was chosen because of the
possibility that the underlying Kayenta Formation may
act as alow-permeability layer and release arelatively
large amount of water from storage asaresult of pump-
ing in the overlying Navajo aquifer. Hydraulic conduc-
tivity can be calculated by dividing transmissivity
either by saturated thickness of the aquifer by the satu-
rated thickness of the perforated interval of the produc-
tionwell. Transmissivity and storage-coefficient values
calculated with this method are 1,075 ft%/d and 0.002,
respectively. Assuming an average saturated aquifer
thickness of 1,350 ft, the calculated hydraulic conduc-
tivity is 0.8 ft/day. This hydraulic conductivity value of
0.8 ft/d is smaller than the average value of 2.1 ft/day
determined from laboratory analyses of outcrop sam-
ples of the Navajo Sandstone (Cordova, 1978). How-
ever, dividing the transmissivity by the 500-ft
perforated interval of the production well resultsin a
hydraulic conductivity of 2.2 ft/day, whichissimilar to
the average value. Thislarger valueis preferred
becauseit islikely that small bedding plane features,
such asthin, finer-grained layers formed during sand-
dune deposition, reduce vertical hydraulic conductivity
and vertical flow to the well from the deeper, unpene-
trated part of the aquifer.

Anderson Junction Aquifer Test

The purpose of the Anderson Junction aquifer
test was to determine the transmissivity and storage
properties of the Navajo aquifer near Anderson Junc-
tion in Washington County, Utah (fig. A-4). The aquifer
test was conducted in March and April 1996 by the
USGS in coordination with the Washington County
Water Conservancy District. The multiple-well aquifer
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Figure A-3. Recovery data from wells during the Hurricane Bench aquifer test, Washington
County, Utah, January and February 1996 (modified Hantush solution (Lohman, 1972)).

test involved pumping at well (C-40-13)28dcb-2 for
about 4 days at an average rate of 1,100 gal/min. Dis-
charge was measured with a pito tube, v-notch weir,
and pygmy meter. The discharge from the production
well was diverted into a 15-in. diameter ABS drain
pipe, which transported the water 500 ft away from the
well to anatural dry wash heading southeast under
Highway |-15. Water levels were measured in three
observation wells and the production well, (C-40-
13)28dcb-2, for 4 days prior to the test, during the 4
days of pumping, and for as many as 20 days after the
pump was shut off.

The agquifer-test siteisin a highly fractured
region of the Navajo Sandstone outcrop that has two
predominant clusters of fracturing at orientations of
180 to 210 degrees and 90 to 130 degrees (Hurlow,
1998). On the basis of the Utah Geological Survey’s
fracture study, two observation wells were drilled spe-

A-6

cificaly for the aquifer test at approximately the same
radial distance from the pumped well, but at perpendic-
ular orientations. Well (C-40-13)28dca-1, herein
referred to aswell A, islocated 383 ft east-southeast of
the production well along a 110-degree orientation
(parallel tothe 90 to 130 azimuthal cluster of fractures).
Well (C-40-13)28dcc-1, herein referred to aswell B, is
located 376 ft south-southwest of the production well
along a 200-degree orientation (parallel to the 180 to
210 degree azimuthal cluster of fractures). Well (C-40-
13)28dcb-1, herein referred to as the origina well, is
located 10 ft due east of the pumped well. Datafor the
pumped well and observation wells are recorded in
table A-2.

According to conversations with the driller and
information from the drillers’ logs, the Navgjo Sand-
stone aquifer. BecausewellsA and B were both drilled
by using the reverse rotary method with air, the driller
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Table A-2. Construction data for the wells used in the Anderson Junction aquifer test, Washington County, Utah

Casing Open interval
Well name Well number Radial distance (_Jl|ameter (feet below Opening type
(feet) (inches to
land surface)
feet)
Pumped well (C-40-13)28dcb-2 0 16 to 500 110 - 470 Screen
Original well (C-40-13)28dch-1 10 6 to 225 160 - 225 Perforations
Well B (C-40-13)28dcc-1 376 5 to 400 160 - 380 Perforations
Well A (C-40-13)28dca-1 383 5 to 400 160 - 380 Perforations

could readily identify when the water table wasreached
(the pumped well was drilled with water, so such a
determination could not be made). According to the
driller, water was found in well B at a depth of 190 ft
and afterwards rose in the casing to adepth of 31 ft. In
well A, water was found at a depth of 56 ft and rosein
the casing to a depth of 21 ft. The potentiometric sur-
faceis nearly flat between the two wells. According to
thedrillers’ logs, the lithology causing the confined
conditionsis different at two of the observation wells.
At well B, vertica anisotropy within the Navajo Sand-
stone (possibly as aresult of grain alignment, cementa-
tion, or finer sediments) appears to cause the confined
conditions. At well A, the confined conditions are prob-
ably caused by a poorly permeable layer of clays, silts,
and sandsin the unconsolidated aluvium overlying the
Navajo Sandstone.

Measured water levels at the observation wells
were not corrected for barometric changes because the
magnitude of drawdown and recovery at all of thewells
was much larger (19 to 80 ft) than the effects of baro-
metric changes (generally less than 1 ft). Prepumping
trend corrections were applied to all of the observation-
well drawdown data because of arisein water levels
resulting from recovery after the development of the
production well shortly before the aquifer test. Prere-
covery trend corrections were applied to the observa
tion-well recovery data because water levels did not
reach a pumping equilibrium before the pumping well
was shut off on March 22, 1996.

The drawdown and recovery data for the three
observation wellswereinitially plotted together on log-
log scale by dividing time by the observation well’s
radial distance squared. The drawdown and recovery
data from the closest observation well (original well)
were eliminated from the analysis because of delayed
responsein early time data caused by well-bore storage
effectsresulting from proximity to the pumped well and
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large borehol e size. Also, the maximum drawdown and
recovery at this observation well (as much as 80 ft)
made up a substantial part of the saturated thickness of
the aquifer and would result in a substantial change in
transmissivity during the aquifer test.

The data setsfrom the remaining two observation
wells (wellsA and B) were analyzed with three curve-
matching solutions:; (1) the Theis solution (1935) for
confined aquifers, (2) the modified Hantush solution
(Lohman, 1972, p. 32-34) for leaky confined aquifers
with vertical movement, and (3) the Neuman solution
(1974) for unconfined aguifers with delayed yield.
None of these type curves fit both sets of data, indicat-
ing that the previously mentioned methods might not be
applicable. In particular, the assumption of isotropy in
the three methods is questionable. The presence of
anisotropy at the Anderson Junction test site isindi-
cated by the large difference in observed drawdown at
the two observation wells: 33 feet at well A aigned
with the 110-degree fracture orientation, and 19 ft at
well B aligned with the 200-degree fracture orientation.
These observations are consistent with a fractured
anisotropic aquifer.

Therefore, amodified (simplified) version of a
method presented by Papadopulos (1965) for data anal-
ysis from a homogeneous and anisotropic aquifer was
used. The Papadopul os method assumes that the orien-
tations of the principal axes directionsfor the transmis-
sivity tensor are unknown. For the Anderson Junction
aquifer test, the assumption is made that the two obser-
vation wellsin the 110-degree and 200-degree orienta-
tions are paralel to the two principal axes.

Theory

The modification to the Papadopul os method was
developed by Dr. Paul Hsieh of the USGS (written
commun., 1997). Assuming that observation wells A



and B are located along the maximum and minimum
principal axes directionsin an orthogonal orientation
with respect to each other and the pumping well (fig. A-
5), the drawdown in the observation wells are given by
Papadopul os (1965, eg. 15 and 16):

_ Q
S(X, Y, t) - — DN(qu)
4m /TXXTyy
(A6)
with
2
oo ST
oAt g TxxTyy U

where sis drawdown,

Q ispumping rate,

Ty and Tyy are the transmissivities along principal
axes,

Sisaquifer storage,

tistime, and

W(uyy) isthe well function of uy,,
Notethat x and y here stand for & and n as described by
Papadopul os (1965).

Observation well B

Pumped

well )
Observation

well A
‘N

Figure A-5. Well-location geometry needed for
applying modified version of Papadopulos solution
(1965).

X

Applying the preceding solution to observation
well A, which islocated at X = X, y = 0 yields:

S(Xp 0, 1) = (A8)

Q D/VD SXA [l
4nm AT
In comparing this equation to the Theis solution:

2
_Q 5r o

st 8 = 207 Voo (A9)
theanalogies are: T of the Theis equation is substituted
with /T, T\, ST of the Theis solution is substituted
with ST, and r of the Theis equation is substituted
with xa. This analogy can be extended to the Cooper-
Jacab straight-line method (Cooper and Jacob, 1946),
which also can be modified for anisotropic conditions.
Under ideal conditionsin an anisotropic aquifer,
Papadopul os shows that the straight-line parts of all
observation well dataon a semilog plot should havethe
same slope under ideal homogeneous conditions, so
that the intercepts would yield T, greater than Tyy, (fig.
A-6). In the Cooper-Jacob method, the slope of the late
time (straight-line part) datayields transmissivity from
the determination of the change in drawdown per log
cycle (As), and the intercept gives ST, and thus S.
Substituting /T XXTyy for T yields the following
equation modified from the Cooper-Jacob method,
eguations 5 and 6:

= _ _264(Q)
Ty = (As)(7.48)

for Tin ft%/d, Qin galons per minute, and Asin feet.
Likewise, substituting T,,/Sfor T/Syieldsthefollowing
eguation modified from the Cooper-Jacob method:

(A10)

s _ 225y,

Txx [ra]2

(A1)

where ty, isthe x-intercept (time) for well A, andr, is
theradial distanceto well A.

