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Vertical coordinate information is referenced to the National Geodetic Vertical Datum of 1929 (NGVD 1929). Horizontal coordi-
nate information is referenced to the North American Datum of 1983 (NAD 83).

Temperature is reported in degrees Celsius (°C) or degrees Fahrenheit (°F). Each temperature scale can be converted to the
other by using the following equations:

°F =1.8(°C) + 32

9C = (°F-32)/1.8.
Specific conductance is reported in microsiemens per centimeter at 25 degrees Celsius (uS/cm).

Chemical concentration in water generally is reported in milligrams per liter (mg/L) or micrograms per liter (ug/L). These units
express the concentration of chemical constituents in solution as weight (grams) of solute per unit volume (liter) of water. A
liter of water is assumed to weigh 1 kilogram. Exceptions to this assumption include brines and water at high temperatures,
both of which result in changes to the density of water. For concentrations less than 7,000 mg/L, the numerical value is equiva-
lent to concentrations expressed as parts per million.

Chlorofluorocarbons are reported in picomoles per kilogram (pmole/kg). This would be equivalent to parts per quadrillion. A
mole is the mass, in grams, that is numerically equal to the sum of atomic weights of all atoms in a molecule. A millimole
(mmole) is 1/1,000th of a mole.

Tritium (3H) and tritiogenic helium-3 (*He) concentrations in ground water are reported in tritium units (TU), where 1 TU is the
ratio of 1 atom of tritium to 10'® atoms of hydrogen or 3.2 picocuries per liter.

Dissolved-gas concentrations are reported in cubic centimeters at standard temperature and pressure per gram of water
(cm®STP/g).






Hydrology and Simulation of Ground-Water Flow in Cedar

Valley, Iron County, Utah

By Lynette E. Brooks and James L. Mason

Abstract

Cedar Valley, located in the eastern part of Iron
County in southwestern Utah, is experiencing rapid pop-
ulation growth. Cedar Valley traditionally has supported
agriculture, but the growing population needs a larger
share of the available water resources. Water withdrawn
from the unconsolidated basin fill is the primary source
for public supply and is a major source of water for irri-
gation. Water managers are concerned about increasing
demands on the water supply and need hydrologic infor-
mation to manage this limited water resource and mini-
mize flow of water unsuitable for domestic use toward
present and future public-supply sources.

Surface water in the study area is derived primarily
from snowmelt at higher altitudes east of the study area
or from occasional large thunderstorms during the sum-
mer. Coal Creek, a perennial stream with an average
annual discharge of 24,200 acre-feet per year, is the larg-
est stream in Cedar Valley. Typically, all of the water in
Coal Creek is diverted for irrigation during the summer
months. All surface water is consumed within the basin
by irrigated crops, evapotranspiration, or recharge to the
ground-water system.

Ground water in Cedar Valley generally moves
from primary recharge areas along the eastern margin of
the basin where Coal Creek enters, to areas of discharge
or subsurface outflow. Recharge to the unconsolidated
basin-fill aquifer is by seepage of unconsumed irrigation
water, streams, direct precipitation on the unconsolidated
basin fill, and subsurface inflow from consolidated rock
and Parowan Valley and is estimated to be about 42,000
acre-feet per year. Stable-isotope data indicate that
recharge is primarily from winter precipitation. The chlo-
ride mass-balance method indicates that recharge may be
less than 42,000 acre-feet per year, but is considered a
rough approximation because of limited chloride concen-
tration data for precipitation and Coal Creek. Continued

declining water levels indicate that recharge is not suffi-
cient to meet demand. Water levels in many areas are at
or close to historic lows.

In 2000, withdrawal from wells was estimated to
be 36,000 acre-feet per year. About 4,000 acre-feet per
year are estimated to discharge to evapotranspiration or
as subsurface outflow. Prior to large-scale ground-water
development, ground-water discharge by evapotranspira-
tion and discharge to springs was much larger.

Ground water along the eastern margin of the
valley between Cedar City and Enoch is unsuitable for
domestic use because of high dissolved-solids and nitrate
concentrations. The predominant ions of calcium and sul-
fate in this area indicate dissolution of gypsum in the
Markagunt Plateau to the east. Data collected during this
study were compared to historic data; there is no evi-
dence to indicate deterioration in ground-water quality.
The spatial distribution of ground water with high nitrate
concentration does not appear to be migrating beyond its
previously known extent.

No single source can be identified as the cause for
elevated nitrate concentrations in ground water. Low
nitrogen-15 values north of Cedar City indicate a natural
geologic source. Higher nitrogen-15 values toward the
center of the basin and associated hydrologic data indi-
cate probable recharge from waste-water effluent. Excess
dissolved nitrogen gas and low nitrate concentrations in
shallow ground water indicate that denitrification is
occurring in some areas.

A computer ground-water flow model was devel-
oped to simulate flow in the unconsolidated basin fill.
The method of determining recharge from irrigation was
changed during the calibration process to incorporate
more areal and temporal variability. In general, the model
accurately simulates water levels and water-level fluctua-
tions and can be considered an adequate tool to help
determine the valley-wide effects on water levels of addi-
tional ground-water withdrawals and changes in water
use. The model was used to simulate water-level changes
caused by projecting current withdrawal rates, increased
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withdrawal rates, and a 10-year drought. Water levels
declined 20 to 275 feet in the southern and central parts
of the valley and less than 20 feet north of Enoch.

Introduction

The Cedar Valley study area is located in the east-
ern part of Iron County in southwestern Utah (fig. 1).
Cedar Valley, which traditionally has supported agricul-
ture, is experiencing rapid population growth, and the
growing population requires a larger share of the avail-
able water resources. The municipal and residential water
supply is primarily ground water pumped from the
unconsolidated basin fill, with additional water obtained
from springs discharging from consolidated rocks in the
surrounding mountains. Ground water is also a major
source of irrigation water.

Water managers are concerned about increasing
demands on the water supply and need quantitative
hydrologic information to develop a plan that would min-
imize the flow of water that is not suitable for domestic
use toward present and future public-supply sources and
that would develop an adequate water supply without
infringing on the rights of other water users. The U.S.
Geological Survey (USGS), in cooperation with the Cen-
tral Iron County Water Conservancy District; Utah
Department of Natural Resources, Division of Water
Resources; Utah Department of Environmental Quality,
Division of Water Quality; Cedar City; and city of Enoch,
completed a study of the water resources of the area from
July 1997 to December 2002.

The principal objective of the study is to define the
hydrology and geochemistry of the principal unconsoli-
dated basin-fill aquifer in Cedar Valley. Specific objec-
tives include:

« Define the geologic character, physical dimensions,
and hydrologic properties of the basin-fill aquifer
and its relation to adjacent consolidated rocks

» Determine the direction and rate of ground-water
movement

+ Define the spatial and temporal variations in the
chemical composition of ground water

+ Investigate the processes responsible for the variations
in the chemical composition of ground water

» Evaluate the effects of current and possible future
ground-water withdrawals on the hydrologic
system.

The USGS study was divided into two phases: a
data-collection phase and a synthesis and interpretation
phase. The data-collection phase was concurrent with an
assessment of the geologic framework of the study area
completed by the Utah Geological Survey.

During the first phase, hydrologic data were col-
lected to provide a basis for a better understanding of the
hydrologic system. Water levels were measured in about
135 wells in March and November during 1999-2000.
Water samples for chemical analysis were collected from
44 wells during 1999-2001. Water samples also were col-
lected from streams for chemical analysis. Seepage mea-
surements were made along Coal Creek downstream
from the USGS streamflow-gaging station and along the
main irrigation canals. These data, along with data col-
lected by the USGS prior to this study, are reported in
Howells and others (2002). Specific data-collection sites
are shown in figures in this report as they pertain to
appropriate discussions. The numbering system used for
hydrologic-data sites in Utah is shown in figure 2.

The second phase incorporated hydrologic, chemi-
cal, and geologic data to develop a conceptual and a
three-dimensional numerical model of ground-water flow
in Cedar Valley. Isotopic analyses were used to identify
possible sources of the ground water and of specific
chemical constituents. Water-quality data were compared
to previous data to ascertain possible temporal changes.
Aquifer geometry, hydraulic properties, and recharge and
discharge processes were calculated or estimated. These
parameters were incorporated into a three-dimensional
numerical model that simulates ground-water flow in the
unconsolidated basin fill of Cedar Valley.

Purpose and Scope

The purpose of this report is to describe the hydro-
logic system and to document the quality and quantity of
the water resources in Cedar Valley, southwestern Utah.
This report summarizes estimates of recharge to and dis-
charge from the ground-water system, water quality of
surface and ground water, and development of a three-
dimensional flow model that simulates ground-water
flow in the unconsolidated basin fill in Cedar Valley.
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The system of numbering wells and springs in Utah is based on the cadastral land-survey system of the U.S. Government. The num-
ber, in addition to designating the well or spring, describes its position in the land net. The land-survey system divides the 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 sec-
tion and is followed by three letters indicating the quarter section, the quarter-quarter section, and the quarter-quarter-quarter section—gen-
erally 10 acres for a regular section!. The lowercase letters a, b, ¢, and d indicate, respectively, the northeast, northwest, southwest, and
southeast quarters of each subdivision. The number after the letters is the serial number of the well or spring within the 10-acre tract. When
the serial number is not preceded by a letter, the number designates a well. When the serial number is preceded by an “S”, the number des-
ignates a spring. A number having all three quarter designations but no serial number indicates a miscellaneous data site other than a well or
spring, such as a location for a surface-water measurement site. Thus, (C-35-12)25ddd-1 designates the first well constructed or visited in
the southeast quarter of the southeast quarter of the southeast quarter of section 25, T. 35 S., R. 12 W.

Sections within a township Tracts within a section

R. 12 W. Section 25

654\3\21
78910\1\12 b a

1817 11615 14 3
S. [19.20 |21 |22 |23 24 ;
a

30 129 27 |26 | 25
ig& ® [Well ¢ d i
31 132 (33 |34™>.35 | 36 ¢ fiee qd -l
d\ /i e lwell
Bmiles — 1 mile |
~— 9.7 kilometers - 1.6 kilometers
B A (C-35-12)25ddd-1
SALT " EL/:EE \ BASE LINE
C y D
1355, B2w. 5

lAlthough the basic land unit, the section, is theoretically 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.

Figure 2. Numbering system used for hydrologic-data sites in Utah.
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Previous Investigations

Early reconnaissance of geology in the study area
dates back to the latter part of the 19t century and is pub-
lished in reports that cover much larger areas. The first
detailed geologic studies focused on the coal and iron ore
resources of the area. Geologic maps that cover the study
area have been produced by Averitt (1967), Averitt and
Threet (1973), Rowley (1975, 1976), Mackin and others
(1976), Mackin and Rowley (1976), and Rowley and
Threet (1976). Structural geologic studies of the area
were completed by Averitt (1962), Threet (1963), and
Stewart and others (1972a, b). Most recent geologic stud-
ies examined the Cedar Valley area as a part of regional-
scale studies on the transition between the Basin and
Range and Colorado Plateau (Maldonado, 1995; Mal-
donado and others, 1997; Williams and Maldonado,
1995; and Rowley, 1998). A summary of previous geo-
logic studies and new interpretations of basin-fill stratig-
raphy are presented in Hurlow (2002).

The earliest study of water resources in Cedar
Valley is part of a larger regional reconnaissance study of
western and southwestern Utah completed by Meinzer
(1911). In Meinzer’s report, Cedar Valley is named Rush
Lake Valley. The first comprehensive study of geology
and water resources in the area was completed by
Thomas and Taylor (1946). This report describes the
water resources of Cedar and Parowan Valleys and pro-
vides information about the early stages of ground-water
development in Cedar Valley. A brief description of the
status of ground-water development is presented in
Thomas and others (1952, p. 22-34). Additional hydro-
logic information was published by Barnell and Nelson
in a report by Waite and others (1954, p. 75-84). Sand-
berg (1963, 1966) describes the water resources of
selected basins in southwestern Utah. Bjorklund and
others (1977, 1978) describe the water resources of Cedar
and Parowan Valleys. Numerous reports concerning well-
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head protection at specific sites in Cedar Valley have
been completed in recent years and can be viewed at the
offices of the Utah Division of Drinking Water.

Physical Characteristics of the Study Area

Cedar Valley is located along the eastern margin of
the Great Basin at the transition between the Basin and
Range and Colorado Plateau Physiographic Provinces
(Fenneman, 1931). The Cedar Valley drainage basin
covers an area of about 570 miZ. The valley is bounded
by the Markagunt Plateau on the east, Harmony Moun-
tains on the southwest, The Three Peaks on the west, and
Black Mountains to the north. The valley floor covers
about 170 mi” (Bjorklund and others, 1978, p. 5). A well-
defined alluvial fan is present on the east margin of the
basin where Coal Creek drains part of the Markagunt Pla-
teau. Altitudes in the Cedar Valley drainage basin range
from about 5,300 ft in the northern part of the valley at
Mud Spring Canyon to 10,400 ft at Blowhard Mountain
on the plateau to the east.

Cedar Valley is a topographically open basin with
three gaps to the northwest, west, and south (fig. 1). A
slight topographic high extends from near Iron Springs
Gap to the alluvial fan formed from the outwash of the
Coal Creek drainage and divides Cedar Valley into two
subbasins. In much of the northern part of the valley, the
valley floor slopes to the northwest toward Mud Springs
Canyon and west toward Iron Springs Gap. In the past,
some surface water has exited the valley through these
gaps toward the Escalante Desert during periods of large
amounts of local precipitation. Small amounts of ground
water flow out of the valley through these two gaps. It is
assumed that little or no ground water flows out of the
valley to the south.

The climate in Cedar Valley varies from semiarid
on the valley floor to more humid conditions at the top of
the Markagunt Plateau to the east. Average annual pre-
cipitation (1961-90) on the valley floor ranges from less
than 11 in. at the northern end to about 16 in. at the south-
ern end of the valley (Utah Climate Center, 1996). The
average annual precipitation at the Cedar City airport
from 1949 to 2004 was 10.60 in. (Western Regional Cli-
mate Center, 2005). Maximum average annual precipita-
tion for the study area is about 35 in. near the headwaters
of Coal Creek in the Markagunt Plateau. Maximum aver-
age annual precipitation in the New Harmony Mountains
in the southwest is about 23 in. The wettest months are
March and April with frequent storms from the north-
west, and July and August when monsoonal thunder-
storms enter the area from the southwest. Much of the
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precipitation at higher altitudes in the Markagunt Plateau
occurs from January through April and August through
October as recorded at Brianhead, Utah, located about 12
mi east of Cedar City. Average monthly maximum tem-
perature at the Cedar City Airport ranges from a low of
17.5°F in January to a high of 90.0°F in July.

Land use in Cedar Valley is varied and has been
changing in recent years with increasing population.
Much of the northern part of the basin is open rangeland.
Most of the central part of the basin between Cedar City
and Enoch and to the western margin is irrigated prima-
rily for growing alfalfa in the summer and used for lim-
ited grazing in the winter. In addition, a small amount of
land north of Enoch is irrigated cropland. Some fallow
and unused rangeland has been converted to residential
subdivisions and light industrial use along the Highway
56 corridor (fig. 1). In the southern part of the basin,
much of the area is unused rangeland with some irrigated
cropland and an increasing amount of land used for rural
residential property.

Surface Water

Surface water in the study area is derived primarily
from snowmelt runoff at higher altitudes on the Marka-
gunt Plateau east of Cedar City or from occasional, large
thunderstorms throughout the drainage basin during the
summer. Coal Creek is the largest perennial stream (and
only gaged stream) in Cedar Valley. Shirts Creek (alter-
natively named Shurtz Creek) is the only other perennial
stream in Cedar Valleys; its streamflow is small compared
to that of Coal Creek.

Coal Creek provides almost all of the surface water
used for irrigation in the basin. The majority of the water
in Coal Creek is diverted during the irrigation season into
a complex system of ditches near the canyon mouth or
within about 3 mi downstream. Some streamflow during
periods of high snowmelt runoff and some of the base
flow during the winter is allowed to continue in the
stream channel. A recently constructed extension to an
irrigation ditch allows much of the streamflow to be
diverted to Quichapa Lake during the winter with the
remainder flowing through smaller ditches. All surface
water is consumed within the basin by irrigated crops,
evapotranspiration, or recharge to the ground-water sys-
tem.

A USGS streamflow-gaging station on Coal Creek
(station number 10242000) is located 1.2 mi east of
Cedar City. This streamflow-gaging station has been
operated intermittently from May 1915 through Septem-
ber 1937 and continuously from April 1938 to 2005. The

measured streamflow is derived from an 80.9 mi> drain-
age area. The 1939-2000 average annual discharge is
24,200 acre-ft (Burden and others, 2001, fig. 25). Annual
discharge has ranged from 7,760 acre-ft for 1977 to
63,890 acre-ft for 1983 (fig. 3). The high streamflow in
1983 occurred during a period in which 9 of the 11 years
had greater-than-average annual discharge. The annual
discharge during the data-collection phase of this study
was 47,360 acre-ft for 1998, 21,850 acre-ft for 1999, and
17,360 acre-ft for 2000.

Mean monthly streamflows (table 1), indicate that
the highest streamflow caused by snowmelt runoff occurs
during April through June. Mean monthly values for July
and August are larger than the base-flow period of Sep-
tember through March because of the prevalence of mon-
soonal thunderstorms.

Table1. Mean monthly streamflow for 1939-2000 and monthly
mean streamflow for 1998-2000 as measured at U.S. Geological

Survey streamflow-gaging station 10242000 on Coal Creek near

Cedar City, Utah

ml\il::::; Monthlymean Monthlymean Monthlymean

streamflgw streamflow  streamflow  streamflow
Month 1939-2000 1998 1999 2000

(cubic feet (cubic feet (cubic feet (cubic feet

por second) per d) per d) persecond)
January 9.84 9.29 12.5 11.2
February 11.6 10.7 13.7 12.3
March 18.4 24.3 20.4 20.1
April 59.0 52.1 35.0 71.0
May 149 281 122 82.5
June 72.3 211 59.8 21.4
July 234 58.2 29.4 10.7
August 17.5 24.6 16.5 10.0
September 14.4 46.8 15.0 9.41
October 12.5 25.1 11.1 10.3
November 11.3 21.8 10.2 13.2
December 10.2 16.8 15.4 13.3

Water in Coal Creek is divided into a complex dis-
tribution system of canals and ditches on the basis of pri-
ority rights as defined by the Coal Creek Decree filed in
1922. Although the decree contains many complexities
and subsequent modifications, the brief description pro-
vided here is sufficient for the purposes of this study.
Water rights acquired prior to the creation of the Utah
State Engineer’s Office in 1903 were divided into four
classes, 1, 2, 3, and 4a, which correspond to rights initi-
ated prior to 1870, 1880, 1890, and 1903, respectively.
During the irrigation season, water in amounts as much
as 25.19 ft¥/s are distributed to class 1 rights, amounts
from 25.19 to 35.63 ft*/s are distributed to class 2 rights,
amounts from 35.63 to 38.53 ft*/s are distributed to
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Figure3.  Annual discharge in Coal Creek as measured at U.S. Geological Survey streamflow-gaging station 10242000, near Cedar City, Utah.

(From Burden and others, 2002, fig. 25.)

class 3 rights, and amounts from 38.53 to 102.02 ft3/s are
distributed to 4a rights. Flows in excess of 102.02 ft3/s
not distributed to class 1-4a rights are distributed to low
priority rights initiated after 1903 in order of their
respective priorities. The distribution of surface water for
applied irrigation and its relation to recharge are
discussed in more detail in the “Numerical simulation of
ground-water flow in the unconsolidated basin fill”
section of this report.

Shirts Creek is a perennial stream that is located
south of Coal Creek (fig. 1). Along with its tributary
Hicks Creek, Shirts Creek has a drainage-basin area of
18.7 mi’. Only intermittent streamflow data are available
for Shirts Creek. An instantaneous measurement of 0.77
ft3/s for Shirts Creek was reported by Thomas and Taylor
(1946, p. 69), but they did not specify whether the mea-
surement was made downstream from the confluence
with Hicks Creek. During this study, additional instanta-
neous measurements were made downstream from the
confluence near Hamiltons Fort to evaluate whether there
is a seasonal trend. These measurements ranged from
0.05 ft3/s on August 24, 2000, to 2.07 ft*/s on May 26,
2000 (Herbert and others, 2000, p. 303; Herbert and oth-
ers, 2001, p. 347). A crest-stage site, which measures
maximum instantaneous streamflow for a given period of
time, was located upstream from the confluence with
Hicks Creek and maintained by the USGS during 1959-
74. Maximum annual streamflows are reported in the
annual water-data reports for Utah. These maximum
streamflows ranged from 24 ft3/s (estimated) on July 23,
1966 (U.S. Geological Survey, 1967, p. 331), to 1,230
ft3/s on August 4, 1964 (U.S. Geological Survey, 1965, p.
276). All but one of these maximum streamflows

occurred during July through September and were likely
the result of large thunderstorms. Because Hicks Creek is
located in an adjacent drainage basin to the upper part of
Shirts Creek, the combined maximum streamflow for
these runoff events downstream from the confluence
probably was much larger.

An estimate for average streamflow in Shirts Creek
can be made by the use of regression equations developed
by Christensen and others (1986) for estimating average
streamflow in ungaged streams. The regression equation
for the Southwestern Plateaus Region of the Colorado
River Basin was assumed to be appropriate for this appli-
cation (Christensen and others, 1986, p. 11):

Q=354+ 0.294(A) (1)
where:
Q = average discharge in ft3/s; and
A = contributing drainage area in mi.

The average streamflow calculated with this equa-
tion is equal to 9 ft’/s. Uncertainties are inherent with the
use of this regression equation. The equation was derived
from data from only 13 gaged streams in the Southwest-
ern Plateaus Region (Christensen and others, 1986, p. 8-
11). Because this study area is located at the margin of
the Southwestern Plateaus Region, the physical charac-
teristics that are indicative of the streamflow regime for
the Southwestern Plateaus Region may not be appropri-
ate for the Shirts Creek drainage basin. This streamflow
is considerably more than any of the instantaneous mea-
surements mentioned previously, but less than the 24 to
1,230 ft¥/s recorded at the crest-stage site. Even if spring
discharge at the head of Shirts Creek, which is diverted
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for municipal use in Cedar City, and an assumed average
daily value for water from thunderstorm peak flows were
added, the total would be less than the value estimated by
equation 1. The lack of flow in the Shirts Creek drainage
basin indicates that much of the water from rain or snow-
melt infiltrates into rock outcrops through fractures or is
consumed by vegetation rather than running off into the
stream channel.

Additional peak flows were measured or estimated
for the ephemeral channels of Duncan Creek and Fiddlers
Canyon. A crest-stage site was operated on Duncan
Creek during 1959-74 and peak flows were measured or
estimated for 1960, 1962-64, and 1967-68. A maximum
flow of 3,880 ft*/s on August 19, 1963, was estimated
(U.S. Geological Survey, 1964, p. 268). A peak flow of
4,730 ft*/s in the Fiddlers Canyon drainage basin that
resulted from a flash flood on August 17, 1965, was esti-
mated from a field survey (U.S. Geological Survey, 1966,
p- 311). Most of these reported peak flows occurred
during July through September.

Hydrology of the Ground-Water System

The ground-water flow system in Cedar Valley
comprises many geologic and hydrologic components
that are interconnected to various degrees. The ground-
water system includes both the unconsolidated basin fill
and consolidated rocks in the surrounding mountains.
Hydrologic parameters include the spatial distribution
and rate of recharge, subsurface inflow from and outflow
to adjacent areas, spatial distribution and rate of well
withdrawals, and spatial distribution and rate of transpi-
ration from phreatophytes and evaporation from playa
surfaces. Previous hydrologic studies of Cedar Valley
(Thomas and Taylor, 1946; and Bjorkland and others,
1978) did not examine the ground-water budget in the
detail necessary to understand the contribution of various
water-budget components. Additional data and new inter-
pretive techniques unavailable during previous studies
are used in this report to make estimates of ground-water
budget components.

To analyze possible changes in the ground-water
system through time, two water budgets were developed
during this study. The first budget represents conditions
during 1938-49, prior to large-scale ground-water devel-
opment, and was derived from data presented in Thomas
and Taylor (1946) and by applying interpretive tech-
niques to data that represent long-term average condi-
tions. During this period, ground-water levels, ground-
water withdrawals, and streamflow in Coal Creek were

relatively constant (Burden and others, 2002, fig. 25).
The predevelopment budget is representative of a ground-
water system without substantial anthropogenic stresses.
Water-level changes were the result of differences in
annual flows in Coal Creek and there were no widespread
ground-water level declines caused by withdrawals. The
second budget represents ground-water conditions during
2000. Some of the water-budget components were
derived from conditions specific to 2000, whereas some
components were derived from long-term average condi-
tions as in the first budget.

Hydrogeology

Cedar Valley, like most basins in the Great Basin,
is a structural, depositional basin that is bounded by
normal faults along the west and east margins. The topo-
graphic highs that surround Cedar Valley include the
Markagunt Plateau on the east, the Harmony Mountains
on the southwest, The Three Peaks on the west, and the
Black Mountains to the north. Consolidated rocks, where
exposed on the west side of the basin, consist of Tertiary-
age volcanic and intrusive rocks with uniform lithology.
The consolidated rocks exposed in the plateau on the east
side of the basin span a greater geologic timeframe and
have a more varied lithology than those on the west side
of the basin. The structural framework of these is more
complex as a result of folding and faulting at the transi-
tion from the Basin and Range to the Colorado Plateau
Physiographic Province. A complete description of the
geology in the study area is presented by Hurlow (2002)
and parts of the report that are pertinent to this report are
summarized below.

Unconsolidated Basin Fill

Cedar Valley formed as a graben as a result of dis-
placement along the normal basin-bounding faults during
Miocene to Quaternary time (Hurlow, 2002, p. 8). The
more complex eastern basin-bounding faults have more
displacement than the western faults. This basin asymme-
try resulted in thicker alluvial sequences adjacent to the
eastern basin-bounding faults (Hurlow, 2002, fig. 10).
The alluvial material eroded from the surrounding high-
lands and deposited in the basin comprises the principal
aquifer from which most of the ground water used in the
basin is derived. Through the combined use of seismic-
reflection profiles and a detailed lithologic log, Hurlow
(2002, p. 9-18, figs. 7-10) was able to distinguish three
layers, faults, and two laterally persistent, angular uncon-
formities within the basin fill. The three layers or units,



informally designated A, B, and C, vary in thickness and
horizontal extent. The upper unit, A, has the largest areal
extent and comprises the youngest deposits. Unit A thins
toward the west and thickens toward the faults that define
the eastern margin of the structural basin. The maximum
thickness of unit A is more than 1,000 ft northwest of
Cedar City and more than 1,500 ft north of Enoch (Hur-
low, 2002, fig. 10B). The upper part of unit A overlaps
these faults and thins toward the eastern margin of the
basin. Most of the wells in the center of the valley are
completed in unit A and some wells along the basin mar-
gins penetrate through unit A into unit B. Unit B is the
thickest of the three units and like unit A, it thins to the
west and thickens toward the faults on the east. The max-
imum thickness of Unit B is more than 1,750 ft in the
Rush Lake area (Hurlow, 2002, fig. 10C). The thickness
of unit B east of the faults and in the south part of the
basin could not be determined. Unit C is the thinnest of
the three units and has a similar geometry to that of unit
B. The maximum thickness for all three units is more
than 3,500 ft in the Rush Lake area and is more than
1,000 ft throughout most of the basin (Hurlow, 2002, fig.
10A).

Because of the lack of data specific to Cedar Valley
for the conversion of seismic velocities and time profiles
to depth, the resultant values for thickness should be con-
sidered minimum values (Hurlow, 2002, p. 9). The seis-
mic velocities used in the interpretation were the same
for units A and B and higher for unit C, thus indicating
that unit C is more compacted than the overlying units.
For purposes of the hydrologic study, units A and B are
considered to be the principal aquifer. Some degree of
consolidation probably exists for unit B in the deepest
parts of the basin. Although not shown by Hurlow
(2002), the combined thickness of units A and B is more
than 1,000 ft throughout much of the basin.

Because of the poor quality of the seismic profiles
representing the upper 500-600 ft of basin fill and the
lack of detailed lithologic logs along or near the seismic
profiles, the near-surface geometry and projections of
contacts between the defined units could not be deter-
mined and the composition and age of the three units are
speculative (Hurlow, 2002, p. 13). The analysis of drill-
ers’ logs and examination of near-surface deposits that
are presented in Hurlow (2002, p. 21-28, figs. 13-15) help
in understanding the composition and spatial distribution
of the basin fill where wells are prevalent.

Alluvial-fan deposits are located along the basin
margins, with the alluvial fan created by Coal Creek
being the most pronounced. These deposits generally are
poorly sorted with no defined layering. Toward the distal

Hydrology of the Ground-Water System 9

end of the alluvial-fan deposits, grain size generally
decreases and sorting increases. In the center of the basin,
fluvial deposits tend to have a finer average grain size and
a greater degree of layering. The schematic cross sections
(Hurlow, 2002, fig. 15) based on drillers’ logs show that
in most of the basin, generally medium- to coarse-grained
deposits are located along the margins and interfinger
with fine-grained deposits in the center of the basin
where the upper 25-100 ft generally are finer grained
than the underlying deposits. The cross section represen-
tative of the northern part of the basin shows a greater
prevalence for fine-grained deposits. Because of the
inherent imprecision of drillers’ logs, any laterally persis-
tent layers of more than 1 mi may be obscured (Hurlow,
2002, p. 21). Until a more detailed analysis of the uncon-
solidated basin-fill stratigraphy is completed, fine-
grained confining layers are assumed to be discontinu-
ous.