Next, applying the anisotropic solution to observation
well B, which islocated at x =0, y = yg, yields:

s(0, yg, 1) = (A12)

2

AT Ty 4Tyt

where TXXTyy islike T of Theis, 9T,, islike
ST of Theis, and ygisliker of Theis. After plotting the
data from observation well B on semilog paper, the
straight-line parts fitted to the data must have the same
slope (and As) as the observation well A data set. This
ensures that T, T,,, computed from observation well B
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Figure A-6. Idealized data set for an anisotropic
and homogeneous aquifer.

dataisequal to Ty, Ty, computed from observation well
A data. By the same reasoning as above, substituting
Tyy/Sfor T/Syields the following equation modified
from the Cooper-Jacob method (Cooper and Jacob,
1946, eg. 8):

225t

S
Tyy [I,b]2

(A13)

where tgy, is the x-intercept (time) for well B, and ry, is
the radial distance to well B.

In summary, the above straight-line fits to the
observation wi B data sets on a semilog graph
should yield +/ TxxTyy (the value from each of the data
sets should be the same), ST, and STy,. The follow-
ing procedure can be used to determine Txx, Tyy, and S
separately:

1. Square the /\/TxxTyy to obtain T, T,

2. Multiply ST, and ST, to obtain S)%;(TXXTW)

3. Multiply theresult from steps 1 and 2 above to
get S

4. Divide the S obtained from Step 3 by ST, to
get Txx.

5. Divide the S obtained from Step 3 by STy, to
get Tyy.

T, ISknown as the “ principal transmissivity in
the direction of the x axis.” T, is known asthe “princi-
pal transmissivity in the direction of they axis” If T,y
is greater than T,,, then the x axis points along the
major principal direction, and the y axis points along
the minor principal direction. If Ty, is greater than Ty,
then the y axis points along the major principal direc-
tion, and the x axis points along the minor principal
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direction. Therefore, it isnot necessary (nor warranted)
to assume which is the major and which is the minor
principal direction at the start of the analysis.

Application

With this modified version of the Papadopulos
method, the corrected recovery data for both the south
and east observation wells are plotted on a semilog
graph. Inan ideal homogeneous anisotropic aquifer, the
slopesof abservation-well data sets should bethe same.
However, unlike the ideal case, the slopes of the
straight-line parts of the two observation-well data sets
for this aquifer test are not identical (fig. A-7). With
these two unequal slopes, the square root of Ty, Ty,
computed from well A does not equal that computed
from well B. Thisindicates that the aquifer is not com-
pletely homogeneous at this site. Nonethel ess, because
the late-time data of each plot are similar and approach
straight lines, the same slope wasfitted to each data set.
By forcing both linesto have the same s opethe product
of Ty Tyy from both wells is the same and the data can
be interpreted using a homogeneous anisotropic aqui-
fer model.

35 T T T

30
East observation well

25

20

15

10

CORRECTED RECOVERY, IN FEET

& South observation well

0 Mo le 1 |
10 100 1,000 10,000

ELAPSED TIME AFTER PUMP TURNED OFF,
IN MINUTES

Figure A-7. Recovery data from wells during the
Anderson Junction aquifer test, Washington County,
Utah, March and April 1996.

Thetwo fitted linesin figure A-7 have equal
slopes (As) of 10 ft of drawdown per log cycle of time.
Substituting these values into the Cooper-Jacob equa-
tion (5) where Q = 1,100 gal/min yields the relation:



f IZD
/TXXTW = 3,880 (A14)

AlsofromfigureA-7, the x-intercept on the semi-
log plot for the well A recovery dataiis 5.5 minutes
(0.0038 days); the x-intercept on the semi-log plot for
the well B recovery datais 110.0 minutes (0.0764
days). Substituting the radial distance (ry) towell A is
383 ft, and the radial distance (ry,) to well B is 376 ft
into equations (6) and (8) yields:

Ti = 5.820x10°° Ti = 1216x10° (A15)
XX yy

Solving these three relation simultaneously

yields Ty, 018,000 ft?/d, T,y 1900 ft%/d, and SCJ0.001.

However, because heterogeneities within the
Navajo aquifer at Anderson Junction do not permit a
unique equal-slope fit to the semilog plot of observa-
tion-well datafrom wellsA and B, an analysis of the
possible range of valuesis necessary. To determine the
maximum amount of interpretative error that may intro-
duced by “forcing” lines of equal slopeto both observa-
tion-well data sets, the steepest and shallowest possible
fitted slopes are shown in figure A-8. The steepest pos-
sible slope for the two data sets corresponds to the best
fit for thewell A dataset. The shallowest possible slope
for the two data sets corresponds to the best fit for the
well B data set. On the basis of these alternative slopes
and x-intercepts, therange of valuesfor T,, rangesfrom
15,000 to 22,500 ft4/d, Ty, from 650 to 900 ft?/d, and S
from 0.0007 to 0.0025. Therefore, the average of the
maximum and minimum possible values for the trans-
missivity and storage from the Anderson Junction agui-
fer test, including error brackets, is T, (119,000 ft/d
+ 21%, Ty, 11800 ft2/d + 19%, and S10.0013 + 1/4log
cycle. Thisindicates that the ratio of transmissivity
(anisotropy factor) in the 110-degree and 200-degree
orientationsisabout 24:1, but could range from 23:1 to
25:1, depending on the fitted slope. With an assumed
aquifer thickness of 600 ft, horizontal hydraulic con-
ductivity ranges from about 32 ft/d in the 110-degree
orientation to 1.3 ft/d in the 200-degree orientation.

The range of hydraulic-conductivity values
determined from this aguifer-test analysis is generally
larger than Cordova's (1978, p. 26) laboratory determi-
nation of horizontal hydraulic-conductivity values that
ranged from 0.36 to 5.0 ft/d. However, the laboratory-
determined values do not include the effects of open
fractures or other secondary openings that would
increase the actual in-situ hydraulic conductivity.
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Figure A-8. Recovery data for wells during the Ander-
son Junction aquifer test showing range of possible
slope, Washington County, Utah, March and April
1996.

Therefore, the Anderson Junction aquifer-test data may
indicate that along the minor principal direction (200-
degree orientation), the hydraulic-conductivity value of
1.3ft/d ischaracteristic of unfractured rock and that the
fractures along this orientation might be closed or
unconnected. In the major principal direction (110-
degree orientation), the hydraulic-conductivity value of
32 ft/d is about one order of magnitude higher than the
range of laboratory values, indicating that fractures
aong this orientation might be open and more hydrau-
lically connected.

Gunlock Well Field Aquifer Test

The purpose of the Gunlock Well Field aquifer
test was to determine the transmissivity and storage
properties of the Navajo aquifer downstream from the
Gunlock Reservoir in Washington County, Utah (fig. A-
9). The aquifer test was conducted in February 1996 by
the USGS in coordination with the St. George Water
and Power Department. The multiple-well aquifer test
involved pumping at Gunlock well 7 for about 6 days at
an average rate of 845 gal/min. Discharge was mea-
sured with anin-lineflow meter. Thedischargefromthe
production well wasdivertedinto aculinary supply line
and removed from the aquifer-test site.

Water levelswere measured in seven observation
wells and the pumped well for about 18 days prior to
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the test, during the 6 days of pumping, and for about 7
days after the pump was shut off. The pumped well and
all of the observation wells are finished in the Navajo
aquifer. Data for the pumped well and observation
wellsisreported in table A-3. Five of the observation
wells (Gunlock wells 1, 4, 5, 6, 8) are production wells
that had not been pumped for at least 19 days prior to
the aquifer test. The two farthest observation wells are
production wells that maintained a constant pumping
rate both before and during the aquifer test. Gunlock
well 3 (radial distance= 4,400 ft) was pumping at about
840 gal/min and Gunlock well 2 (radial distance =
4,855 ft) was pumping at about 570 gal/min.

Geology

At the aquifer-test site south of Gunlock Reser-
voir, the Navajo Sandstone is exposed at the surface
and, because of erosion, is about 1,100 ft thick. Asthe
Navajo Sandstone dips to the north-northeast, its thick-
ness increases to a maximum of 3,000 ft at the contact
with the overlying Carmel Formation about 1.5 mi
north of the pumped well (Gunlock well 7). The Navajo
Sandstone thins toward the southwest as aresult of ero-
sion until the geol ogic contact with the underlying Kay-
enta Formation is exposed about 2 mi southwest of the
pumped well. The Navajo Sandstone is continuous for
about 6 mi toward the northwest, beyond whichit is off-
set completely by faulting. Similarly, the Navajo Sand-
stoneis completely offset by the Gunlock Fault about 1
mi to the east of the pumped well. A generalized geo-

logic cross section in the vicinity of the pumped well is
shown in figure A-10.