Consolidated Rocks

The amount of water derived from consolidated
rocks for municipal use within the Cedar Valley drainage
basin is small. In an attempt to better understand the
potential for consolidated rocks to be developed for addi-
tional water supplies, Hurlow (2002, fig. 23) classified
the formations as aquifer or potential aquifer, heteroge-
neous, or aquitard on the basis of a qualitative evaluation
of the known yield of water from wells and springs and
the degree of cementation and fracturing within the con-
solidated-rock formations. Consolidated rocks that are
likely or known to yield water to wells include Tertiary-
age quartz monzonite and volcanic rocks, and the Juras-
sic-age Navajo Sandstone.

Tertiary-age quartz monzonite rocks that crop out
in The Three Peaks and underlie much of the basin fill
along the western margin of the basin north of The Three
Peaks have a high to moderate fracture density (Hurlow,
2002, p. 39, fig. 22 and 24, pls.1 and 2). The small
amount of annual precipitation (10-12 in.) where these
rocks crop out limits the potential for ground-water
development.

The Quichapa Group and the underlying Isom For-
mation and Needles Range Group compose the Tertiary-
age volcanic rocks that crop out in the Harmony Moun-
tains to as far north as Iron Springs Gap and north of The
Three Peaks. The Quichapa Group is highly fractured and
thus can readily transmit water (Hurlow, 2002, p. 39).
The underlying Tertiary-age volcanic rocks are tabular
deposits of uniform lithology such that ground-water
flow is unlikely to be disrupted by facies variation. These
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rocks continue into the subsurface uninterrupted by major
faults and are in contact with the basin fill in the south-
western part of the basin. Some of the existing wells in
this area might penetrate these rocks.

The Jurassic-age Navajo Sandstone is known for
its ability to yield water to wells throughout much of
southwestern Utah because of its primary permeability
and secondary fractures (Heilweil and others, 2000, p.
48). The Navajo Sandstone crops out to the east of Cedar
City and to the south along the Hurricane Cliffs. Wells
have been drilled into the Navajo Sandstone in Coal
Creek Canyon east of Cedar City where water was
present, but because of caving within the boreholes, these
wells were abandoned (Hurlow, 2002, p. 39). North of
Cedar City, the sandstone lies beneath the Cretaceous-age
Wahweap Sandstone and Straight Cliffs Formation (undi-
vided) and Jurassic-age Carmel Formation, where it is in
contact with the lower part of the basin fill (Hurlow,
2002, pl. 2). Because of its depth and structural relation
to overlying formations, it is unlikely that the Navajo
Sandstone contributes any substantial amount of water to
the upper, permeable unconsolidated basin fill.

Hurlow (2002, fig. 23) has classified most of the
remaining pre-Tertiary-age consolidated rocks on the east
side of the study area as being heterogeneous units. These
rocks comprise interlayered sandstone, siltstone, and
mudstone with individual layers of limited vertical and
lateral extent (Hurlow, 2002, p. 39-41). The hydrologic
properties of these formations are poorly known. These
formations probably do not contribute substantial
amounts of water to the basin fill as any water movement
through these formations probably is away from Cedar
Valley along east-dipping bedding planes. These forma-
tions, however, probably provide much of the base flow
to Coal Creek either as spring discharge or as subsurface
inflow. Subsurface inflow may occur in limited areas
where these rocks dip toward the basin fill such as the
area north of Cedar City as shown in cross section B-B’
in Hurlow (2002, pl. 2).

Ground-Water Conditions in the Unconsolidated Basin
Fill

Ground water in the unconsolidated basin fill of
Cedar Valley occurs under both confined and unconfined
conditions depending on depth and location within the
unconsolidated basin fill. Unconfined or water-table con-
ditions exist along the basin margins and probably
throughout the northern part of the basin. In these areas,
the unconsolidated basin fill consists largely of coarse,
unsorted sands and gravels intermixed with zones of fine

sand and silt. There are no layers of clay or silt that might
act as a confining layer (Bjorkland and others, 1978, p.
21).

Ground water is under confined conditions in the
center of the basin where zones of permeable material are
mixed with discontinuous lenses of relatively imperme-
able clay or silt. No distinct confining layers have been
defined in previous studies. Cross sections of unconsoli-
dated basin fill derived from the analysis of drillers’ logs
are presented by Hurlow (2002, fig. 15) and show prima-
rily fine-grained deposits with intermixed lenses of
medium-grained basin fill. Water in the center of the
valley above clay and silt lenses is unconfined.

Water moves from recharge areas along the basin
margin through permeable zones to the center of the
basin where confining lenses restrict upward movement.
The maximum area of artesian flow outlined by Thomas
and Taylor (1946, pl. 18) generally has been considered
to be the extent of the confined part of the ground-water
system in Cedar Valley. As water levels have declined as
a result of continued ground-water withdrawals, the
present extent under confined conditions in the principal
aquifer may be less than that previously defined. If water
levels in an area have declined sufficiently so as to be
below the confining layer, then ground water above the
confining layer is considered to be under perched condi-
tions and ground water below the confining layer may
become unconfined. The extent of such conditions is
unknown because of the lack of wells completed specifi-
cally in either confined or unconfined zones. A more
detailed discussion is presented in the “Movement” sec-
tion of this report.

Aquifer Properties

Agquifer properties describe the ability of the
ground-water system to transmit and store water. Hydrau-
lic conductivity is a function of the porous medium and
the fluid and describes the ability of an aquifer to trans-
mit water. Transmissivity is hydraulic conductivity multi-
plied by the thickness of the aquifer. The ability of an
aquifer to store water is defined by the storage coefficient
that quantifies the volume of water released from or taken
into storage for a given change in water level. Values for
the storage coefficient in an unconfined aquifer, also
known as specific yield, are orders of magnitude greater
than values for storage in a confined aquifer. Values for
transmissivity can be determined from single- and multi-
well aquifer tests or calculated from specific-capacity
data. Transmissivity values estimated from pumping data
are representative of the perforated zone of the well and



not necessarily representative of the entire aquifer thick-
ness. Representative storage-coefficient values can be
obtained best from multi-well tests.

A spatial distribution of transmissivity values in
the unconsolidated basin fill of Cedar Valley was deter-
mined by Bjorklund and others (1978, pl. 2). Plotted data
were derived from 5 aquifer tests and 55 wells with spe-
cific-capacity data (Bjorklund and others, 1978, p. 22,
table 4). Bjorklund and others (1978, p. 23) compared
transmissivity values determined by aquifer tests to those
calculated from specific-capacity data at several wells.
Transmissivity values determined from aquifer tests were
40 to 60 percent greater than those calculated from spe-
cific-capacity data. Because transmissivity values deter-
mined from aquifer tests were considered more accurate,
values determined from specific-capacity data were
adjusted.

The highest transmissivity values are in three
areas: the alluvial fan in and adjacent to Cedar City, the
alluvial fan southwest of Quichapa Lake, and in the area
near Rush Lake (Bjorklund and others, 1978, pl. 2). The
highest values determined from aquifer tests are located
southwest of Quichapa Lake with a reported maximum
value of 52,000 ft%/d. Values in the other two high trans-
missivity areas were determined from specific-capacity
data and are greater than 20,000 ft>/d. In the center of the
basin, transmissivity values were reported to range from
5,000 to 10,000 ft%/d. From sparse data along the western
basin margin, transmissivity values were reported to
range from 1,000 to 5,000 ft*/d (Bjorklund and others,
1978, pl. 2).

Since the study by Bjorklund and others (1978),
numerous irrigation, domestic, and municipal-supply
wells have been completed in Cedar Valley. Aquifer tests
have been completed on new wells used for municipal or
residential supply to meet wellhead-protection require-
ments, and specific-capacity data for many of the irriga-
tion and domestic wells have been reported on drillers’
logs. On the basis of these new data and revision of spe-
cific-capacity data used by Bjorklund and others (1977,
1978), Hurlow (2002, fig. 21) updated the spatial distri-
bution for transmissivity values. This distribution is simi-
lar to the one reported by Bjorklund and others (1978, pl.
2) but is more complex because of increased data density
in some areas. Areas of high transmissivity values remain
the same except along the eastern margin where addi-
tional data have resulted in more definition. The higher
transmissivity values appear in alluvial fans created by
the drainages of Coal and Shirts Creeks and in the area
south of Enoch (Hurlow, 2002, fig. 21).
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Aquifer tests and specific-capacity data used to
estimate transmissivity values are obtained from wells
that typically do not penetrate the entire aquifer. Data that
define the degree of partial penetration are lacking. The
results of these analyses, therefore, are not necessarily an
accurate representation of transmissivity. These values,
however, can be used to estimate probable ranges of
hydraulic conductivity for similar sediment types.

Estimates of hydraulic conductivity were deter-
mined from transmissivity values that were derived from
aquifer tests and specific-capacity data reported in previ-
ous studies (Bjorklund and others, 1977, table 1; and
1978, table 4) (Hurlow, 2002, tables 1 and 2). Ignoring
the effects of partial penetration, hydraulic conductivity
is estimated by dividing the transmissivity value by the
total perforated interval of the well. In Cedar Valley,
many of the production wells are perforated over large
intervals that may contain a considerable extent of lower-
permeability zones. For these wells, transmissivity values
are representative only of the higher permeability zones
and estimated hydraulic-conductivity values were
adjusted according to the total thickness of these zones.
Permeable zones may be composed of sand, gravel, cob-
bles, boulders, or a combination of these sediment types.
Alluvial-fan deposits along the eastern and southwestern
margins of the basin tend to have a larger average grain
size and less sorting. Unconsolidated basin fill along the
western margin and in the center of the basin tends to
have a smaller average grain size and a greater degree of
sorting (Hurlow, 2002, p. 33). Estimated hydraulic-con-
ductivity values ranged from 5 ft/d to 180 ft/d. The wide
range of values typifies the variability in sediment type
and degree of sorting in coarse deposits throughout the
basin. Sand and sand/gravel mixtures, which are the pre-
dominant coarse material in the center of the basin, will
tend to have hydraulic-conductivity values toward the
low end of the range; whereas zones of gravel and cob-
bles, especially in the alluvial-fan deposits, will tend to
have values toward the upper end. Most of the estimated
hydraulic-conductivity values for coarse-grained sedi-
ment ranged from 10 ft/d to 60 ft/d.

A general distribution of permeable sediments was
determined for most of the basin. On the basis of infor-
mation reported in drillers’ logs, the ratio of permeable,
coarse-grained to fine-grained intervals can be deter-
mined for each well. This ratio, expressed in percentage
of coarse material, was determined for all drillers’ logs
and averaged for each square-mile section. Ranges for
the percentage of coarse-grained material are shown in
figure 4. In sections where no drillers’ logs are available,
percentages were extrapolated from the nearest section(s)
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with a value. No percentages are shown in the northern
part of the basin because wells have not been drilled in
this area.

A general range of transmissivity values can be
derived by using estimates of hydraulic conductivity, per-
centage of aquifer that comprises permeable material,
and aquifer thickness. Typical values for hydraulic con-
ductivity of the coarse-grained material in the center of
the basin range from 5 to 20 ft/d, whereas typical values
for coarser alluvial-fan deposits range from 30 to 60 ft/d.
Estimates for transmissivity range from about 1,200 ft>/d
in the Quichapa Lake area to 90,000 ft?/d in the Coal
Creek alluvial fan. The maximum value assumes that 100
percent of the aquifer thickness in this area comprises
gravel and cobbles with a hydraulic conductivity of
180 ft/d.

No aquifer tests were completed during this study
or previous studies that determined vertical hydraulic-
conductivity values. Most existing wells are screened or
perforated over large intervals; an aquifer test that is
designed to determine vertical hydraulic conductivity
would require the completion of observation wells with
screened intervals above the screened interval of the
pumping well. Vertical hydraulic-conductivity values are
important for understanding the movement of water from
recharge on the surface to the perforated intervals of pro-
duction wells. No continuous confining layer has been
identified in Cedar Valley and, therefore, a vertical
hydraulic-conductivity value determined from an aquifer
test at one location might not be applicable at another
location. Vertical hydraulic-conductivity values depend
on sediment type and grain shape. Coarse-grained mate-
rial with a rounded grain shape will have vertical hydrau-
lic-conductivity values similar to those in the horizontal
direction. As mentioned previously, hydraulic-conductiv-
ity values generally range from 10 to 60 ft/d. Assuming
vertical hydraulic-conductivity values for coarse-grained
material are no lower than one order of magnitude less,
minimum vertical hydraulic-conductivity values would
be 1 to 6 ft/d. Conversely, fine-grained material, such as
clay and silt, likely will have a flat grain shape, which
generally will be arranged in a subparallel manner. With
this grain orientation, the porous material would have a
much greater ability to transmit water in a horizontal
direction and, therefore, vertical hydraulic conductivity
might be one to two orders of magnitude less than hori-
zontal hydraulic conductivity. Hydraulic-conductivity
values for clay and silt can range from 1 x 10 to 1 ft/d
(extrapolated from Domenico and Schwartz, 1990, table
3.2). Vertical hydraulic-conductivity values, therefore,
may range from 1 x 108 t0 0.1 ft/d.
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Values for storage reported by Bjorklund and
others (1978, table 4) were determined from a limited
number of multi-well aquifer tests. Where unconfined
ground-water conditions exist, water-level declines in
observation wells were insufficient during the tests to
determine storage values. Specific-yield values of 0.2
were estimated based on effective porosity and reported
by Bjorklund and others (1978, table 4). In areas where
confined or semi-confined ground-water conditions exist,
storage-coefficient values determined from multi-well
aquifer tests ranged from 0.0005 to 0.013. Values near the
upper end of this range are representative of semi-con-
fined ground-water conditions (Lohman, 1972, p. 8).

Movement

Ground water flows from a position of high
hydraulic head to one of lower hydraulic head. In map
view, the hydraulic head of ground water is represented
by contours of the potentiometric surface. The direction
of ground-water flow is perpendicular to the contours.
The amount of change in hydraulic head divided by a
specified distance along the direction of ground-water
flow is known as the hydraulic gradient. Similarly, the
vertical hydraulic gradient is the amount of change in
hydraulic head divided by the vertical distance between
the zones for which representative hydraulic heads were
measured. The vertical direction of ground-water flow
can be upward if the hydraulic head in the deep zone is
higher than the hydraulic head in the shallow zone.

Ground water in Cedar Valley generally flows from
primary recharge areas along the eastern margin of the
basin, mostly where Coal Creek enters the basin, to areas
of discharge or subsurface outflow in the center and west
side of the basin. The potentiometric surface for March
2000 shown in figure 5 is very similar to the potentiomet-
ric surface for March 1974 shown in Bjorklund and
others (1978, pl. 5). The direction of ground-water flow
has remained the same despite lower water levels in areas
of large ground-water withdrawals. Ground water flows
from the recharge areas near Coal Creek to three dis-
charge areas at Rush Lake and Mud Springs Canyon, Iron
Springs Gap, and Quichapa Lake. Flow toward The
Three Peaks indicates that no substantial recharge occurs
from The Three Peaks.
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Some of the water that recharges the aquifer in the
area of the Coal Creek alluvial fan flows south to the
Quichapa Lake playa and municipal wells in the area.
Some ground-water flow comes into this area from the
east where it enters from the Shirts Creek drainage, and
from the south where subsurface flow has been induced
as a result of ground-water withdrawal. In the past, some
ground-water flow came from the southwest near the
Harmony Mountains as shown by the potentiometric sur-
face of Bjorklund and others (1978, pl. 5). This compo-
nent of ground-water flow is less obvious at the present
time because of lower ground-water levels that are a
result ground-water withdrawals.

Contours shown on the potentiometric surface map
by Thomas and Taylor (1946, pl. 14) indicate that the
eastern basin-bounding faults may influence the hydrau-
lic gradient and direction in Cedar Valley. Bjorklund and
others (1978, p. 26) reported that similar faults in
Parowan Valley did not affect water-level declines in
observation wells on opposite sides of a fault during an
aquifer test. No water-level, chemical, or aquifer-test data
that would indicate restricted ground-water flow by the
eastern basin-bounding faults were collected during this
study.

Water levels are not available north of Rush Lake,
and directions of ground-water flow in this area cannot be
determined. It is likely, however, that ground water
moves from recharge areas in the Black Mountains south
to Rush Lake, generally following the valley topography.
Because little ground-water withdrawal occurs in this
area, a long-term steady-state condition probably exists.
Recharge from precipitation on unconsolidated basin fill
and consolidated rock probably equals discharge by
evapotranspiration and some subsurface outflow through
Mud Spring Canyon.

The vertical component of ground-water flow in
Cedar Valley is poorly understood because of a lack of
water-level data representative of discrete zones within
the unconsolidated basin fill. Most wells are perforated
over large intervals and measured water levels represent
an average value for the principal aquifer. Also, few wells
are completed in shallow zones because of low yield and
high dissolved-solids concentration. In the primary
recharge area along the eastern margin of the basin where
the unconsolidated basin fill is generally coarser and
poorly sorted, ground water is unconfined and the verti-
cal hydraulic gradient is downward. A similar condition
probably exists in the southwestern part of the basin adja-
cent to the Harmony Mountains.
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Throughout much of the center of the basin, the
vertical hydraulic gradient and, therefore, the potential
for ground-water flow, historically has been upward.
Thomas and Taylor (1946, p. 97) reported water levels at
eight pairs of shallow and deep wells, located from Rush
Lake in the north to Quichapa Lake in the south, range
from about 2 ft to 9 ft higher in the deep wells as com-
pared to the associated shallow wells. Because the perfo-
rated intervals for the wells are unknown, the vertical
hydraulic gradient cannot be calculated. Thomas and
Taylor (1946, pl. 18) show the spatial extent of confined
conditions that cover 50 miZ in the center of the basin
from northwest of Enoch to south of Quichapa Lake.
Flowing wells reported for September 1939, however, are
shown only in areas west of Enoch and surrounding
Quichapa Lake. By 1975, ground-water withdrawals had
lowered water levels to the extent that no wells were
reported to be flowing (Bjorklund and others, 1978, p.
19). They concluded that confined conditions continued
to exist in this area, but the confined pressures were not
sufficient for flowing wells.

During this study, shallow wells were completed
adjacent to deeper irrigation wells at two locations within
the area of confined conditions to examine the present
potential for vertical ground-water flow. Wells (C-35-
11)14bac-1 and -2 are located just west of Enoch. Well
(C-35-11)14bac-1 is perforated from 200-501 ft and well
(C-35-11)14bac-2 is perforated from 46-56 ft (Howells
and others, 2002, p. 7). The water level in the shallow
well was 3 ft higher than the level in the deep well prior
to the irrigation season of 2001 (Howells and others,
2002, p. 21). By May 2001, the water level in the shallow
well was unchanged whereas the level in the unused deep
well had declined by 17 ft. At this location the potential
for ground-water flow is downward and increases during
the irrigation season. Wells (C-35-12)36caa-1 and -2 are
located about 4 mi northwest of Cedar City. Well (C-35-
12)36caa-1 is perforated from 214-704 ft and well (C-35-
12)36caa-2 is perforated from 65-75 ft (Howells and oth-
ers, 2002, p. 7). The water level in the shallow well was
more than 37 ft higher than the level in the deep irrigation
well prior to the irrigation season in 2001 (Howells and
others, 2002, p. 35). During the irrigation season, the
water level in the shallow well rose slightly. The rise indi-
cates probable recharge from irrigation. It is possible
water levels in the shallow well would decline in
response to pumping the deep well if recharge from irri-
gation was not occurring, or that the rise would be greater
if pumping was not occurring.
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Data collected during this study at the nested wells
indicate that the long-term trend of decreasing water
levels may result in a decrease of the areal extent of con-
fined conditions for the principal aquifer and an
increased potential for downward movement from the
overlying shallow zones. More shallow monitoring wells
located adjacent to existing deep wells with known perfo-
rated intervals are needed to better understand current
conditions for potential vertical ground-water flow.

Recharge

Ground-water recharge to unconsolidated basin-fill
aquifers in the Great Basin is derived from precipitation,
mostly as winter precipitation that is stored in the form of
snowpack in the adjacent mountains (Harrill and Prudic,
1998, p. A23). Recharge processes are complex and not
fully understood because of a lack of ground-water data
in recharge areas. Recharge from snowmelt is dependent
upon the hydraulic properties of consolidated-rock units
in the adjacent mountains and the stratigraphic and struc-
tural relation between different consolidated-rock units.
Recharge to basin fill from melting snowpack may occur
either through the mountain block and subsequent sub-
surface inflow into the unconsolidated basin fill or as
seepage from stream runoff flowing over alluvial deposits
adjacent to the mountain block. Streamflow that does not
seep into the subsurface is available for irrigation and can
be diverted from streams entering the basin. In Cedar
Valley, recharge to the unconsolidated basin fill is prima-
rily by seepage from streams, seepage from unconsumed
irrigation water, infiltration from direct precipitation, and
subsurface inflow from consolidated rock and adjacent
areas (table 2).

Seepage from Streams

Despite coarse material in the alluvial fan, seepage
from Coal Creek in this area is less than would be
expected. Because of deposition of fine material along
the stream channel, Thomas and Taylor (1946, p. 99)
report no appreciable seepage losses along the 2.25-mi
reach downstream from USGS streamflow-gaging station
10242000. Seepage measurements that were made during
this study and reported in Howells and others (2002, table
5) support this conclusion. Measured gains and losses
along this reach were minimal and within measurement
error. Measurements made along the reach that coincides
with the alluvial fan generally show negligible losses
except for the first segment where measurements indicate
a possible 6 percent loss. Measurements made along the

ditch that flows toward Quichapa Lake indicate possible
losses of 7 to as much as 20 percent. On the basis of these
measurements, seepage from Coal Creek, Shirts Creek,
and large, unlined canals and ditches during the summer
months (mid-March through mid-October) was estimated
to be, on average, about 10 percent of the flow.

Deposition of fine-grained material on the stre-
ambed and the straining of colloidal material in the
hyporheic zone, where water flows through the alluvial
material just beneath the streambed surface, can result in
less seepage than expected. In the Milford area, just north
of Cedar Valley, Mower and Cordova (1974, p. 18)
reported that as much as 34 percent of the water diverted
from the Beaver River infiltrates to the ground-water
system as it flows across the alluvial fan. Much of the
fine-grained suspended material in the Beaver River is
deposited upstream in Rocky Ford Reservoir. Unlike the
Beaver River, streamflow in Coal Creek may contain
large amounts of fine-grained material after thunder-
storms that occur in the upper reaches of the drainage.
This periodic deposition of fine-grained material on the
streambed or within the underlying hyporheic zone can
decrease seepage during periods of low to near-normal
streamflow. During periods of greater-than-normal
streamflow, such as during spring snowmelt runoff, the
fine-grained material can be redeposited toward the
center of the basin. Under these conditions, seepage on
the alluvial fan may be considerably more than the esti-
mated 10 percent.

During the winter (mid-October to mid-March),
water in Coal Creek flows through canals and ditches
with much of the water being transported to Quichapa
Lake in recent years. Because evapotranspiration is small
during the winter and no surface water exits the basin,
about 80-90 percent of the streamflow in Coal Creek is
assumed to recharge the ground-water system.

A small amount of streamflow is present in Shirts
Creek, the only other perennial stream in the study area.
The drainage area of Shirts Creek (18.7 miz) 1s not as
large as that of Coal Creek (80.9 miz), and streamflow in
Shirts Creek is disproportionally smaller than streamflow
in Coal Creek. During 2000, total streamflow in Shirts
Creek was about 325 acre-ft, which was estimated from a
weighted average of instantaneous measurements
reported in Herbert and others (2001, p. 347). Recharge
from Shirts Creek was estimated to be 200 acre-ft, which
consists of seepage from applied irrigation water and
from the stream channel. Other flows might occur in
ephemeral drainages primarily during runoff from thun-
derstorms but also during runoff from exceptionally large
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Table2. Ground-water budget prior to large-scale development and for 2000, Cedar Valley, Iron County, Utah

Prior to development

(acre-feet)

2000
(acre-feet)

Recharge

Recharge from irrigation with ground water

Seepage from streams and major irrigation canals
Recharge from irrigation with surface water

Recharge from land application of waste-water effluent
Recharge from irrigation of lawns and gardens
Precipitation on unconsolidated basin fill!

Bedrock inflow from surrounding hills and mountains”

Subsurface inflow

Total recharge (rounded)
Discharge
Evapotranspiration

Wells

Springs

Subsurface outflow

Total discharge (rounded)

6,600 7,100-8,600
5,100-5,500 4,700-5,100
9,400 4,900
negligible 1,500
negligible 600-1,000
10,300 10,300
9,900 9,900
2,000-5,000 2,000

43,000-47,000

41,000-43,000

22,000 3,000
13,200 336,000
4,300 negligible
1,000 1,000
40,000 40,000

12,200 acre-feet per year occur north of Rush Lake.
22,900 acre-feet per year occur north of Rush Lake.
3 Burden and others, 2001.

amounts of snowmelt. Because of the infrequent flow and
small area of stream channels, recharge from ephemeral
drainages throughout the basin was assumed to be
negligible.

By using the percentage estimates previously listed
and the recharge estimate for Shirts Creek, the average
seepage loss from streams and large ditches representa-
tive of the period prior to large-scale ground-water devel-
opment (1938-49) is estimated to be 5,100 to 5,500 acre-
ft. Streamflow data for Coal Creek are incomplete for
1938 and, therefore, average seepage was determined for
1939-49. The estimated seepage for 2000 is 4,700 to
5,100 acre-ft.

Seepage from Irrigation Water

Recharge from seepage of unconsumed irrigation
water is a large component of the ground-water budget
for Cedar Valley. Recharge from irrigation is water in
excess of the amount needed for plant consumptive use
and evaporation. This water seeps through the unsatur-
ated zone beyond plant roots until it reaches the saturated
zone. Seepage from unconsumed irrigation water was
estimated as a percentage of both ground water with-

drawn from irrigation wells and applied surface water
that is either flooded onto fields or pumped from ditches
and applied through sprinkler systems.

In a study to quantify recharge from applied irriga-
tion water, Susong (1995) measured soil-moisture pro-
files in flood- and sprinkler-irrigated fields and
evapotranspiration in the Milford area located about 35
mi north of Cedar City. These data were used in unsatur-
ated-flow model simulations to determine recharge.
Susong (1995, table 3) reported that recharge from
unconsumed irrigation water ranged from about 50 to 57
percent for flood-irrigated fields and from about 8 to 14
percent for center-pivot, sprinkler-irrigated fields during
1992-93. Just as these percentages varied over the 2 years
of data collection, conditions in other years may produce
values outside of these ranges. Factors such as antecedent
soil moisture prior to the irrigation season and amount of
precipitation during the irrigation season can influence
the amount of recharge.

Recharge from irrigation with ground water is
dependent upon the amount of water applied and method
of application. During the predevelopment period of
1938-49, flood irrigation was common and seepage from
applied water is estimated to be 50 percent of the with-
drawal for irrigation, or 6,600 acre-ft/yr. Although some
ground water for irrigation in 2000 was applied by
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center-pivot sprinklers and flood irrigation, most of the
water was applied by line sprinklers. Line sprinklers are
not as efficient as center-pivot sprinklers in water
application and, therefore, recharge from this method was
assumed to be 30 percent. More ground water was
applied through center-pivot sprinklers than by flood
irrigation; therefore, recharge is estimated to be about 25
to 30 percent of applied ground water. During 2000,
about 28,500 acre-ft of water was withdrawn by wells for
irrigation (Burden and others, 2001, table 2) and recharge
from ground-water irrigation was estimated to be 7,100-
8,600 acre-ft.

Recharge from irrigation with surface water is
more complex. During mid-March through mid-October,
water from Coal Creek is diverted for irrigation through a
complex and extensive system of canals and ditches.
Because the system of small distribution ditches is exten-
sive and would be difficult to measure, any loss from
these ditches is included with estimates of seepage from
unconsumed irrigation water. The extent of the distribu-
tion system and irrigated lands prior to large-scale
ground-water development is unknown. All available sur-
face water, however, was used and it is assumed that the
same estimated percentages would be applicable.
Because seepage losses from streams and large canals
decrease the amount of water available for application,
this amount needs to be subtracted from available water.
The average streamflow during the period prior to devel-
opment was about 21,000 acre-ft. After subtracting
stream losses, 18,900 acre-ft was available for flood irri-
gation. Seepage from unconsumed irrigation water is
assumed to be 50 percent or about 9,400 acre-ft. During
the summer of 2000, about 13,500 acre-ft of water
entered the basin from Coal Creek. Recharge from seep-
age losses in Coal Creek and large canals was estimated
to be 1,350 acre-ft. The remaining 12,150 acre-ft of water
was applied to crops by flood irrigation or pumping from
ditches into line sprinklers. Accounting for the two meth-
ods for surface-water application, seepage from uncon-
sumed irrigation water was estimated to be 40 percent or
about 4,900 acre-ft.

Recharge from the application of effluent from the
waste-water treatment facility to irrigated fields during
the summer and open ground during the non-growing
months is substantial. Prior to construction of a waste-
water treatment facility, waste water was applied to open
land southeast of the airport (Joe Melling, City Manager,
Cedar City, oral commun., 2002) where it could evapo-
rate or seep into the subsurface. The first waste-water
treatment facility in Cedar City was located just northeast
of the airport and operated from 1976 to the beginning of

1996. Effluent from this facility was diverted into ditches
and applied to irrigated fields (Joe Melling, City Man-
ager, Cedar City, oral commun., 2002). No data are avail-
able to estimate seepage from effluent prior to 1996.
Because population was small during the years prior to
large-scale development, this form of recharge is
assumed to be negligible in the 1938-49 budget (table 2).
From 1996 to 2002, a new facility treated waste water
from Cedar City and Enoch, and the remaining residen-
tial and commercial properties used septic systems.
Recharge from waste-water treatment facility effluent
was estimated to be 1,500 acre-ft during 2000. Monthly
influent data were obtained for 1996-2000 (Darrell Olm-
sted, Manager of Cedar City waste-water treatment plant,
written commun., 2002). Influent was assumed to equal
effluent for the calculation. From the beginning of April
through September, effluent was assumed to be applied to
irrigated fields by flood irrigation, of which 50 percent
was estimated to seep into the subsurface. During the
remaining months, all effluent was applied to open range-
land, of which 80 percent was estimated to seep into the
subsurface because evapotranspiration was less.