Surface-fracture studies of outcrop sites near the
pumped well and lineament studies of areal photo-
graphsindicate that the sandstoneis highly fractured in
thisregion (Hurlow, 1998). Rose diagrams of these
fracture and lineament orientations indicate that the
principal direction of fracturing ranges from due north
to northwest. Field observations show a predominant
fracture trend in the due north-south direction. The
Santa Clara River follows this fracture trend from just
downstream from the Gunlock Reservoir to abend in
theriver by Gunlock well 5. The river then bendsto the
west until it turns south again and follows another par-
alel fracture set to alocation adjacent to the pumped
well (Gunlock well 7). These north-south fracture sets
were observed to be much more continuous and have
wider apertures compared to other fractures exposed
aong the outcrop. On the basis of this surface fractur-
ing, it is assumed that the aquifer is anisotropic and
hydraulic conductivity is higher in this direction.

In addition to the Navajo Sandstone, fluvial
unconsolidated depositsare along the Santa ClaraRiver
valley. Thewidth of thesefluvial sedimentsgenerally is
lessthan afew hundred feet at the aquifer-test site. The
depth of these sediments is unknown.

Hydrology

The Santa Clara River flows within 600 ft of the
pumped well. The amount of water in the river along
the reach near the pumped well depends on the

Table A-3. Construction data for wells used in the Gunlock aquifer test, Washington County, Utah, February 1996

Gunlock well Well number di?g:}ile Cgsing diameter Open interval (feet Opening type
number (feet) (inches to feet) below land surface)

7 (C-41-17)8acc-1 0 16 to 800 200 - 800 Screen

8 (C-41-17)8dba-1 710 16 to 800 200 - 800 Screen

5 (C-41-17)8bad-1 1,650 16 to 384 100 - 384 Perforations
4 (C-41-17)8cda-2 2,000 16 to 573 123 - 573 Screen

1 (C-41-17)8cdb-1 2,100 16 to 283 100 - 200 Perforations
6 (C-41-17)7ada-2 3,530 16 to 573 123 - 573 Screen

3 (C-41-17)17bdb-1 4,400 16to 9 9-626 Open hole
2 (C-41-17)16bbd-1 4,850 16 to 288; 176 - 466 Perforations

10 to 466
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Figure A-10. Generalized geologic cross section in the vicinity of the pumped well in the Gunlock aquifer

test, Washington County, Utah, February 1996.

upstream releases from Gunlock Reservoir. The valve
controlling reservoir releases was closed more than a
month before the aquifer test and was not opened until
completion of the recovery part of the test. However,
about 0.8 ft3/s was leaki ng from the base of the reser-
voir before and throughout the aquifer test. Flow inthe
river gradually decreased southward to a point about
4,000 ft south of the pumped well where the river bed
was dry prior to the start of the aquifer test.

Prior to the aquifer test, a staff gauge was
installed in the river adjacent to well 5 (about 1,500 ft
north of the pumped well), a 6-in. Parshall flume was
installed in the river adjacent to well 7, and a 3-in. Par-
shall flumewasinstalledintheriver south of well 8 (fig.
A-9). Staff-gauge measurements adjacent to well 5
indicate that flow upstream from the pumped well was
constant during both the pumping and recovery parts of
the aquifer test. However, discharge measurements at
both flumes indicated that a minimum of about 110
gal/min (0.24 ft3/s) was induced from the river into the
shallow fluvial aquifer by the decrease in head in the
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underlying Navajo aquifer during the pumping part of
the aquifer test. Because decreases in discharge down-
stream from the lower flume could not be measured
(but are assumed to have occurred, as evidenced by the
drying up of that river reach), the total amount of water
lost from the river as aresult of pumping was probably
larger.

Although no observation wells are located in the
shallow fluvial aquifer, head decreases in the Navgjo
aguifer caused by pumping were assumed to induce
additional water fromthefluvial aquifer intothe Navgjo
aquifer. For ahypothetical calculation, the following
assumptions were made: (1) the average thickness of
the fluvial aguifer is 20 ft; (2) the average width of the
fluvial aguifer is 100 ft; (3) the effective poraosity of the
fluvial sedimentsis 20 percent; and (4) head in the flu-
vial aguifer decreased an average of 0.5 ft along the
5,500-ft reach, which showed a decrease in discharge
during the aquifer test. The volume of water released by
this 0.5 ft drop in water level in the fluvia aquifer
would be about 8 million gal—about the same total vol-



ume of water pumped during the entire aquifer test.
Although some part of the pumped water came from
storage within the Navajo aquifer, most of the water
moving toward the pumped well during the aguifer test
was assumed to be induced flow from the shallow flu-
via aguifer and the Santa Clara River.

The saturated thickness of the Navajo aquifer is
estimated to range from about 600 ft at well 3 to about
1,100 ft at well 5. The saturated thickness at well 7 (the
pumped well) isabout 1,050 ft when not pumped. After
pumping equilibrium has been established, the satu-
rated thickness decreases to about 800 ft. The pumped
well is perforated for a 600-ft interval during static con-
ditions and for a 550-ft interval during pumping condi-
tions. Therefore, the perforated interval during
pumping at well 7 ismore than %/ of the total saturated
thickness at the well site. The observation wells are
generaly perforated in the same upper part of the
Navajo aquifer. The closest observation well (Gunlock
well 8, radial distance = 710 ft, total drawdown of 21.5
ft) has anearly identical perforated interval. The other
observation well that had substantial drawdown (Gun-
lock well 5, radial distance = 1,650 ft, total drawdown
of 1.2 ft) is perforated in the uppermost 280 ft of the
aquifer (fig. A-10). However, becauseitsradial distance
isthree times the vertical perforated interval (550 ft
during pumping) of the pumped well, partial penetra-
tion effects should be negligible.

Data Reduction and Analysis

Measured water levels at the observation wells
were not corrected for barometric changes. The magni-
tude of drawdown and recovery at the nearest observa-
tionwell (well 8) was much larger than effectsresulting
from barometric changes (generally lessthan 1 ft). A
comparison between barometric pressure and
prepumping water levels at Gunlock well 5 did not
show any correlation. Therefore, no corrections for
barometric pressure variations were attempted at this
well and the more distant observation wells (Gunlock
wells 1, 4, and 6). Water-level increases of from7t0 9
ft were measured at Gunlock wells 1, 4, and 6 through-
out the prepumping and recovery parts of the aquifer
test. After linear trend corrections were applied to the
water-level data from these wells, the recovery data
indicate that these wells were only affected slightly by
pumping at well 7 (about 0.3 ft at each well), not
enough to produce drawdown curves of sufficient qual-
ity for curvefitting.

Because of small variations in the pumping rate
throughout the pumping part of the aquifer test, the
observation-well recovery data were used for wells 5
and 8. The only corrections made to the recovery data
for these two wells were to subtract the prerecovery
trend. To determinethe prerecovery trend at wells5 and
8, astraight line wasfitted to the | atter part of asemilog
plot of the prerecovery data. Thistrend was then
extended for the recovery part of the test and added to
uncorrected recovery. The drawdown and recovery data
for these two observation wells were then plotted out
together on alog-log scale by dividing the elapsed time
by the observation well’s radial distance squared.

Initial attempts to match the observed recovery
curvesfor the two wellswith the Theis solution (1935)
for confined aquifers did not provide a satisfactory
match; the Theis curve matches early time recovery
data from well, but then deviates at |ater time (fig. A-
11). Thelater-time observed drawdown islessthan pre-
dicted by the type curve, which may indicate additional
sources of water besidesrel ease of water from confined
storage. No confining layer is present at the aquifer-test
site, but early time responses at more distant observa-
tionwellsinitially appear to reflect confined conditions.
Therefore, curve-fitting with the Neuman (1974)
unconfined solution with delayed yield was attempted.
Although the delayed-yield curve (the lower of curvein
fig. A-12) provided abetter individual match to the data
from well 5, a single simultaneous solution for trans-
missivity and storage was not possible for both wells.
The modified Hantush solution (Lohman, 1972, p. 32-
34) for leaky confined aquifersalsowas attempted with
the assumption that leakage from the overlying fluvial
sedimentswould be similar to an overlying leaky layer,
but an acceptable single-value solution could not be
achieved. It is assumed that the large difference
between the two well data sets may be aresult, in part,
of anisotropic conditions. Homogeneous and anisotro-
pic conditions are indicated if the recovery data sets
have offset but parallel |ate-time slopes, as shown ear-
lier by applying a modified form of the Papadopul os
solution (1965) to the Anderson Junction aquifer test.
However, later-time data on a semilog plot of recovery
from the two Gunlock observation wells do not have
similar slopes (fig. A-13). Therefore, theresponse at the
two observation wells is assumed to be a combination
of (1) anisotropic conditions that resulted from fractur-
ing, and (2) leakage from the overlying river and fluvial
aquifer (apartially penetrating boundary). Thereis no
analytical method that can be used for this complex
hydrologic setting.
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Figure A-11. Recovery data from two observation wells during the Gunlock aquifer test, Washington County,

Utah, February 1996 (Theis solution, 1935).