Recharge from water application on lawns and gar-
dens within municipalities was estimated by comparing
the difference in water consumption between winter and
summer months. An average for water consumed per
month during January through March and October
through December 2000, was determined. This average
was subtracted from the water consumed for each month
during April through September. The excess water was
assumed to be applied to lawns and gardens, of which 15
to 25 percent was assumed to seep into the subsurface.
Through this calculation, recharge from application of
water to lawns and gardens in Cedar City and Enoch was
estimated to be 600 to 1,000 acre-ft during 2000.

Precipitation

Recharge from infiltration of direct precipitation
on the unconsolidated basin fill was estimated by using a
method developed for the Great Basin. In a summary
report of the Great Basin Regional Aquifer-System Anal-
ysis study, Harrill and Prudic (1998, p. A23-A25)
described an analysis in which a regression equation was
developed by comparing estimated recharge to average
annual precipitation volume where the rate exceeded 8
in/yr in studies throughout the Great Basin. In these stud-
ies, recharge was estimated by using some form of the
Maxey-Eakin method (Maxey and Eakin, 1949). The
Maxey-Eakin method, commonly used in Utah and
Nevada, estimates recharge as a percentage of the volume



of precipitation falling within specified ranges of precipi-
tation within the study area. A higher percentage of pre-
cipitation becomes recharge in areas with higher
precipitation. The resultant volumes are added to deter-
mine total recharge for the study area. The regression
equation (Harrill and Prudic, 1998, p. A25) for estimating
recharge with the Maxey-Eakin method is:

log Q,=-1.74 + 1.10 log Pp-g (2)
where:
Q, = recharge, in acre-ft/yr; and
Pp.g = total annual volume of precipitation, in

acre-ft/yr, where average annual precipita-
tion exceeds 8 in.

The regression equation could be applied through-
out Cedar Valley because the 1961-90 average annual
precipitation on the unconsolidated basin fill ranges from
a low of less than 11 in/yr to about 16 in/yr in the south
end of the basin (Utah Climate Center, 1996). The total
annual volume of precipitation (about 170,000 acre-ft/yr)
was calculated by multiplying the area between pairs of
precipitation contours by the average precipitation for the
paired contours. Recharge from direct precipitation on
the unconsolidated basin fill was estimated to be about
10,300 acre-ft/yr, of which 2,200 acre-ft/yr that is derived
from precipitation north of Rush Lake does not contribute
to the area of primary pumping in the center of the basin.
These estimates represent a long-term average and are
assumed to be valid for the period prior to large-scale
ground-water development and for 2000. The Maxey-
Eakin method and the regression (eq. 2) estimate long-
term average recharge and might not be applicable on a
yearly basis. It is likely that years with greater-than-aver-
age precipitation provide the most recharge (Flint and
others, U.S. Geological Survey, written commun., 2001).
Years with near-average precipitation probably provide
less-than-average recharge.

The estimate of 10,300 acre-ft/yr for average
recharge from infiltration of precipitation on unconsoli-
dated basin fill, which is based on the Maxey-Eakin
method, should be considered a maximum value. The
Maxey-Eakin method was developed for mountainous
areas and does not account for water storage in soil mois-
ture. Net infiltration models account for soil moisture and
subsequent loss of soil moisture through evapotranspira-
tion. Net infiltration is flow rate at a depth where evapo-
transpiration no longer affects the downward movement
of water. For most locations, net infiltration eventually
becomes recharge (Hevesi and others, 2002, p. 9). In the
Death Valley area, Hevesi and others (2002, p. 15) esti-
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mated the depth of the root zone in alluvial fan, basin,
playa, or channel areas, to be about 20 ft. Infiltration
must first fill soil moisture to this depth before it becomes
net infiltration or recharge. Hevesi and others (2002, p.
21) determined that no recharge occurs on these areas
throughout the Death Valley area, including higher-alti-
tude areas with more than 8 in/yr precipitation.

Preliminary estimates by Alan Flint (U.S. Geologi-
cal Survey, written commun., 2004) indicate that
recharge in low-altitude basin-fill areas of Tooele and
Utah Valleys in northern Utah is less than estimated using
the Maxey-Eakin method.

Subsurface Inflow

Recharge from subsurface inflow into the uncon-
solidated basin fill from mountain blocks that surround
Cedar Valley was estimated by using the regression equa-
tion (eq. 2) described previously. The surrounding moun-
tain blocks were divided into 14 separate areas (fig. 6)
and were given informal names that are based on an
existing nearby geographic name. Recharge estimates for
each area (except for the Coal Creek drainage) are pre-
sented in table 3. The areas were delineated primarily on
the basis of surface-water drainage area and topography.
In areas where rock types and geologic framework are
similar, more than one surface-water drainage basin may
be combined into a single area.

Application of the regression equation includes
volumetric precipitation but does not consider local geo-
logic factors. Without actual supporting data, applying
geologic factors to recharge estimates for each of the
areas in this study can be subjective. In the Coal Creek
drainage, layered consolidated-rock formations generally
dip to the east. For this reason, any water that seeps into
these formations, for the most part, is assumed to travel
down dip and discharge into Coal Creek and its tributary
drainages where they intersect. Recharge to consolidated
rock in this area is assumed to be the source for base flow
in Coal Creek and the Coal Creek area shown in figure 6
is not included as an area that contributes recharge from
consolidated rock. The unconsolidated basin fill and con-
solidated rock along the eastern margin are thought to be
hydrologically connected despite the presence of promi-
nent faults, and the flow across the faults may be greater
where more permeable consolidated rocks are adjacent to
the unconsolidated basin fill (Hurlow, 2002, p. 33).

In the Harmony Mountains along the southwestern
margin of the basin, highly fractured Tertiary-age volca-
nic rocks crop out (Hurlow, 2002, pl. 1). These rocks
probably continue beneath the unconsolidated basin fill
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Figure 6.  Areas of estimated subsurface inflow from adjacent consolidated rock to the unconsolidated basin fill, Cedar Valley, Iron County, Utah.
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Average annual precipitation and recharge for contributing areas, Cedar Valley, Iron County, Utah

[Recharge, log Recharge = -1.74 +1.10 x log (Precipitationprecipitation > 8 inches per year)> Harrill and Prudic, 1998, p. A25]

Contributing area’ Area Precipitation Recharge
(acres) (acre-feet per year) (acre-feet per year, rounded)
Red Hills 13,520 13,090 600
Jackrabbit and Steer Hollow 47,570 53,900 2,900
Three Peaks and Iron Springs 4,480 4,850 200
Swett Hills 9,490 13,290 600
Harmony 14,460 24,260 1,200
Kanarra 7,490 14,320 700
Shirts 9,230 17,860 900
Cross Hollow Hills 16,070 24,620 1,200
Cedar 2,030 2,080 100
Fiddlers and Enoch 23,910 29,120 1,500
Total (rounded) 148,000 197,000 9,900

"Does not include the Coal Creek area shown in figure 6.

without disruption by faults and with a more gently
sloping contact between consolidated rock and
unconsolidated basin fill (Hurlow, 2002, p. 39). Similar
geologic conditions exist in the Swett Hills and The
Three Peaks along the western margin of the basin.
Precipitation is less because of lower altitudes than in the
Harmony Mountains, and estimated recharge to the
unconsolidated basin fill is markedly less. This is
substantiated by the lack of a hydraulic gradient from
these mountain blocks toward the center of the basin as
discussed in the “Movement” section of this report.

Subsurface inflow from adjacent areas and beneath
Coal Creek is difficult to estimate because data are
sparse. Subsurface inflow may occur near Enoch where
ground water might exit Parowan Valley, located to the
northeast; beneath Coal Creek where it enters the basin;
and along the southern boundary.

Subsurface inflow can be estimated by using
Darcy’s Law as defined by the equation:

0=KIA (3)
where:

Q = volumetric ground-water flow (L3/T ,
where L represents units of length and T rep-
resents units of time),

K = hydraulic conductivity (L/T),

I = hydraulic gradient (dimensionless), and

A = cross-sectional area of porous medium

(L.

In the area near Enoch, Thomas and Taylor (1946,
p. 169-170) estimated that 5,000 acre-ft/yr enters Cedar
Valley from Parowan Valley based on the estimated 3,000
acre-ft/yr of discharge from springs in the area northwest
of Enoch. Sandberg (1966, p. 17) used Darcy’s Law to
estimate 1,000 acre-ft/yr of subsurface inflow from
Parowan Valley through unconsolidated basin fill. In
addition, Sandberg (1966, p. 17) reported diminished
spring discharge near Enoch of 2,000 acre-ft/yr. It is pos-
sible that all of the spring discharge is derived from
inflow from Parowan Valley, and the inflow is closer to
2,000 acre-ft/yr than 1,000 acre-ft/yr. On the basis of
these estimates, subsurface inflow from Parowan Valley
prior to large-scale ground-water development is esti-
mated to range from 2,000 to 5,000 acre-ft/yr.

Bjorklund and others (1978, p. 45) reported that
subsurface inflow from Parowan Valley into Cedar Valley
was negligible. They suggested that the Red Hills, which
separate the two basins, act as an effective barrier to flow.
Evaporation from Little Salt Lake in Parowan Valley, an
area of natural discharge, accounts for all excess water
available for discharge. They suggested that a small
amount of subsurface flow, however, may occur through
Parowan Gap, the natural drainage for Little Salt Lake.
The direction of ground-water flow that is shown on the
potentiometric-surface map for March 1974 in Bjorklund
and others (1978, pl. 5) indicates the possibility of some
ground-water flow through the Red Hills. Since the study
of Bjorklund and others (1978), sparse water-level data
have been collected in this area as part of the USGS
annual ground-water monitoring network. These data
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indicate that the ground-water flow direction in the area
east of the Red Hills may be to the southwest toward
Enoch.

Although spring discharge in the area north of
Enoch has ceased, more water is needed than what can be
provided by local recharge to meet present ground-water
withdrawal. As indicated in table 3, an estimated 2,100
acre-ft/yr of recharge is derived from the Red Hills, Fid-
dlers, and Enoch areas. This is substantially less than the
estimated 4,600 acre-ft of water that was withdrawn by
wells during 2000 along the basin margin adjacent to
these areas. Based on this difference between recharge
and ground-water withdrawal in this area, a minimum of
2,500 acre-ft/yr subsurface inflow could be derived from
the area east of Enoch and the Red Hills. Water levels in
this area, however, generally declined about 15 ft from
1989 to 2001, as indicated by water levels in wells (C-34-
11)36dcc-2 and (C-35-10)7abc-1 (Howells and others,
2002, table 2). The water level in well (C-34-11)36dcc-2
declined about 35 ft from 1955 to 2001. The declining
water levels indicate that the discharge exceeds recharge
and that flow from Parowan Valley and consolidated rock
is less than ground-water withdrawal in this area.

Some subsurface inflow probably occurs through
the unconsolidated material beneath Coal Creek where it
enters the basin in Cedar City. The ground-water hydrau-
lic gradient is assumed to be equal to the stream gradient
(50 ft/mi), the saturated thickness of unconsolidated
material is assumed to equal 20 ft, the canyon width at its
mouth is 660 ft, and hydraulic conductivity of the uncon-
solidated material is estimated to be 10 ft/d. Through the
use of Darcy’s Law (eq. 3), subsurface inflow beneath
Coal Creek is estimated to be only 50 acre-ft/yr. Unless
the saturated thickness and hydraulic conductivity are
considerably larger, subsurface inflow beneath Coal
Creek is negligible.

Ground-water conditions along the southern
boundary have changed since the previous study because
of increased withdrawals. Bjorklund and others (1978, p.
45 and pl. 5) reported that the ground-water divide was
slightly north of the surface-water divide (study-area
boundary) and, therefore, no subsurface inflow occurred.
Water-level data collected during this study, although
sparse, indicate that the ground-water divide is south of
the study-area boundary. Because of the more recent con-
ditions, some ground-water inflow may have been
induced. Through the use of Darcy’s Law (eq. 3), esti-
mated subsurface inflow is about 500 acre-ft/yr. This esti-
mate assumes a cross-sectional length of 2 mi and a
saturated thickness of 450 ft as indicated by thickness
contours of unit A reported by Hurlow (2002, fig. 10B).

The sparse water-level data indicate a hydraulic gradient
of 10 ft over a distance of 1.5 mi, which equals 0.0013,
with an average hydraulic conductivity of 10 ft/d. The
estimated subsurface inflow of 500 acre-ft/yr should be
considered a maximum value because sources of
recharge are few and because of uncertainties in esti-
mated values used in the calculation.

Discharge

Present discharge from the ground-water system in
Cedar Valley is primarily by ground-water withdrawal for
irrigation and municipal uses. Other components of dis-
charge include evapotranspiration, and to a lesser degree,
subsurface outflow and spring discharge (table 2). Prior
to large-scale ground-water development, natural dis-
charge by evapotranspiration and from springs was much
greater. Most of the withdrawal occurs south of Enoch; a
small amount occurs between Enoch and Rush Lake.

Wells

The ground-water withdrawal data are derived
from several sources. Early estimates of ground-water
withdrawal for irrigation generally were made for only
the central part of the basin. Estimates of irrigation
ground-water withdrawal for each well were made by the
Utah State Engineer for 1938-40 and reported by Thomas
and Taylor (1946, p. 129-133). No estimates were made
for 1941-44 because of incomplete data (Thomas and
others, 1952, p. 27). Estimates for 1945-52 at each irriga-
tion well are reported by Thomas and others (1952, table
1), and for 1953 are reported by Waite and others (1954,
table 7). Sandberg (1962, table 3) reported irrigation
ground-water withdrawals during 1954-60 and, begin-
ning in 1956, estimates included irrigation wells through-
out the valley. Since the early 1960s, most of the annual
estimates of irrigation ground-water withdrawal have
been made by Cedar Valley water commissioners and
reported to the Utah Division of Water Rights. Except for
a few years, these reported estimates have been used in
the annual ground-water conditions reports produced by
the USGS in cooperation with the Utah Division of Water
Resources and Utah Division of Water Rights. During the
data-collection phase of the study completed by Bjork-
land and others (1978) and in recent years (1997-2001),
estimates reported in the annual ground-water conditions
reports for irrigation ground-water withdrawals have
been made by the USGS. Data estimating ground water
used for residential and industrial purposes have been



obtained from the municipality or private water company
and, since 1979, these data have been reported to the
Utah Division of Water Rights.

Ground water withdrawn from wells historically
has been used for irrigation and stock watering. Munici-
pal water primarily was derived from springs discharging
from consolidated rocks in the mountains and a lesser
amount from wells. Since estimates of ground-water
withdrawal were first made in the 1930s, increases in
ground-water development were gradual until the early
1960s (fig. 7). Prior to the 1960s, most of the ground
water withdrawn was used to irrigate cropland where no
surface water was available or to augment applied surface
water after the snowmelt runoff had subsided in Coal
Creek. Average ground-water withdrawal for 1938-49
was 13,200 acre-ft/yr. In the early 1960s, ground-water
withdrawals began to increase because of expansion of
irrigated lands beyond the surface-water distribution
system and decreased reliance on surface water for exist-
ing irrigated lands. Ground-water withdrawal for irriga-
tion increased from about 21,000 acre-ft in 1963 to a
maximum of almost 40,000 acre-ft in 1975. From 1983
through 1988, ground-water withdrawal for irrigation
declined to values similar to those prior to the early
1960s. This decline was the result of unusually high
streamflow in Coal Creek (fig. 3), which supplied an
abundance of irrigation water and caused flooding of
some irrigated lands. Ground-water withdrawal in 2000
was estimated to be 36,000 acre-ft, almost three times
more than the amount representative of the period prior to
large-scale ground-water development.

Ground-water withdrawal for public supply did not
begin to substantially increase until the early 1970s with
the largest increases occurring in the 1990s (fig. 7). The
latter increases are primarily the result of a rapidly
increasing population with its associated residential
development. Much of the increased municipal water use
is caused by increased summer lawn watering. To meet
this increased demand, the municipalities of Cedar City
and Enoch have had to rely on acquiring existing large
production wells and, more recently, drilling new wells.
Because of poor ground-water quality within the vicinity
of Cedar City, beginning in the 1960s the city has devel-
oped a well field west of Quichapa Lake and additional
wells to the north of Cedar City. Similarly, Enoch has
acquired large production wells within its limits and
recently (1999) has drilled an additional well in order to
meet demands.
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Evapotranspiration

Ground-water discharge by evapotranspiration may
occur as transpiration by plants with roots that tap the
shallow water table or by evaporation from playas or dry
lakebeds where the water table is close to land surface.
Thomas and Taylor (1946, p. 103-106) estimated 3,200
acre-ft of transpiration from plants and 1,000 acre-ft of
evaporation from playa surfaces. Bjorklund and others
(1978, p. 43-44) reported similar estimates with 1,600
acre-ft of plant transpiration and not more than 500 acre-
ft of evaporation. Both estimates for plant transpiration
appear to be low considering the probable maximum
areal extent for phreatophyte vegetation (Bjorklund and
others, 1978, pl. 7) and the close proximity of the shallow
water table during the study by Thomas and Taylor
(1946). In some areas, Thomas and Taylor (1946, p. 104)
reported that water levels were higher in the decades
prior to the 1930s with water filling into newly dug post
holes. Generally, evapotranspiration was reported to have
occurred where the depth to water was less than 10 ft.
Other studies in adjacent valleys suggest that evapotrans-
piration can occur where roots of phreatophyte vegetation
penetrate to depths of 20-30 ft. White (1932, p. 92-93)
reported that greasewood, the only important phreato-
phyte in the Beryl-Enterprise area, grew where the depth
to water ranged from 7 to 30 ft. Mason (1998, p. G16)
used an extinction depth for evapotranspiration of 30 ft in
ground-water model simulations in the Milford area
because this depth to water corresponds to the areal
extent of phreatopytes mapped by Mower and Cordova
(1974, pl. 3).

A revised estimate was made for evapotrans-pira-
tion during 1938-40, the period studied by Thomas and
Taylor (1946). Where the depth to water was less than 15
ft within the probable maximum areal extent of phreato-
phyte vegetation delineated by Bjorklund and others
(1978, pl. 7), evapotranspiration is assumed to occur.
The rate of evapotranspiration for phreatophyte vegeta-
tion within these areas is assumed to be 0.5 ft/yr.

This assumed rate was extrapolated from a linear
plot developed by Nichols (2000, fig. A7) for areas in the
Great Basin where evapotranspiration rate is correlated to
depth of ground water. Because streamflow in Coal
Creek was below the long-term average for 2 years
during 1938-40, ground-water levels in the area affected
by surface-water recharge were lower. The assumed
evapotranspiration rate may be lower than what would be
representative of long-term average streamflow and
recharge. The assumed rate of 0.5 ft/yr was multiplied by
41,600 acres in the two delineated areas to obtain 20,800
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Figure 7.  Ground-water withdrawal in Cedar Valley, Iron County, Utah.
(Modified from Burden and others, 2002, fig. 25.)

acre-ft/yr. The estimate for evaporation from playa sur-
faces is assumed to be the same as the 1,000 acre-ft/yr
reported by Thomas and Taylor (1946, p. 103-106) and,
therefore, evapotranspiration was estimated to be about
22,000 acre-ft/yr during 1938-49.

This estimate of 1938-49 evapotranspiration also
yields a more acceptable ground-water budget (table 2).
Steady water levels during that period (Burden and oth-
ers, 2002, fig. 25) indicate that recharge approximately
equals discharge. With previous estimates of evapotrans-
piration, discharge and recharge in 1938-49 would be
only 21,000 acre-ft/yr. If this were an accurate account of
recharge, it is unlikely that withdrawals could have
increased to 36,000 acre-ft/yr without causing more sub-
stantial water-level declines than have occurred.

Evapotranspiration for the year 2000 was estimated
to be about 3,000 acre-ft, which is considerably less than
the revised estimate for 1938-49. This estimate is based
on the total area of riparian and phreatophyte vegetation
in 2000 and the same evapotranspiration rate (0.5 ft/yr).
Evaporation from playa surfaces is assumed to be less
than that previously reported. The large decline in evapo-
transpiration is a result of decreased area of riparian and
phreatophyte vegetation because of declining ground-
water levels, which are a result of increased withdrawals.

Springs and Subsurface Outflow

Ground-water discharge by springs from unconsol-
idated basin fill within Cedar Valley has declined dramat-
ically with increased ground-water withdrawals. Thomas
and Taylor (1946, p. 103), reported discharge from
springs to be about 4,260 acre-ft/yr, with 3,900 acre-ft/yr
in the area near Enoch and about 360 acre-ft/yr at Iron

1965
1970
1975
1980
1985
1990
1995
2000
2005

Springs in Iron Springs Gap where ground-water flow
might be constricted by Cretaceous-age strata. Bjorklund
and others (1978, p. 41-42) reported that spring discharge
near Enoch was non-existent as a result of declining
ground-water levels and that total discharge by springs
and seeps from the unconsolidated basin fill was esti-
mated to be less than 500 acre-ft/yr. Virtually all of this
estimated discharge occurred at Iron Springs in Iron
Springs Gap as it exits Cedar Valley and at two springs
near Kanarraville, outside the study area. For the year
2000, ground-water discharge by springs from unconsoli-
dated basin fill was negligible.

Subsurface outflow from Cedar Valley is consid-
ered to be small. In previous studies, subsurface outflow
was confined to the unconsolidated basin fill in the
narrow outlets of Iron Springs Gap and Mud Springs
Canyon. Estimates of subsurface outflow were made by
multiplying the hydraulic gradient, cross-sectional area,
and assumed permeability of the unconsolidated basin
fill. Thomas and Taylor (1946, p. 103-104) estimated that
about 75 acre-ft/yr exited Iron Springs Gap in addition to
discharge at Iron Springs and 20 acre-ft/yr that exited at
Mud Springs Canyon. Bjorklund and others (1978, p. 45)
did not revise these estimates.

Estimates of subsurface outflow through Iron
Springs Gap and in the vicinity of Mud Springs Canyon
have been modified as a result of new ground-water-level
data collected during this study. The configuration of the
potentiometric surface for March 2000 (fig. 5) indicates
that water levels in the vicinity of Iron Springs Gap are
about 25 ft lower than those reported by Thomas and
Taylor (1946, pl. 13). The lack of discharge to Iron
Springs is probably the result of these lowered ground-
water levels. The combined natural discharge through



Iron Springs Gap of about 435 acre-ft/yr reported by
Thomas and Taylor (1946, p. 103-104) is now probably
less than 100 acre-ft/yr. Subsurface data and hydraulic
properties are not sufficient to further revise this estimate.
Subsurface outflow in the vicinity of Mud Springs Can-
yon, however, is probably much larger than previously
estimated. Potentiometric contours, based on sparse data
from new domestic wells, indicate that subsurface
ground-water outflow may extend as much as 8 mi south
of Mud Springs Canyon. If potentiometric contours were
extended from the area with known data, the hydraulic
gradient would be steep, which is indicative of material
with low transmissivity. The thickness of unconsolidated
basin fill in this area may range from less than 250 to 500
ft (Hurlow, 2002, fig. 10). Because water levels are more
than 200 ft below land surface, the saturated thickness
probably is small. For these reasons, subsurface outflow
in this area is considered to be about 1,000 acre-ft. More
hydrogeologic data in this area are needed to refine this
estimate.

Trends in Water-Level Fluctuations

Water-level fluctuations in wells completed in the
unconsolidated basin fill in Cedar Valley, whether on a
seasonal or a multi-year timescale, are the result of
imbalances in recharge and discharge. Water-level rises
occur when and where recharge is greater than discharge.
Conversely, water-level declines occur if discharge is
greater than recharge. The magnitude of water-level fluc-
tuation depends upon aquifer properties and the location
of the completed zone of a well, both horizontally and
vertically, with respect to where most of the water is
withdrawn and to source(s) of recharge. Wells located
away from areas of large ground-water withdrawal or pri-
mary sources of recharge show minimal water-level fluc-
tuations. Wells completed in areas with large withdrawals
and at similar depths as withdrawal wells show large
water-level fluctuations.

During this study water levels were measured
twice each year for 2 years in about 150 wells (Howells
and others, 2002, table 2). Water levels were measured in
November after ground-water withdrawals for irrigation
had ceased and in March prior to the new irrigation sea-
son. Water levels were measured in some wells more fre-
quently and for a longer period. A continuous water-level
recorder was in operation from April 1978 to July 1988
and from November 1998 to March 2001 for well (C-36-
11)8aab-1, in which water levels were first measured in
1935 (fig. 8).
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Seasonal water-level fluctuations in wells are the
result of changes in recharge and discharge, primarily
ground-water withdrawal for irrigation during May
through September followed by recovery and recharge
during October through April. This trend can be seen in
figure 8 where water levels are still rising when ground-
water withdrawals resume in May. The extent of recovery
from the previous irrigation season, therefore, cannot be
measured because much of the response to recharge from
seepage of water from Coal Creek is still occurring. Sea-
sonal water-level fluctuations in wells at some distance
from areas of large ground-water withdrawals and
recharge are minimal, generally less than 1 ft. Most of
these wells are located in the northern part of the basin
and in some cases, along the basin margin.

Long-term trends for water levels in wells, depend-
ing on location, are the result of cumulative effects of
precipitation and ground-water withdrawals. The approx-
imate areas where each of these cumulative effects pre-
dominate are shown in figure 9. Hydrographs for wells
that show water-level fluctuations typical for each of
these areas are shown in figure 10.

For most of the historic data, water levels in wells
that are located in the area west and north of Cedar City
have tended to fluctuate with annual changes in precipita-
tion, especially snowpack in the Coal Creek drainage
basin. When flow in Coal Creek is much greater than the
long-term average of 24,200 acre-ft (Burden and others,
2002, fig. 25), water levels rise because more water is
available for recharge by seepage from ditches and
stream channels and from irrigation (wells 1, 2, and 3 in
fig. 10). Also, during years of greater-than-average
streamflow, less ground water is withdrawn for irrigation.
Conversely, water levels in wells decline when snowpack
and streamflow are less than average. Because of the
decreased streamflow, less recharge from streams and
irrigation occurs and more ground water is withdrawn to
meet agricultural demand. Water levels in wells in this
area steadily declined during the 1950s and early 1960s
as a result of less-than-normal precipitation and stream-
flow (figs. 8 and 10). During the mid-1980s, greater-than-
normal precipitation and record flow in Coal Creek
resulted in rises such that water levels in many wells
recovered to levels similar to or higher than those prior to
large-scale ground-water development. Since the greater-
than-normal precipitation during 1978-88, water levels
have declined. Water levels in March 2002 were typically
about the same as in the early 1960s and 1978. Water
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Figure 8.

levels in well 3 declined during the 1990s, despite near-
normal flow in Coal Creek. It is likely that discharge is
exceeding recharge in this area during normal climatic
conditions.

In the area southwest of Cedar City, water levels
fluctuate in response to precipitation and streamflow but
are more affected by increased withdrawal than in the
area north of Cedar City. Less recharge from irrigation
with water from Coal Creek occurs in this area, and the
local recharge area receives less precipitation than the
Coal Creek drainage basin. Water levels declined in
response to the less-than-normal precipitation during the
1950s and early 1960s (wells 4, 5, and 6, fig. 10) and
continued to decline in some wells until 1979 (wells 4
and 5). Water levels rose during the 1980s but did not
recover to historic highs. This indicates that more water
had been withdrawn from the system from the early
1950s to 1979 than was recharged during 11 years of
greater-than-normal precipitation and streamflow. Water
levels declined steadily and dramatically from 1989 to
2002, with typical declines of 25 to 35 ft (wells 4, 5, 6,

Relation of water levels in well (C-36-11)8aab-1 to cumulative departure from the average annual precipitation, Cedar Valley, Iron County, Utah.

and 7). Discharge is exceeding recharge in this area and
water levels will likely decline until the widening cone of
depression captures recharge from other areas.

In the area north of Enoch to Rush Lake, water levels
respond little to changes in precipitation and streamflow,
and decline during periods of greater-than-normal
withdrawals. During 1962-82, water levels declined 1 to
15 ft (wells 8, 9, 10, and 11, fig. 10), mostly in response
to increased withdrawal during the late 1960s and 1970s.
Most of the withdrawal occurs south of this area but
possibly captures water that previously flowed north to
this area. Water-level rises during the 1980s were slight,
indicating a lack of increased local recharge despite 11
years of greater-than-normal precipitation. Water levels
appear to have stabilized in the northern part of the area
(wells 8, 9, and 10) from the mid-1980s to 2002. It is
possible that the decreased evapotranspiration in this area
is balancing the 1990s withdrawal rates. Near Enoch,
however, water levels declined about 20 ft from 1988 to
2002, indicating that withdrawal exceeded recharge in
that area. In much of the area north of Enoch, water levels
were at or near historic low levels during March 2002.
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Figure 10.  Relation of water levels in selected wells to cumulative departure from the average annual flow in Coal Creek, Cedar Valley, Iron County, Utah.
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Residual and Uncertainty

Although recharge appears to equal or exceed dis-
charge in the basin-wide water budget (table 2), contin-
ued declining water levels for the area where large
amounts of ground water are withdrawn (fig. 10) indicate
that recharge is not sufficient to meet demand. If recharge
in the northern part of the basin is subtracted from total
recharge in the 2000 water budget, then recharge in the
southern part of the basin ranges from 36,000 to 38,000
acre-ft. Because water levels continue to decline, actual
recharge in the southern part of the basin is probably less
than the 36,000 acre-ft/yr withdrawn from wells.