Ground-Water Flow Model

To analyze the observation-well data from the
Gunlock aquifer test, athree-dimensional ground-water
flow model was constructed and calibrated using M od-
flow 96 (Harbaugh and McDonald, 1996). The ground-
water flow model was developed as atool for agquifer-
test analysis and therefore uses the principles of super-
position to simulate the change in heads and flows that
resulted from pumping at well 7. As stated by Reilly
and others (1987, p. 2), “ The principle of superposition
meansthat for linear systems, the solution to aproblem
involving multiple stresses is equal to the sum of the
solutionsto a set of ssimpler individual problems that
form the composite problem.” In general, the principal
of superposition can only be applied to aconfined agui-
fer. However, Reilly stated that the principle of super-
position can be applied to mildly nonlinear systems
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such as an unconfined aquifer if the regional drawdown
that results from pumping isless than 10 percent of the
full saturated thickness of the aquifer. Thisisthe caseat
the Gunlock aquifer-test site. The regional dewatering
of the aguifer by pumping fromwell 7 represented only
avery small percentage of the prepumping saturated
thickness. By using the principle of superposition, only
the changes in simulated heads and flows from pump-
ing need to be analyzed. To isolate these changes, abso-
lute elevation data were converted to relative elevation
data such that prior to pumping, the water table every-
wherein the model was at O ft. Theinitial conditions,
rather than being specified in absolute terms (actual
head valuesin ft above sealevel), are specified relative
to the heads and flows that existed prior to pumping at
well 7.
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Figure A-12. Recovery data from wells during the Gunlock aquifer test, Washington County,

Utah, February 1996 (Neuman solution, 1974).

Thelocation of the model boundary with respect
to the Gunlock part of the Navajo aquifer is shown in
figure A-14a. The model was discretized into 163 rows
by 149 columns. The cell size at the center of the model
isabout 10 ft by 10 ft (fig. A-14c)and increases with
radial distance from the pumped well to a maximum
cell size of about 400 ft by 400 ft a ong the perimeter of
the model using amultiplier of approximately 1.5 (fig.
A-14b). The active area of the model is surrounded by
ano-flow boundary. The base of the model (bottom of
layer 1) is aso ano-flow boundary because published
hydraulic-conductivity values for the Kayenta Forma-
tion determined from laboratory analyses are generally
lower than values for the Navgjo Sandstone (Weigel,
1987).

Because the model has only one layer that repre-
sents the Navajo aquifer, the combined effects of seep-
age from the river and shallow fluvial agquifer were

simulated by using the River Package. The fluvial aqui-
fer isnot simulated as a separate layer because thereis
no available dataon its geometry, aguifer properties, or
water levels. Conductance values of river cells were
varied during model calibration to match measured
losses along the Santa Clara River. The stage of the
river was specified at O ft everywhere, the same eleva-
tion asthetop of the aquifer and the defined initial head
value. Thus, until the stress from pumping propagated
out to the nearest river cells, no seepage from the river
would be simulated. In this manner, the changesin
stream seepage rates as aresult of pumping at well 7
could be isolated and evaluated.

TheWell Packageis used to simulate pumping at
well 7. The specified pumping rate was 845 gal/min for
the stress period representing the pumping part of the
aquifer test. Because Gunlock Wells 2 and 3 were also
pumping both before and throughout the aquifer test,
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these were not smulated as additiona stresses; the
model was constructed to evaluate only changes result-
ing from pumping at well 7.

Model Calibration

The parameters used to calibrate the ground-
water flow model are (1) drawdown curves at the near-
est two observation wells (wells 5 and 8), (2) total
drawdown at well 7 and at more-distant observation
wells, (3) ground-water budget parameters, (4) anisot-
ropy resulting from fracturing, and (5) known aquifer
boundaries.

Matching measured drawdown/recovery curves
at wells 5 and 8 was the most important calibration
point of the model. The final match of computed draw-
down to measured recovery is shown in figure A-15.
Generally, the computed drawdown matches the mea-
sured drawdown at both observation wells at early and
late time. At “middle’ time, the computed drawdown
values are slightly |ess than measured values. The lack
of a perfect match is probably because of the simplify-
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ing assumptions, such as homogeneity in aquifer prop-
erties, uniform anisotropy in the north-south direction,
and the assumption of horizontal flow in asingle-layer
model.

Matchingtotal drawdown at the pumped well and
distant observation wells was not as high a priority as
matching drawdown curves at the nearby observation
wells. Nevertheless, this was considered important
information for the calibration. The total computed
drawdown of 303 ft at the pumped well was more than
the 257 ft of measured drawdown. However, matching
drawdown at the pumped well is complicated by finite-
difference limitations and the poor-quality data associ-
ated with pumped well measurements. Wells 1, 4, and 6
had similar computed-versus-measured total drawdown
values. As mentioned earlier, because these wellswere
undergoing substantial recovery during the aquifer test,
the corrected drawdown values computed from water-
level measurements may contain some error. Well 3 dis-
played no measurable drawdown during the pumping
part of theaquifer test. However, both thiswell and well
2 (outside the active model boundary) were pumping
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during thetest, so it was not possible to determine if
there were very small effects at these wells.

In the ground-water flow model, more than 90
percent, or 760 gal/min, of water discharging from the
aquifer at the pumped well came from the River Pack-
age (simulating both the Santa Clara River and shallow
fluvial aquifer) at the end of the 6-day pumping period.
Thisis much more than the measured 110 gal/min loss
from the Santa Clara River but also includes the dewa-
tering of the shallow fluvial sediments that was not
measured during the aquifer test. The other 10 percent,
or 80 gal/min, came from agquifer storage.

Asdiscussed above, the predominant orientation
of surface fracturing on the exposed Navajo Sandstone
outcrop near the pumped well is north-south. Although
the orientation of preferential flow asaresult of fractur-
ing was a constraint in devel oping the ground-water
flow model, there was no prior information regarding
the relative degree of anisotropy. Therefore, anisotropy
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factorsfor Korth-south: Keast-west from 1:1to 10:1 were
tried during the calibration process. Thefinal calibrated
model uses an anisotropy factor for K orth-south: Keast-

west Of 3:1.

As discussed earlier, the Gunlock part of the
Navajo aquifer has alimited extent as aresult of fault-
ing and erosional boundariesto the east, south, and
west. However, water-level measurements during the
aquifer test indicated that the drawdown cone had not
reached any of these boundaries. Similarly, after 6 days
of simulated pumping, the ground-water flow model
did not produce substantial drawdown at these bound-
aries. Simulated drawdown at the nearest boundary, the
Gunlock Fault to the east, was lessthan 0.5 ft. It is pos-
sible, however, that long-term pumping at well 7 may
result in noticeable boundary effects at the observation
wells, such asincreased rate of drawdown with time.

Generally, the model was more sensitive to
changesin hydraulic conductivity and anisotropy ratios



and less sensitive to changes in storage and riverbed
conductance. However, any general statements regard-
ing relative sensitivity may oversimplify a more com-
plex situation. For example, although order-of-
magnitude changes in storage may not affect total
drawdown substantially at the pumped well and nearby
observation wells, they strongly affect total drawdown
and the shape of the drawdown cone at greater radial
distances, as well as the water-budget components.
Similarly, although order-of-magnitude changesin
riverbed conductance may not cause substantial
changesto the water-budget components and the extent
of the drawdown cone, such changes strongly affect
drawdown at observation wells.

There are two important limitations to the cali-
brated ground-water flow model and itsuse asatool for
analysis of aquifer-test data from the Gunlock site.
First, asingle-layer model doesnot simulateflow inthe
shallow fluvia sediments aong the Santa Clara River,
nor allow for the simulation of vertical ground-water
flow and determination of vertical anisotropy. If
another aquifer test isto be conducted at this site, it
would be helpful to drill afew shallow observation
wellsinto the fluvial aquifer to determine hydrologic
properties of these sediments, thickness of the fluvial
aquifer, and drawdown caused by pumping from the
Navajo aquifer. These data could be used to construct
an additional model layer representing the shallow flu-
vial aguifer. Second, anisotropic conditions are
assumed to be consistent throughout the modeled area.
Differencesin fracture density and orientation at the
aquifer-test site may result in avarying degrees of
anisotropy. Because detailed data about the variation in
fracturing both laterally and vertically are not available
for the site, aquifer properties were assumed to be uni-
form throughout the simul ated area. Additional surface-
and borehol e-fracture data at the site may help to iden-
tify the variability in anisotropy due to fracturing.

Summary

The values determined from model calibration
are0.33ft/d for horizontal hydraulic conductivity inthe
east-west orientation and 1.0 ft/d for horizontal hydrau-
lic conductivity in the north-south orientation. Multi-
plying these values by the aguifer thickness of 1,100 ft
at the pumped well resultsin transmissivity values of
about 360 to 1,100 ft?/d.

The range of hydraulic-conductivity values
determined from this aguifer test are similar to Cor-
dova's (1978, p. 26) laboratory determination of hori-

zontal hydraulic-conductivity values that ranged from
0.36 to 5.0 ft/d for samples from the Navajo aquifer at
various locations within Washington County. They are
also similar to the horizontal hydraulic-conductivity
value of 0.8 ft/d determined from the Hurricane Bench
aquifer test. However, the values are lower than the
range of horizontal hydraulic-conductivity valuesof 1.3
to 32 ft/d determined from the Anderson Junction aqui-
fer test. Because the Navajo Sandstone is composed of
well-sorted very fine sand and varies little throughout
southwestern Utah, the higher values of horizontal
hydraulic conductivity determined from the Anderson
Junction aquifer test are probably because of a higher
degree of fracturing (higher fracture density and larger
average aperture).

The value for storage coefficient determined
from model calibrationis0.001. Thisvalueisthe same
order-of-magnitude as the value of 0.002 determined
from the Hurricane Bench aguifer test and the value of
0.0013 determined from the Anderson Junction aquifer
test.

Grapevine Pass Aquifer Test

The purpose of the Grapevine Pass aquifer test
wasto determine the transmissivity of the Navajo aqui-
fer near Grapevine Pass, about 7 mi northeast of St.
George in Washington County, Utah (fig. A-16). The
aquifer test was conducted in February 1996 by the
USGS in coordination with the Water Department of
Washington, Utah. Unlike the other aquifer tests, this
was a single-well aquifer test with drawdown and
recovery measured only in the pumped well. Water |ev-
elswere measured inwell (C-41-15)28dcb-2 during the
24 hours prior to the test, during the 24 hours of pump-
ing, and during the 24 hours after the pump was shut
off. Water from the pumped well was diverted into
nearby Grapevine Pass Wash and removed from the
aquifer-test site. Discharge was estimated to average
180 gal/min and was measured with both av-notch weir
and a pito tube attached to the discharge pipe.

According to field observations, geologic maps,
and surface-fracture surveys, the Navajo Sandstone
outcrop intheimmediate vicinity of the aquifer test site
has no prominent surface fracturing (Hurlow, 1998). It
was noted, however, that surface fractures are present
within about 1 mi of the site, both up- and down-can-
yon. According to the drillers’ log, the Navajo Sand-
stoneisabout 915 ft thick at the site and isinterbedded
with layers of siltstone and mudstone. The drillers' log
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notes that the Navajo Sandstone has a much smaller
grain size there than at other wells completed in the
Navaj o Sandstone. The Kayenta Formation, made up of
siltstone with intermixed clays and sands, is present
from a depth of 920 ft to the bottom of the drillhole at
950 ft. The Utah Geological Survey also analyzed bore-
hole cuttings from three wells drilled in the Navgjo
Sandstone in Washington County: the Grapevine Pass
productionwell, theAnderson Junction production well
about 20 mi northeast of St. George, and a production
well in the Winchester Hills subdivision about 7 mi
north of St. George. When compared with lithologic
analyses from the two other wells, the Grapevine Pass
site had much more interbedding with finer siltstone
and mudstone layers (J. Wallace, Utah Geological Sur-
vey, written commun., 1996). Therefore, the fine-
grained material at thissite and the lack of surface frac-
turing may indicate lower hydraulic conductivity inthis
area. After the well was completed, the static water
level was about 350 ft below land surface, which indi-
cated a saturated thickness of about 570 ft for the
Navajo aquifer.

The Cooper-Jacob straight-line method was cho-
sen for analysis of the data. The semilog plot of recov-
ery versustime used for the analysisis shown in figure
A-17. The early time recovery data apparently are
affected by well-bore storage effects, as aresult of a
combination of the large diameter well casing (12 in.)
and the very small perforations necessary to keep the
fine grained sand matrix of the aquifer from entering
the casing. A method outlined in “ Groundwater and
Wells’ (Driscoll, 1986, p. 232 -235) shows an interpre-
tive technique for determining the critical time when
the borehol e-storage effect becomes negligible when
using the following equation (eg. 9.9, p. 233):

_06([dJ*~[d]]?)
c - Q/s

(A16)

where

t. is the time in minutes when casing storage
becomes negligible,

d. istheinside diameter of the well casing inin.,

d, isthe outside diameter of the pump column pipe
inin., and

Q/sisthe specific capacity of thewell in gal/min/ft
of drawdown at t..

For the Grapevine Pass aquifer test, d.= 12in.; d,,
=4.23in.; Q = 180 gal/min. Assuming an initial recov-
ery (s) of 200 ft, the estimated initial iteration is.

_06([12]2=[4.239) _
c 180/ 200 -

From the semilog recovery plot, at t = 84 min-
utes, the recovery is 362 ft. Solving for t. with arecov-
ery value of 362 ft yields t; = 152 minutes for the
second iteration. Working through this process for two
more iterations yields a value for t. of 158 minutes.
Thisvalue correctly estimates the break in slope shown
infigure A-17.

Thus, the Cooper-Jacob straight-line method
(Cooper and Jacob, 1946) is used for time greater than
158 minutes. However, fitting a straight line to the
recovery data beyond 158 minutes does not yield one
unique fit. Two possible matches (lines T, and T,) are
shown in fig. A-17. The calcul ated transmissivity val-
ues from these lines are 160 ft%/d and 330 ft%/d, respec-
tively. Because of this possible range of interpreted
values, an order-of-magnitude val ue of 100 ft2/d will be
reported for this aquifer test. Assuming the maximum
possible saturated aquifer thickness of about 500 ft, the
horizontal hydraulic conductivity isabout 0.2 ft/d. This
is about one order of magnitude less than horizontal
hydraulic-conductivity values determined from labora-
tory analysis of outcrop samples(Cordova, 1978, p. 26)
and from the results of the other multiple-well aguifer
tests. Thislower hydraulic conductivity is consistent
with the presence of finer-grained material and the lack
of surface fracturing at this location.

t 84minutes

(A17)

New Harmony Aquifer Test

The purpose of the New Harmony aquifer test
was to determine the transmissivity and storage proper-
ties of the Tertiary Pine Valley quartz monzonite along
Ash Creek near New Harmony in Washington County,
Utah (fig. A-18). The aquifer test was conducted during
October and November 1996 by the USGSin coordina-
tion with the Church of Latter Day Saints Property
Division. The multiple-well aquifer test involved
pumping at well (C-38-13)35aba-1 for 7 days. The dis-
charge from the pumped well was diverted intoa12-in.
diameter pipe that carried the water to sprinkler pivots
morethan 1 mi away. Discharge throughout thetest was
estimated to average 1,050 gal/min (2.34 ft3/s). Cumu-
lative discharge was measured with an in-line flow
meter. The average discharge rate was calculated by
dividing the total number of gallons pumped by 7.

I nstantaneous discharge measurementswere made with
the in-line flow meter and a Clampatron meter through-
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out the test to ensure that the pumping rate did not fluc-
tuate by more than 10 percent.

Water |evels were measured manually in 10
observation wells and the pumping well beginning 18
daysprior to thetest, during 7 days of pumping, and for
7 days after the pump was shut off. Radia distances of
the observation wellsranged from 825 to 7,950 ft. Data
for the pumping well and observation wellsare reported
in table A-4. Observation well (C-38-13)35abb-1,
referred to as the recorder well, was equipped with an
automatic data recorder that continuously measured
water levels beginning 18 days prior to the test, during
the pumping part of the test, and for as much as 2
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months after the pump was shut off. Because of the
pumped well’s proximity to Ash Creek, aflume was
installed on the creek about 1 mi downstream of the
well (and about 50 ft southwest of well (C-38-
13)36¢dd-1 to measure discharge. However, no
decrease in flow was detected during pumping.

Hydrogeology

Based on drillers’ logs and ageologic map by the
Utah Geologic Survey (Hurlow, 1998), thereisa20- to
60-ft thick surficial layer of Quaternary fluvial material
associated with Ash Creek at the agquifer-test site.
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Table A-4. Construction data for wells observed during the New Harmony aquifer test, Washington County, Utah, October

and November 1996
[NA, Not available

Radial

Casing diameter and

Openinterval (feet Geologic

Well number distance (feet) . length below land Opening type formation®
(inches to feet) surface)

(C-38-13)35aba-1 0 12 t0 620 220 - 620 Perforations Tvip

(C-38-13)35abb-1 825 6 to 370 180 - 370 Perforations Tvip

(C-38-13)26dda-1 2,100 6 to 200 160 - 200 Perforations Tvip

(C-38-13)26ddb-1 2,150 6 to unknown NA NA Tvip

(C-38-13)26adc-1 3,600 810 62; 40 - 199 Perforations Tvip
6 to 199

(C-38-13)26aca-1 4,500 NA NA NA NA

(C-38-13)36¢cdd-1 5,650 16 to 590 140 - 590 Perforations Tvip

(C-39-13)2aba-1 5,800 16 to 400; 200 - 600 Perforations Tvip
8 to 600

(C-38-13)26aba-1 6,050 6to 177 150 - 175 Perforations Tvip

(C-38-13)27aac-1 6,950 6 to 258 160 - 258 Perforations Tvip

(C-38-13)23cca-1 7,900 12 to 130 36 - 122 Perforations Qs

1See pl. 1 for definitions of geologic formations.