Uncertainties in estimates of water-budget compo-
nents result in uncertainties in the overall balance of both
water budgets. Estimates of evapotranspiration for both
water budgets have large uncertainties. The estimate for
the predevelopment evapotranspiration was based only
on the interpreted ground-water levels reported in
Thomas and Taylor (1946) and the maximum extent of
phreatophyte vegetation reported in Bjorklund and others
(1978, pl. 7). No description for type of phreatopyhte

1965 1970 1975 1980 1985 1990 1995 2000 2005

Relation of water levels in selected wells to cumulative departure from the average annual flow in Coal Creek, Cedar Valley, Iron County,

vegetation and density is provided in either report. If the
amount of predevelopment evapotranspiration was closer
to the 3,200 acre-ft estimated by Thomas and Taylor
(1946, p. 103-106), recharge would have to be much
smaller to balance discharge for the predevelopment
ground-water budget. Consequently, recharge would be
insufficient to supply ground-water withdrawal in 2000.
It is possible that recharge is less than estimated. New
methods that account for monthly precipitation, vegeta-
tion cover, and soil moisture often estimate less recharge
than Maxey-Eakin methods in areas with thick soil pro-
files (Hevesi and others, 2002, p. 24).

If additional data were to indicate that ground
water in the shallow zones is isolated from the deeper
production zones throughout much of the southern part of
the basin as discussed previously in the “Movement” sec-
tion of this report, then evapotranspiration would be more
than estimated in both water budgets. More importantly,
recharge in the 2000 ground-water budget would be less
than discharge, which would result in declining ground-
water levels.



Water Quality and its Implications for
Ground-Water Flow

Ground water is suitable for domestic use through-
out most of the basin, but unsuitable along the eastern
margin between Cedar City and Enoch, where elevated
dissolved-solids and nitrate concentrations are present in
water from several wells. Water managers need to know
whether the quality of ground water has changed over
time and whether possible future ground-water develop-
ment would result in enlarging the area of water that is
unsuitable for domestic use. To obtain a better under-
standing of water quality in Cedar Valley, water samples
were collected from wells and surface-water sites for
chemical analysis. Analyses included major and some
minor chemical constituents, isotopes, and age-dating
techniques. Chemical concentrations from these analyses
were compared to historic data to assess long-term
changes. Isotopes were used to examine probable water
and chemical sources. Ground-water ages were deter-
mined to help understand ground-water flow paths and
hydrologic processes.

Water-quality data from 1939 are reported in
Thomas and Taylor (1946, p. 107-108). These data par-
tially describe the ground-water quality in the unconsoli-
dated basin fill of Cedar Valley because only bicarbonate
(HCO3), sulfate (SO,), chloride (Cl), nitrate (NO3), and
total hardness are listed. Although not reported, concen-
trations of other chemical constituents, such as calcium
(Ca), magnesium (Mg), potassium (K) and sodium (Na),
must have been determined for some samples because
water types are mentioned (Thomas and Taylor, 1946, p.
109). Analyses from a small number of samples collected
from wells during 1959-62 are reported by Sandberg
(1963, table 4, and 1966, table 3). Chemical analyses of
water collected from 43 wells and 4 springs, mostly
during 1972-74, were reported by Bjorklund and others
(1977, table 5). During this study, water was collected
from 44 wells and 3 surface-water sites and the concen-
trations of major and minor ions are reported by Howells
and others (2002, table 4). Location of the sampling sites
is shown in figure 11. Map identifier, local identifier, and
type of chemical analyses performed for each sampling
site are presented in table 4.

Major-lon Chemistry

Surface water in Cedar Valley is suitable for the
intended use of irrigation and livestock watering. Addi-
tional chemical analyses would be required to evaluate
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whether surface water in the study area is suitable for
public supply. Specific-conductance values in Coal
Creek, which are proportional to dissolved-solids con-
centrations, are generally less than 1,000 uS/cm. Specific
conductance is a measure of the ability for water to con-
duct an electrical current. The proportionality constant
that relates specific conductance to dissolved-solids con-
centration generally ranges from 0.55 to 0.75. The varia-
tion depends upon the relative amount of doubly charged
ions but is generally consistent within an area or aquifer
(Hem, 1985, p. 67). Specific conductance, as measured in
Coal Creek at USGS streamflow-gaging station
10242000 during 1967-91, varies with streamflow. This
variation, however, is small relative to the variation in
streamflow (fig. 12). Higher specific-conductance values
generally coincide with low streamflow.

Three outlying specific-conductance values of
about 1,500 pS/cm occurred during August and Septem-
ber 1967. Chemical analyses of these samples indicate
that sulfate concentrations are about 10 times higher than
sulfate concentrations in samples collected during this
study. Calcium concentrations are about five times higher
than those obtained during this study. Sodium and ClI
concentrations were three to eight times higher than in
recent samples. Although no alkalinity or HCO5 values
were reported for the samples collected in 1967, these
data indicate that dissolution of evaporite minerals were
contributing to the higher dissolved-solids concentration
during a short period of time. This increase may have
resulted from runoff in a part of the watershed where
exposed evaporite deposits are more prevalent, or a debris
flow may have deposited evaporite material in the stream
channel.

Surface-water samples were collected during this
study for chemical analysis from three sites along the
eastern margin of the basin. Samples were collected on
three occasions at USGS streamflow-gaging station
10242000 on Coal Creek just upstream from Cedar City.
Surface water was collected from two additional sites,
one from perennial streamflow in Shirts Creek (miscella-
neous site (C-36-11)31bda) and from the ephemeral
drainage from Fiddlers Canyon (miscellaneous site (C-
35-11)36bac) after a rainstorm. Water types for surface
water from the three sites are variations of four constitu-
ents, Ca, Mg, HCOj3, and SO,4. Water in Coal Creek is a
Ca-Mg-HCOj type (fig. 13); in Shirts Creek, the water
type is Ca-HCO3-SOy; and in the ephemeral flow in Fid-
dlers Canyon, the water type is Ca-Mg-SO4-HCO;.
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Location of sites sampled for chemical analysis, Cedar Valley, Iron County, Utah.



Table 4. Map and local identifier and chemical analyses done
for water from each sampling site, Cedar Valley, Iron County, Utah

[Analysis type: C, major and minor ion chemistry (Howells and others, 2002,

table 4); I, deuterium and oxygen-18 isotopes in table 5; N, nitrogen-15 isotope
in table 8; CFC, chlorofluorocarbon recharge dates in table 6; H, tritium /heli-
um-3 age dates and dissolved gases in table 7; USGS, U.S. Geological Survey]

. Ma_p_ . Loca_l Analysis type
identifier identlfier
1 (C-33-10)31ada-1 C,IN
2 (C-33-11)31aad-1 C
3 (C-34-11)14aad-2 C
4 (C-34-11)21dcd-1 C
5 (C-34-11)36dcc-3 C
6 (C-35-10)18abc-1 C,CFC
7 (C-35-11)11cce-1 C,IN
8 (C-35-11)12add-1 C
9 (C-35-11)12ccc-2 C,JIN
10 (C-35-11)14bca-1 C,IN
11 (C-35-11)14bac-2 CH,I
12 (C-35-11)16aab-1 C,IN
13 (C-35-11)19dbb-1 C
14 (C-35-11)25bce-1 CH,IN
15 (C-35-11)26acd-1 C,CFC,IN
16 (C-35-11)27dbb-1 C,IN
17 (C-35-11)28aac-2 C,CFC,IN
18 (C-35-11)29add-1 C,IN
19 (C-35-11)29dbd-2 Cl
20 (C-35-11)30caa-1 C
21 (C-35-11)31dbd-1 C
22 (C-35-11)33abd-1 C,IN
23 (C-35-11)33ccd-1 C,IN
24 (C-35-11)34dbb-1 C,IN
25 (C-35-12)26bca-1 C
26 (C-35-12)36caa-1 C
27 (C-35-12)36caa-2 CH,I
28 (C-35-12)36ddd-1 ClI
29 (C-36-11) 5aca-1 C,CFC,IN
30 (C-36-11) 5dab-1 Cl
31 (C-36-11) 7aaa-2 C,ILN
32 (C-36-11) 7cab-1 C
33 (C-36-11)11bac-1 C,IN
34 (C-36-11)18bdd-1 C
35 (C-36-11)31abc-1 C,IN
36 (C-36-12) 2dbc-1 C
37 (C-36-12) 3aad-2 C
38 (C-36-12) 9aac-1 C
39 (C-36-12)12dba-1 C
40 (C-36-12)36adb-1 C
41 (C-37-12) 5acc-2 C
42 (C-37-12)9acc-1 C
43 (C-37-12)11dac-1 C
44 (C-37-12)23abd-1 C
45 (C-35-11)36bac C
46 USGS streamflow-gaging station 10242000 Cl
47 (C-36-11)31bda C
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Chemical quality and water type of ground water
varies throughout Cedar Valley. The spatial distribution
of dissolved solids (fig. 14), indicates that high dissolved-
solids concentrations in water collected from wells
located on the alluvial fan near Cedar City make it
unsuitable for domestic use. Low dissolved-solids con-
centrations occur in water collected from wells located in
the western part of the basin and near Enoch. Because
high dissolved-solids concentrations in ground water near
Cedar City make it unsuitable for domestic use, water for
public supply is obtained from wells west of Quichapa
Lake and north of the city toward Enoch. The dissolved-
solids concentration decreases toward the distal end of
the alluvial fan probably as a result of dilution through
recharge from seepage of applied irrigation water or
seepage directly from Coal Creek.

Water type generally coincides with the dissolved-
solids concentration in ground water. The water type for
water collected from selected wells in Cedar Valley is
shown in figure 15. A spatial distribution of water types
is reported in Bjorklund and others (1978, pl. 8). The
concentration of chemical constituents in water and, con-
sequently, the water type, is determined by the mineral
composition of the porous medium, whether it is consoli-
dated rock or unconsolidated basin fill derived from ero-
sion of consolidated rock.

Ground water with a high dissolved-solids concen-
tration, which occurs along the eastern margin of the
basin, can be a Ca-SO4, Ca-Mg-HCO5-SO,, or Ca-Mg-
SO4-HCO; water type. The predominant ions of Ca and
SO, are likely derived by the dissolution of the mineral
gypsum (CaSO,42H,0), which is prevalent in some of
the Mesozoic-age sedimentary rocks that compose the
Markagunt Plateau to the east. In addition, Ca, along with
Mg and HCO3, are derived from Mesozoic-age carbonate
rocks.

Predominant ions in ground water for the area west
of Quichapa Lake are Ca and HCO5 (Bjorklund and oth-
ers, 1978, p. 49, pl. 8). Samples collected during this
study from a small number of wells west of Quichapa
Lake have similar major-ion concentrations. The adjacent
Harmony Mountains, which are the primary source of
unconsolidated basin fill in this area, are comprised of
fractured Tertiary-age volcanic rocks. Unlike the Meso-
zoic-age sedimentary rocks of the Markagunt Plateau,
these volcanic rocks are less susceptible to weathering
and dissolution processes. As a result, ground water in
this area typically has a dissolved-solids concentration of
less than 500 mg/L.
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Iron County, Utah.

Samples collected from the northernmost wells in
the study area have prominent Na and Cl components not
present at other locations. Bjorklund and others (1978, p.
49) suggested that water in shallow playa deposits
beneath Quichapa and Rush Lakes has a high dissolved-
solids concentration consisting mostly of Na and Cl.
They also suggested that when surrounding ground-water
levels are below the playa deposits, any seepage through
these deposits would transport Na and CI downward into
the ground-water system. No shallow wells exist in the
area of Quichapa and Rush Lakes from which samples
can be collected. Another possible explanation for the
high Na and CI concentrations in water from wells in the
northern part of the study area is discussed in the follow-
ing “Isotope chemistry” section of this report.

Because of elevated dissolved-solids and nitrate
concentrations in water from some wells along the east-
ern margin of the basin, water managers are concerned
that this poorer-quality water may have or will in the
future migrate westward along ground-water flow paths.
Data collected during this study were compared to his-
toric data to determine if any trends were evident. Other

Relation of streamflow to specific conductance in Coal Creek at U.S. Geological Survey streamflow-gaging station 10242000, near Cedar City,

than minor differences in chemical concentrations, there
is no evidence to indicate any deterioration in ground-
water quality. These minor variations probably were the
result of different pumping levels when samples were
collected. Distinct strata within the principal aquifer may
have different chemical concentrations. For instance, if
the strata containing higher chemical concentrations are
located toward the bottom of the well, then the poor-qual-
ity water will contribute a greater percentage to the water
withdrawn from the well when the water level is low.

Ground-water flow transports dissolved solids
from the area of higher dissolved-solids concentration
near Cedar City westward through the alluvial fan toward
the center of the basin. Recharge on the distal part of the
alluvial fan by seepage from Coal Creek and applied irri-
gation water with lower dissolved-solids concentrations
probably dilutes the ground water thereby constraining
the area with poorer water quality. In addition, some irri-
gation wells located near the distal part of the alluvial fan
may be withdrawing some water with a high dissolved-
solids concentration.
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EXPLANATION

O U.S. Geological Survey streamflow-
gaging station 10242000

O (C-35-11)36bac (Fiddlers Canyon)

A (C-36-11)31bda (Shirts Creek)

CHLORIDE, FLUORIDE, NITRITE PLUS NITRATE

PERCENT

Figure 13.
Isotope Chemistry

Water samples from selected wells in Cedar Valley
were analyzed for the stable isotopes of hydrogen (’H),
oxygen (180), and nitrogen (15N) to obtain a better
understanding of the hydrologic processes in the ground-
water system and evaluate possible source(s) of dissolved
NO3. Results of I5N analyses are discussed in the
“Nitrate source determination” section of this report.
Stable isotopes are analyzed by measuring the ratio of the
heavier, less abundant isotope to the lighter, more
abundant isotope and are reported as differences to a
known standard. The reference to a heavier isotope
indicates that the additional neutrons in an isotope

Chemical composition of surface-water samples collected at selected sites in Cedar Valley, Iron County, Utah.

increase the mass or atomic weight of the element. The
isotope ratios are reported as delta (8) values expressed as
parts per thousand (permil or /). The & value for an
isotope ratio R is determined from the following
equation:

OR = (Rsampl/ Rstandard - 1) x 1000 (4)
where:
OR = J value for a specific isotope in the sam-
ple;
Ryumpie = theratio of the rare isotope to the common

isotope for a specific element in the sample;
and
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EXPLANATION
Identifier
Symbol Local identifier  (fig. 11)

(C-33-10)31ada-1 1 @B
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Chemical composition of water collected from selected wells, Cedar Valley, Iron County, Utah
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(C-36-11)5aca-1
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(C-36-11)11bac-1
(C-36-12)9aac-1
(C-36-12)36adb- 1
(C-37-12)5acc-2
(C-37-12)9acc-1
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Rtandara = theratio of the rare isotope to the common
isotope for the same element in the standard
reference material.

In the isotope ratio R, the rare isotope is isotopically
“heavier” than the common isotope. This is because the
atomic weight of the rare isotope is more than that for the
common isotope. A positive 0R value indicates that the
sample is enriched in the “heavy” isotope with respect to
the standard. Conversely, a negative SR value indicates
the sample is depleted in the heavy isotope with respect
to the standard and is, therefore, isotopically “light” as
compared to the standard.