Underlying these unconsolidated sedimentsis the Ter-
tiary Pine Valley quartz monzonite (Tvip), whichis
estimated to be as much as 3,000 ft thick. A schematic
cross section through some of the wells at the aquifer-
test siteis shown in figure A-19. Although this fine-
grained crystallinerock haslow primary porosity, it has
highly fractured zones capable of transmitting alarge
amount of ground water. Cook (1957, p. 73-75)
describes fracturing in the Pine Valley quartz monzo-
nite as follows:

“The basal ‘dark brown zone' has a pseudoco-
lumnar structure due to intersecting vertical joint sets
and it formsvertical cliffs above the weak Claron lime-
stone...The basal zone grades upward into the slightly
less resistant but much thicker ‘brown zone,” also
gresatly fractured by vertical joints...The purple zone
rock has apale reddish-purple groundmass and ismuch
less jointed than the two lowermost zones. However,
incipient jointing is often seen, marked by aligned,
elongate weathering depressions.”

A driller’'slog from the nearest observation well
(C-38-13)35abb-1 indicates that there was ahighly per-
meabl e fracture zone from 243 to 340 ft depth. Because
thereis no poorly permeable lithologic layer overlying
the quartz monzonite, it is assumed that the aquifer is
unconfined. It is possible, however, that areas with low
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fracture interconnectivity within the quartz monzonite
may act as poorly permeable confining zones for under-
lying highly fractured zones.

Data Reduction and Analysis

During the aquifer test, only the recorder well
(radia distance of 825 ft) showed substantial draw-
down due to pumping. Measured water levels at this
well were not corrected for barometric changes. The
total change in water level at thiswell due to pumping
was about 5.5 ft. The maximum possible changein
water level due to fluctuating barometric pressure,
assuming 100-percent efficiency, isonly 0.2 ft, or 3.6
percent of the total change, and istherefore considered
negligible.

The5.5 ft of total drawdown at the recorder well
was similar in order of magnitude to the 17 ft of total
drawdown at the pumped well. Therecorder well shares
only 60 ft of the400-ft openinterval of the pumped well
(fig. A-19); larger total drawdown at the recorder well
would be expected if the open intervals of thetwo wells
werethe same. A plot of log-drawdown versuslog-time
data from the recorder well does not fit a Theis curve
(fig. A-20). The Theis-curve solution shown in thisfig-
ure was calculated with a storage value of 0.001 and a
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transmissivity valueof 9 ft2/min (from specific capacity
data from the pumped well), but other values of trans-
missivity and storage did not improve the match.

The drawdown data at the recorder well, how-
ever, plotsasastraight line with the square root of time
asthe horizontal axis (fig. A-21). Thisindicatesthat the
recorder well and the pumped well may be connected
by ahighly transmissivefracture, whichindicateslinear
rather than radial flow conditions. Jenkins and Prentice
(1982) describe: “...an extreme condition where a
homogenous aquifer is bisected by a single fracture
having a permeability sufficiently large that the ratio of
the fracture permeability to the aquifer permeability
approaches infinity...Under this extreme condition,
flow in the aquifer is linear toward the fracture rather
than radial toward the well. (figure A-22) shows a con-
ceptual model of alinear flow system. A homogenous
aquifer is bisected by a highly permeable fracture
which has been penetrated by awell. When the well is

pumped, the water level in the fracture declines, induc-
ing flow into the fracture from the aquifer. The open
fractureis aplanar production surface that is an exten-
sion of the well itself. The well and its hydraulically
connected production surface are here called an
extended well... The flow linesin the aquifer are paral-
lel; thus, flow inthe aquifer islinear and laminar toward
the extended well...Drawdown is afunction of the per-
pendicular distance from the extended well, not afunc-
tion of the radius from the pumped well. Thus, radial
flow equations cannot adequately describe aguifer test
datafrom alinear system.”

Jenkins and Prentice (1982) also discuss the spe-
cial case where the observation wells penetrate the pro-
duction surface of the extended well:

“The drawdown in an observation well which
penetrates the production surface of the extended well
will be the same as the drawdown in the pumped well,
if the pumped well data are corrected for entrance
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losses and turbulent flow in the fracture near the well
bore. Becausethe observation well liesalong the axisof
thetrough of depression wherewater-level declinesare
greatest...aunique value for T (transmissivity) cannot
be determined unless L (fracture length) is known and
S (storage) can be reasonably estimated.”

Jenkins and Prentice (1982) suggest that flow
near thewell may belinear if astraight line can befitted
to aplot of drawdown versus the square root of time.
Based on thisfinding, Paul Hsieh (U.S. Geological Sur-
vey, written commun., 1997) suggested analyzing the
drawdown data of the recorder well using equation 19
of the Jenkins and Prentice paper:

_01.Q n
v py=—sil

where s = drawdown,
Q = pumping rate,

(A18)
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L = fracture length,
T = transmissivity,
S=storage, and

t =time.

Equation A-18isintheform of alinear equation,
y=mx+bwheretheY axisisdrawdown and the X axisif
the square root of time. Therefore, the slope of the
straight linefitted to the data of figure A-21is0.056 and

is equal to the expression u! 5 Moving the

4 /e

I
pumping rate (Q) and 1 Y2 to the l&ft side of the
expression yields the relation:

LJTS = 236ft°/(Jt). Because no other informa-
tion is available to uniquely define storage or transmis-
sivity for the New Harmony aquifer test, thisisthe
guantity reported. Jenkins and Prentice (1982) stated
that: “Where L is unknown and the fracture appearsto
be infinite during an aquifer test, aunique value for T
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Figure A-21. Drawdown data from the recorder well during the New Harmony aquifer test, Washington
County, Utah, October and November 1996 (Jenkins and Prentice solution).

cannot be determined..... Because the length of frac-
turesvariesfrom afew feet to thousands of feet, values
of T determined using estimated L and Svalues should
be used with caution.” However, if we assume that the
fracturelengthisat least the 825 ft distance between the
pumped well and the recorder well, then the product of
T and Swould be

less than or equal to 8.1x10™ ft%/s.

It should be noted that the aquifer test was only
of short duration. Longer-term pumping will result in
more drawdown at the pumped well. As stated by Grin-
garten (1982), the long-term drawdown at the produc-
tion well can be estimated using the Theis solution with
aradia distance half the fracture length. Paul Hsieh
(U.S. Geological Survey, written commun., 1997) sug-
gested that “this method of estimating long-term draw-
down strongly depends on the estimated fracture

length... (Similar to theradial flow case), the drawdown
will not stahilize, but is ever increasing, although at a
slower and dower rate.”

SUMMARY

Of the 10 observation wells measured during the
New Harmony aquifer test, only the recorder well
(radial distance of 825 ft) showed substantial draw-
down due to pumping. A plot of drawdown data from
thiswell versus the square root of time shows that flow
near the well may be linear rather than radial. In asitu-
ation where the only affected observation well may
intersect the same fracture (or extended well) asthe
pumped well, a unique value for transmissivity cannot
be determined because both the fracture length and
storage are unknown. Therefore, the product of fracture
length and the square root of transmissivity times stor-
age, L./TS ,will be reported as about 24 ft2/s!2,

A-29
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Figure A-22. Conceptual model of a homogeneous
aquifer bisected by a single fracture (Jenkins and
Prentice, 1982).
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Appendix B
Model Sensitivity Analyses

B1—SENSITIVITY ANALYSIS FOR
MODEL SIMULATING

THE UPPER ASH CREEK DRAINAGE
BASIN AQUIFERS

The baseline model for the upper Ash Creek
drainage basin was tested to determine how sensitive
simulation results were when selected properties and
fluxes were varied within what was deemed a reason-
able range. The properties varied were (1) hydraulic-
conductivity values for each of the simulated aguifers
(the basin fill, the alluvia fan, and the Pine Valley
monzonite); (2) the conductance values between each
of the aquifers (basinfill to aluvial fan and alluvial fan
to monzonite); (3) the vertical conductance of theriver
cells used to represent Ash, Sawyer, and Kanarra
Creeks; (4) the depth at which evapotranspiration by
riparian vegetation ceases; and (5) the maximum
evapotranspiration rate for cottonwoods and pasture
grasses. Fluxesthat were varied were (1) areal recharge
from precipitation; (2) recharge from unconsumed irri-
gation water; and (3) recharge from infiltration along
ephemeral streams.

The graphs shown indicate the magnitude of vari-
ation from the baselinesimulation. FiguresB1-1, 2, and
3 show how baseline headsin each layer reacted to vari-
ationsin hydraulic conductivity of the three layers.
Variations in hydraulic conductivity of the basin-fill
and Pine valley monzonite aquifers affected cal culated
water levelsmore substantially (greater than100 ft) than
variationsin hydraulic conductivity of the alluvial-fan
aquifer (lessthan 100 ft). The same variationsin
hydraulic conductivity in each layer affected only

spring discharge substantially. Other discharge fluxes
were affected minimally (figs. B1-4, 5, and 6).

Calculated water levelsin the baseline model
were moderately sensitive to variations in the vertical
leakance between the basin-fill and alluvial-fan agui-
fers, especialy inlayers2 and 3, and insensitive to vari-
ationsin the vertical leakance between the alluvial-fan
and Pine Valley monzonite aquifers (figs. B1-7 and 8).
Simulated discharge amounts were largely insensitive
to the variations in vertical |eakance, except for spring
discharge, which islinked to head change occurring in
layer 3 (Pine Valley monzonite aquifer) (figs. B1-9 and
10).

Simulated water levelsin all layers respond
dightly to variations in riverbed conductance, but sim-
ulated river gains and evapotranspiration are more sen-
sitiveto these variations because much of thisdischarge
occurs near the perennial reachesthat are ssimulated in
the stream package. Discharge components that occur
away from the river corridor were not substantially
affected by the variations (figs. B1-11 and 12).

Simulated water levelswerelargely insensitiveto
reasonable variations in the depth at which evapotrans-
piration ceases and in the maximum evapotranspiration
rate (5ft or lessin al layers) (figs. B1-13, 14, 15, and
16). Discharge boundaries were not appreciably
affected by variationsin the depth at which evapotrans-
piration ceases or in the maximum evapotranspiration
rate. Discharge to Ash Creek increased by only about
18 percent when extinction depthswere decreased to 60
percent of baseline values. All other discharge amounts
were minimally affected.

B1-1
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Figure B1-3. Sensitivity of water level to variations in
horizontal hydraulic conductivity of the Pine Valley
monzonite aquifer in the ground-water flow model of the
upper Ash Creek drainage basin, Utah.
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variations in horizontal hydraulic conductivity of the
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the upper Ash Creek drainage basin, Utah.
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Figure B1-2. Sensitivity of water level to variations in
horizontal hydraulic conductivity of the alluvial-fan aqui-
fer in the ground-water flow model of the upper Ash
Creek drainage basin, Utah.
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Figure B1-7. Sensitivity of water level to variations in ver-
tical conductance between the basin-fill and alluvial-fan
aquifers in the ground-water flow model of the upper Ash
Creek drainage basin, Utah.
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Figure B1-9. Sensitivity of discharge boundaries to vari-
ations in vertical conductance between the basin-fill and
alluvial-fan aquifers in the ground-water flow model of the
upper Ash Creek drainage basin, Utah.
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Figure B1-11. Sensitivity of water level to variations in
streambed conductance in the ground-water flow model
of the upper Ash Creek drainage basin, Utah.
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Figure B1-8. Sensitivity of water level to variations in ver-
tical conductance between the alluvial-fan and Pine Valley
monzonite aquifers in the ground-water flow model of the
upper Ash Creek drainage basin, Utah.
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Figure B1-10. Sensitivity of discharge boundaries to
variations in vertical conductance between the alluvial-
fan and Pine Valley monzonite aquifers in the ground-
water flow model of the upper Ash Creek drainage basin,
Utah.
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Figure B1-12. Sensitivity of discharge boundaries to
variations in streambed conductance in the ground-water
flow model of the upper Ash Creek drainage basin, Utah.
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drainage basin, Utah.
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Figure B1-16. Sensitivity of discharge boundaries
to variations in the maximum evapotranspiration rate
in the ground-water flow model of the upper Ash
Creek drainage basin, Utah.
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Figure B1-14. Sensitivity of discharge boundaries to
variations in the depth at which evapotranspiration
ceases in the ground-water flow model of the upper
Ash Creek drainage basin, Utah.
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Figure B1-15. Sensitivity of water level to variations in
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flow model of the upper Ash Creek drainage basin,
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B-2—SENSITIVITY ANALYSIS FOR
MODEL SIMULATING

THE MAIN NAVAJO AND KAYENTA
AQUIFERS

The baseline model for the main part of the
Navajo and Kayenta aquifers was tested to determine
sensitivity of simulation results to variation in proper-
ties and fluxes within what is considered a reasonable
range. The parameters varied were (1) hydraulic-con-
ductivity values for each of the simulated aquifers (the
basin fill, the alluvial fan, and the Pine Valley monzo-
nite); (2) the vertical leakance between the two aqui-
fers; (3) the streambed conductance of river cells; (4)
the conductance of general-head boundaries represent-
ing subsurface inflow; (5) the drain conductance of
springs, as well as drains simulating seepage to under-
lying formations; and (6) the amount of areal recharge.

The graphsindicate how much simulation results
changed from the baseline simulation. How baseline
water levelsin each layer and head-dependent fluxes
responded to variationsover two orders of magnitudein
hydraulic conductivity of both model layers are shown
in figures B-2 through 4. Variationsin hydraulic con-
ductivity of the Navajo aquifer affected calculated
water levels more substantially (as much as + 300 ft)
than variationsin hydraulic conductivity of the Kayenta
aquifer (+100 to -250 ft). The same variationsin
hydraulic conductivity in each layer moderately
affected net general-head boundary recharge (subsur-
faceinflow) and dischargeto rivers. Other recharge and

discharge fluxes were affected minimally. Water levels
and fluxesin the baseline model were insensitive to
variations in the vertical leakance between the Navajo
and Kayenta aquifers (figs. B2-5, B2-6).

Simulated water levels and seepage fluxes from
and to rivers were very sensitive to variations over two
orders of magnitude in riverbed conductance (figs. B2-
7, B2-8). However, simulated spring discharge and net
general-head boundary-recharge (subsurface inflow)
fluxes were less sensitive to these variations because
these recharge and discharge components are not
located along theriver corridors. Simulated water levels
and fluxes were largely insensitive to variations
overfour4 orders of magnitude in general-head bound-
ary conductance (subsurface inflow). However,
recharge at general-head boundary cells was quite sen-
sitiveto these variations (figs. B2-9, B2-10). Simulated
water levels and fluxes were not sensitive to variations
over four orders of magnitude in drain conductance,
including spring discharge, which would be directly
affected by this parameter (figs. B2-11, B2-12). This
may indicate that even at one-hundredth of the baseline
simulation, these conductance values are still too high
to impede this source of discharge.

Simulated water levels were very sensitive to
variationsin areal recharge. Variationsin recharge by a
factor of 2 caused average water-level changes of more
than 160 ft in both model layers (fig. B2-13). This
increase in areal recharge produced large increasesin
discharge to rivers, spring discharge, and general-head
boundary recharge, whereas recharge from rivers was
largely unaffected (fig. B2-14).

B2-1
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Figure B2-1. Sensitivity of water level to variations in

horizontal hydraulic conductivity of the Navajo aquifer
in the ground-water flow model of the main part of the
Navajo and Kayenta aquifers within the central Virgin

River basin study area, Utah.
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Figure B2-3. Sensitivity of water level to variations in
horizontal hydraulic conductivity of the Kayenta aquifer
in the ground-water flow model of the main part of the
Navajo and Kayenta aquifers within the central Virgin
River basin study area, Utah.
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Figure B2-5. Sensitivity of water level to variations in
vertical conductance between the Navajo and Kay-
enta aquifers in the ground-water flow model of the
main part of the Navajo and Kayenta aquifers within
the central Virgin River basin study area, Utah
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Figure B2-2. Sensitivity of simulated flux to variations
in horizontal hydraulic conductivity of the Navajo aqui-
fer in the ground-water flow model of the main part of

the Navajo and Kayenta aquifers within the central Vir-
gin River basin study area, Utah.
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Figure B2-4. Sensitivity of simulated flux to variations
in horizontal hydraulic conductivity of the Kayenta aqui-
fer in the ground-water flow model of the main part of
the Navajo and Kayenta aquifers within the central Vir-
gin River basin study area, Utah
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Figure B2-6. Sensitivity of simulated flux to variations
in vertical conductance between the Navajo and Kay-
enta aquifers in the ground-water flow model of the
main part of the Navajo and Kayenta aquifers within the
central Virgin River basin study area, Utah.
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Figure B2-7. Sensitivity of water level to variations in
streambed conductance in the ground-water flow model
of the main part of the Navajo and Kayenta aquifers
within the central Virgin River basin study area, Utah.
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Figure B2-9. Sensitivity of water level to variations in
general-head boundary conductance, representing
inflow from underlying formations, in the ground-water
flow model of the main part of the Navajo and Kayenta
aquifers within the central Virgin River basin study area,
Utah.
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Figure B2-11. Sensitivity of water level to variations in
drain conductance, representing spring discharge, in the
ground-water flow model of the main part of the Navajo
and Kayenta aquifers within the central Virgin River
basin study area, Utah.
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Figure B2-8. Sensitivity of simulated flux to variations
in streambed conductance in the ground-water flow
model of the main part of the Navajo and Kayenta
aquifers within the central Virgin River basin study
area, Utah.

20 T T T

# River losses .
m Inflow from underlying formations g
A River gains

® Spring discharge

[N
o
T

BASELINE FLUX

RATIO OF SIMULATED FLUX TO
o
L]
[ <4
*
4
1

5 | | |
0.01 0.1 1.0 10.0 100.0

MULTIPLIER FOR BASELINE GENERAL-HEAD
BOUNDARY CONDUCTANCE

Figure B2-10. Sensitivity of simulated flux to variations
in general-head boundary conductance, representing
inflow from underlying formations, in the ground-water
flow model of the main part of the Navajo and Kayenta
aquifers within the central Virgin River basin study area,
Utah.
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Figure B2-12. Sensitivity of water-budget flux to varia-
tions in drain conductance, representing spring dis-
charge, in the ground-water flow model of the main part
of the Navajo and Kayenta aquifers within the central
Virgin River basin study area, Utah.
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Virgin River basin study area, Utah.
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B-3—Sensitivity Analysis for Model
Simulating the Gunlock Part of the
Navajo Aquifer

The baseline modd for the Gunlock part of the
Navajo and Kayenta aquifers was tested to determine
sengitivity of simulation resultsto variation in proper-
ties and fluxes within what is considered a reasonable
range. The parameters varied were (1) hydraulic-con-
ductivity values for each of the simulated aquifers (the
Navajo and Kayenta aquifers); (2) vertical hydraulic-
conductance val ues between the two aquifers; (3) stre-
ambed conductivity of model cellssimulating the Santa
ClaraRiver; (4) anisotropy; (5) amount of areal
recharge as infiltration of precipitation, and (6) infiltra-
tion of water from Gunlock Reservoir.

Simulated water levelsin the model domain are
sensitive to changes in horizontal hydraulic-conductiv-
ity values of both the Navajo and Kayenta aquifers.
Decreasing the hydraulic conductivity of the Navajo
aquifer by 0.5 caused calculated water levelsto rise an
average of amost 50 ft in both the Navajo and Kayenta
aquifers (fig. B3-1). The same decrease in the conduc-
tivity of the Kayentaaguifer caused average water-level
rises of about 25 ft (fig. B3-3). Increases in hydraulic-
conductivity values caused an average water-level
decline of as much as 100 ft. These effects are not the
same near St. George city municipal well field., where
decreasing hydraulic-conductivity values caused a gen-
eral decline in water levels, and increased hydraulic-
conductivity values caused water-level rises. Thisisa
localized effect caused by the simulated ground-water
withdrawal s. When the hydraulic-conductivity value of
the Navgjo aquifer was reduced to 0.1 of the baseline
value, the model simulated complete dewatering at sev-
eral cellswhere withdrawals are simulated. The head-
dependent flux into and out of the ground-water system
from the Santa Clara River was moderately sensitiveto
increases in hydraulic conductivity (figs. B3-2 and 4).
The Santa Clara River is the only head-dependent
boundary in the simulation, and mass balance within
the model domain is maintained by flux across this
boundary. Therefore, when simulated inflow to the
ground-water system increases, a corresponding
increase in outflow also will be simulated. Simulated
water levels and fluxes were largely insensitive to

changesinthevertical conductance betweenthe Navajo
and Kayenta aquifers (figs. B3-5 and 6).

Decreasing the hydraulic conductivity of the
SantaClaraRiver streambed by one order of magnitude
caused calculated water levelsto decline substantially
from baseline levels (fig. B3-7). As discussed previ-
ously, mass balance in the model domain is maintained
by flux acrossthe mathematical boundary that simulate
the river. The minimum inflow that must be simulated
from the Santa Clara River is equa to the difference
between the amount of recharge specified from precip-
itation and from Gunlock Reservoir, and the average
discharge simulated at the St. George city municipal
well field. When streambed conductivity was reduced,
large calculated water-level declines were required to
maintain that minimum inflow. Simulated water levels
were largely insensitive to increases in streambed
hydraulic conductivity. Simulated fluxes to and from
the Santa Clara River were sensitive to changesin stre-
ambed conductivity (fig. B3-8). Inflow in the model
that exceeds the minimum is recirculated back to the
lower reaches of the Santa Clara River.

Simulated water-levels were quite sensitive to
changesin anisotropy; simulated fluxes varied only
dightly (figs. B3-9 and 10). Removing the effects of
anisotropy (anisotropy equals 1) caused calculated
headsto increase an average of about 100 feet; at the St.
George city municipa well field, however, calcul ated
water |levels declined. When effective conductivity of
the model domain is reduced, the hydraulic gradient
and saturated thickness of the Navajo aquifer needs to
be increased to simulate the same amount of ground-
water flow through the system. A similar effect is seen
when specified recharge from precipitation or from
Gunlock Reservoir is changed (figs. B3-11, and 13).
When recharge amounts decrease, water levels decline
and theresulting hydraulic gradient is decreased. When
rechargeisincreased, gradients and the saturated thick-
ness of the Navajo aquifer increase to compensate the
additional flow of ground water from recharge areas to
the St. George municipal well field and the Santa Clara
River. Net flux to the Santa Clara River equates directly
to the amount of change in the specified flux from pre-
cipitation and from Gunlock Reservoir (figs. B3-12
and 14).
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Figure B3-1. Sensitivity of water level to variations in the horizontal hydraulic conductivity of the Navajo
aquifer in the ground-water flow model of the Gunlock part of the Navajo and Kayenta aquifers within the
central Virgin River basin study area, Utah.
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Figure B3-2. Sensitivity of simulated flux to and from the Santa Clara River to variations in horizontal hydraulic
conductivity of the Navajo Sandstone aquifer in the ground-water flow model of the Gunlock part of the Navajo and
Kayenta aquifers within the central Virgin River basin study area, Utah.
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Figure B3-3. Sensitivity of water level to variations in the horizontal hydraulic conductivity of the Kayenta
aquifer in the ground-water flow model of the Gunlock part of the Navajo and Kayenta aquifers within the
central Virgin River basin study area, Utah.
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Figure B3-4. Sensitivity of simulated flux to and from the Santa Clara River to variations in horizontal hydraulic
conductivity of the Kayenta aquifer in the ground-water flow model of the Gunlock part of the Navajo and Kayenta
aquifers within the central Virgin River basin study area, Utah.
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Figure B3-5. Sensitivity of water level to variations in the vertical conductance between the Navajo
and Kayenta aquifers in the ground-water flow model of the Gunlock part of the Navajo and Kayenta
aquifers within the central Virgin River basin study area, Utah.
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Figure B3-6. Sensitivity of simulated flux to and from the Santa Clara River to variations in vertical conductance
between the Navajo and Kayenta aquifers in the ground-water flow model of the Gunlock part of the Navajo and
Kayenta aquifers within the central Virgin River basin study area, Utah.
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Figure B3-7. Sensitivity of water level to variations in streambed conductance in the ground-water flow
model of the Gunlock part of the Navajo and Kayenta aquifers within the central Virgin River basin study
area, Utah.
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Figure B3-8. Sensitivity of simulated flux to and from the Santa Clara River to variations in streambed conduc-
tance in the ground-water flow model of the Gunlock part of the Navajo and Kayenta aquifers within the central
Virgin River basin study area, Utah.
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Figure B3-9. Sensitivity of water level to variations in anisotropy in the ground-
water flow model of the Gunlock part of the Navajo and Kayenta aquifers
within the central Virgin River basin study area, Utah.
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Figure B3-10. Sensitivity of simulated flux to and from the Santa Clara River to
variations in anisotropy in the ground-water flow model of the Gunlock part of the
Navajo and Kayenta aquifers within the central Virgin River basin study area, Utah.
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Figure B3-11. Sensitivity of water level to variations in recharge from precipitation in the ground-
water flow model of the Gunlock part of the Navajo and Kayenta aquifers within the central Virgin
River basin study area, Utah.
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Figure B3-12. Sensitivity of simulated flux to and from the Santa Clara River to variations in recharge from
precipitation in the ground-water flow model of the Gunlock part of the Navajo and Kayenta aquifers within the
central Virgin River basin study area, Utah.
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Figure B3-13. Sensitivity of water level to variations in recharge from the Gunlock Reservoir in the
ground-water flow model of the Gunlock part of the Navajo and Kayenta aquifers within the central Virgin
River basin study area, Utah.
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Figure B3-14. Sensitivity of simulated flux to and from the Santa Clara River to variations in recharge from
the Gunlock Reservoir in the ground-water flow model of the Gunlock part of the Navajo and Kayenta aqui-
fers within the central Virgin River basin study area, Utah.
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