Isotope fractionation is a change in value for 0R as
a result of partitioning of an isotope through physical,
chemical, and biological processes. Isotope partitioning
between reactant and product phases or chemical species
can occur through simple physical change in state,
reversible equilibrium reactions, irreversible kinetic reac-
tions, and molecular diffusion. The basis for isotope frac-
tionation is the difference in bond strength between light
and heavy isotopes for a given element. The heavy iso-
tope has a stronger bond and will require more energy
than the light isotope to dissociate in any of the processes
listed above. Therefore, constituents that contain the light
isotope will react more quickly. Because of the greater
bond strength, the heavy isotope constituents generally
are partitioned into the more condensed phase such as the
solid phase in water-rock reactions or in the aqueous
phase in vapor-liquid processes. For a more detailed dis-
cussion of this subject see Clark and Fritz (1997, p. 21-
33).

Isotope ratios of hydrogen (*H/'H) and oxygen
(180/160) were determined for 22 samples collected
from selected wells, 3 samples collected from Coal
Creek, and 10 precipitation samples. The ’H/'H isotope
ratios for these samples were determined by using a
hydrogen equilibrium technique described by Coplen and
others (1991) that measures ’H activity. The 180/160 iso-
tope ratios were determined by using a carbon dioxide
equilibrium technique described by Epstein and Mayeda
(1953). In the calculation of 5 values for 2H and "0 in
equation 4, the ratio is referenced to Vienna Standard
Mean Ocean Water (VSMOW). The §2H and 5'30 values
are listed in table 5.

The relation between 8%H and 8'30 values gener-
ally plots along a trend line known as the global meteoric
water line (fig. 16). This trend can be described by the
equation:

FH=8x6%0 +d (5)

where d is defined as the ZH excess (Dansgaard, 1964, p.
456). The mean global value for d in freshwater is 10
(Craig, 1961, p. 1702). On the basis of more recent global
data, Rozanski and others (1993) have revised the equa-
tion for the global meteoric water line slightly such that
the slope is 8.13 and the %H excess is 10.8. The value for
d may differ depending on global location. Generally, the
value for d in North America is 6 (Coplen, 1993, p. 235).
The values for §?°H and 8'80 determined for samples col-
lected during this study, however, generally plot along
the global meteoric water line with values of 8 for the
slope and 10 for d.

Only one ground-water sample, collected from
well (C-33-10)31ada-1 in the northern part of the basin,
deviates slightly from the global meteoric water line.
This sample is enriched in 180 relative to 2H, which
could indicate that water is enriched by evaporation
before it becomes recharge. This area receives less water
from high-altitude snowmelt than the area around Cedar
City and may be more dependent upon summer thunder-
showers for recharge. Summer precipitation is enriched
in 180 relative to 2H, probably by evaporation during pre-
cipitation. The valley in this area receives less precipita-
tion than areas farther south and the water is probably
more enriched by evapotranspiration as it moves through
the root zone than is recharge water farther south. It is
possible that the enrichment may indicate exchange of
oxygen in water and rocks at high temperature (Coplen
and others, 2000, p. 88) that could occur along basin-
bounding faults (Hurlow, 2002, fig. 10). Because the tem-
perature of this water is not substantially higher than that
of other samples (Howells and others, 2002, table 4),
however, a deep geothermal source is unlikely.

Three surface-water samples were collected from
Coal Creek at USGS streamflow-gaging station
10242000. Two samples were collected during the
summer and one sample was collected during the spring.
The 8°H and 8'30 values for these samples have little
seasonal variation and also generally coincide with
values derived from ground-water samples (fig. 16).

Ten samples were collected at a weather observa-
tion station in Cedar City to determine 8H and §'%0
values in precipitation on a reconnaissance basis. The
samples were evenly divided between winter and summer
months. Not all occurrences of precipitation were sam-
pled and, therefore, any correlation of isotopic values
with amount of precipitation would not be relevant. Con-
clusions drawn from these data should be considered



Table5.  §%H and 580 values in ground-water, surface-water, and
precipitation samples from selected sites, Cedar Valley, Iron County,
Utah

[52H, isotope ratio of hydrogen; 580, isotope ratio of oxygen; permil, parts per thou-
sand; USGS, U.S. Geological Survey]

. Loc_a'l Date SZH. 6180.
identifier (permil) (permil)
(C-33-10)31ada-1 06-12-2000 -110 -14.09
(C-35-11)11cce-1 07-25-2000 -107 -14.61
(C-35-11)12ccc-2 08-25-1999 -109 -14.84
(C-35-11)14bac-2 03-13-2001 -105 -14.36
(C-35-11)14bca-1 08-25-1999 -104 -14.35
(C-35-11)16aab-1 09-01-1999 -105 -14.42
(C-35-11)25bce-1 07-10-2001 -106 -14.39
(C-35-11)26acd-1 08-24-1999 -103 -14.08
(C-35-11)27dbb-1 08-31-1999 -100 -13.90
(C-35-11)28aac-2 08-26-1999 -102 -14.00
(C-35-11)29add-1 08-27-1999 -104 -14.18
(C-35-11)29dbd-2 07-27-2000 -104 -14.13
(C-35-11)33abd-1 08-25-1999 -102 -13.93
(C-35-11)33ccd-1 08-25-1999 -101 -14.02
(C-35-11)34dbb-1 09-01-1999 -98 -13.40
(C-35-12)36caa-2 03-14-2001 -102 -13.92
(C-35-12)36ddd-1 08-26-1999 -106 -14.72
(C-36-11) Saca-1 08-26-1999 -102 -13.99
(C-36-11) 5dab-1 09-01-1999 -101 -14.12
(C-36-11) 7aaa-2 09-01-1999 -103 -14.14
(C-36-11)11bac-1 08-26-1999 -103 -14.13
(C-36-11)31abe-1 07-28-2000 -104 -14.34
USGS streamflow-  07-27-1999 -102 -13.95
gaging station 03-16-2000 -108 -14.55
10242000 06-13-2000 -105 -14.08

Precipitation 05-17--2001 -105 -12.7

(Cedar City) 05-29-2001 -36 -3.8

06-26-2001 -33 -5.3

07-06-2001 -36 -1.4

07-10-2001 =27 -4.7

11-25-2001 -118 -14.7

12-04-2001 -90 -12.7

12-15-2001 -135 -18.2

12-30-2001 -152 -19.2

01-30-2002 -102 -15.7

Water Quality and its Implications for Ground-Water Flow 39

preliminary and any definitive conclusions would require
detailed sampling of all occurrences of precipitation
along with an understanding of amount and spatial
distribution.

Values for 8°H and 8'30 in winter precipitation are
more depleted (negative) than those in summer precipita-
tion (Coplen, 1993, p. 234). The 5°H and §'80 values for
winter samples cluster near those for ground water and
surface water or are located somewhat lower on the mete-
oric water line. These data indicate that streamflow in
Coal Creek and ground water in Cedar Valley are mostly
derived from winter precipitation. Except during summer
thunderstorms, most of the streamflow in Coal Creek is
derived from either snowmelt runoff or base flow.
Sources of base flow primarily include spring and sub-
surface discharge from consolidated rocks and a minor
amount from bank storage. Water that discharges from
consolidated rocks into Coal Creek is derived from
recharge as the snowpack melts. Water in Coal Creek that
is not consumed by evapotranspiration in Cedar Valley
eventually becomes recharge to the ground-water system.

The 8%H and &'30 values for summer samples,
however, clustered along the upper part of the meteoric
water line. Summer precipitation generally comes into
the area from the south and southwest with associated
warm temperatures, typical of monsoonal weather pat-
terns. One exception was a sample collected on May 17,
2001, in which the 8%H and 8'80 values were more repre-
sentative of winter precipitation. This storm could have
come from the northwest with colder associated tempera-
tures than those that are representative of summer precip-
itation. The two summer samples that deviate from the
meteoric water line are probably the result of evaporation
resulting from a delay in sample processing, or of evapo-
ration occurring during the rainfall.

Ground-Water Age Dating and Recharge Temperature

Ground-water age dating was used in an attempt to
better understand recharge processes and to help delin-
eate possible sources of NO5 in ground water. Samples
for age dating were collected from a small number of
wells that were sampled during this study for chemical
analysis. Because of the requirements for the age-dating
techniques used in this study, only a few wells were suit-
able to allow sampling without exposure to the atmo-
sphere. Of the wells sampled, many had long perforated
intervals and conclusions based on these data and pre-
sented below should be considered first approximations.
More detailed sampling is needed before ground-water
ages can be determined throughout the basin.
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Figure 16.  Relation between §%H and 8'80 values for ground-water, surface-water, and precipitation samples collected at selected sites, Cedar Valley,

Iron County, Utah.

Chlorofluorocarbons (CFCs) are stable volatile
organic compounds that are used as refrigerants, aerosol
propellants, cleaning agents, and solvents. CFC-12
(dichlorodifluoromethane) was first produced in 1931,
followed by CFC-11 (trichlorofluoromethane) in 1936
(Plummer and Busenberg, 2000, p. 441). Depending on
how they are used, CFCs can be released to the atmo-
sphere after 1 to more than 10 years (Plummer and
Busenberg, 2000, p. 441). Although CFCs are nonflam-
mable, nontoxic, and noncarcinogenic, they are one of
the principal contributors to the depletion of the ozone
layer (Plummer and Busenberg, 2000, p. 443). The use of
CFCs on a worldwide basis, therefore, is being phased
out.

By measuring the concentration of a particular
CFC in ground-water samples, it is possible to determine
an apparent date when the water entered the saturated
zone of an aquifer. This is possible because the atmo-
spheric mixing ratios for these CFCs are known for the
past 50 years and the Henry’s Law solubilities in water

are also known (Plummer and Busenberg, 2000, p. 442).
An apparent rather than an exact ground-water age is
determined because many factors can affect the CFC con-
centrations of a sample when recharge water enters the
saturated zone and during transport within the saturated
zone. The solubility of CFCs in recharge water as it
enters the saturated zone is dependent on the temperature
of the water, known as recharge temperature, and, to a
lesser degree, atmospheric pressure. These factors deter-
mine the initial CFC concentrations in ground water. If
the ground-water flow path from the point of recharge to
the sampling point is long, CFC concentrations may be
altered by microbial degradation, sorption, hydrodynamic
dispersion, and ground-water mixing. More detailed
descriptions of dating ground water by using CFCs are
reported in Busenberg and Plummer (1992) and Plummer
and Busenberg (2000).

To prevent sample contamination by contact with
the atmosphere, CFC samples were collected in copper
tubes that were connected directly to the wells. Sample



water was flushed through each copper tube for several
minutes to prevent air bubbles from attaching to the inner
wall. Trapped air in the sample contributes to an errone-
ous apparent age. Three samples were collected at each
location to test reproducibility. A more detailed descrip-
tion of this collection method is presented in Wilkowske
(1998, p. 8-13) and Heilweil and others (2000, p.13).
Three of the four sampled wells are located along the
eastern margin of the basin between Cedar City and
Enoch with the fourth located just west of the airport
(number 29 in fig. 11). The samples were analyzed for
CFC-11 and CFC-12 at the University of Utah, Depart-
ment of Geology and Geophysics Dissolved Gas Lab.
CFC concentrations and apparent recharge date at differ-
ent assumed recharge temperatures are presented in
table 6.

The apparent ground-water recharge date is deter-
mined by calculating the CFC concentration in air that
would be in equilibrium with the sample for the given
recharge temperature and altitude. The calculated CFC
concentration in air is then compared to the known his-
toric atmospheric mixing ratios to determine the recharge

Table 6.
peratures, Cedar Valley, Iron County, Utah
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date. For calculating recharge dates, recharge tempera-
ture was assumed to range from 0°C, representative of air
temperature during the winter, to 8°C, representative of
the approximate ambient air temperature. Atmospheric
pressure is approximated in the calculation by using the
average land-surface altitude of Cedar Valley. If recharge
were assumed to occur at a higher altitude, such as the
Markagunt Plateau to the east, the difference in altitude
would result in a difference in apparent age of only about
1 year.

Water from well (C-35-10)18abc-1, a municipal
well in Enoch, consistently had the oldest apparent ages
of the sampled wells and had the smallest variation in
dates determined by CFC-11 and CFC-12 (table 6).
These apparent ages indicate a longer flow path and/or
slower ground-water velocity than what is indicated by
the apparent ages for water from the other wells. With its
location along the eastern margin of the basin, the consol-
idated rock of the Markagunt Plateau may be the source
of recharge for water withdrawn from well (C-35-
10)18abc-1, which would support the assumption of a
long flow path.

Chlorofluorocarbon concentration in ground-water samples and apparent recharge date for different assumed recharge tem-

[pmoles/kg, picomoles per kilogram; °C, degrees Celsius; contaminated, chlorofluorocarbon (CFC) concentration higher than expected in water in equilibrium

with 1999 air]

Map CFC-11 CFC-12 CFC-11 CFC-12
identifier Local identifier Date CFC-11 CFC-12 (apparent (apparent (apparent (apparent
(fig. 11) (pmoles/kg) (pmoles/kg) recharge date  recharge date recharge date at recharge date at
at 0°C) at0°C) 8°C) 8°C)
6  (C-35-10)18abc-1  07-28-2000 2.89 0.85 1973 1969 1978 1972
2.70 .56 1972 1966 1977 1969
2.93 53 1973 1965 1978 1968
15 (C-35-11)26acd-1  08-24-1999 30 2.05 contaminated 1978 contaminated 1987
31 2.77 contaminated 1984 contaminated 12001
29 2.71 contaminated 1983 contaminated 12001
17 (C-35-11)28aac-2  08-26-1999 2.80 2.39 1973 1981 1978 1991
2.79 2.41 1973 1981 1978 1992
2.73 2.13 1972 1978 1977 1988
29  (C-36-11)5aca-1 08-26-1999 1.75 1.81 1970 1976 1973 1984
1.73 1.94 1970 1976 1973 1986
1.71 2.05 1970 1978 1973 1987

1Recharge date later than sample date.
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On the basis of CFC-12 concentration, the apparent
ages for water from wells (C-35-11)26acd-1 and (C-35-
11)28aac-2 are the youngest of the four wells. This would
indicate that the wells are relatively close to sources of
recharge. Well (C-35-11)26acd-1 is located adjacent to
an irrigation ditch and well (C-35-11)28aac-2 is located
within an irrigated area. Samples from well (C-35-
11)26acd-1 were contaminated with respect to CFC-11.
CFC-11 concentrations are higher than would be
expected from atmospheric contamination during sam-
pling. A likely source of contamination is from pump
lubricating oil. Other possible sources of CFC-11 con-
tamination could include point discharge from septic sys-
tems and leaking underground storage tanks as described
by Plummer and Busenberg (2000, p. 456). In two of the
three samples for well (C-35-11)26acd-1, CFC-12 con-
centrations were higher (table 6). These higher concen-
trations might be from an anthropogenic contamination
source, similar to CFC-11. More likely, however, the
higher concentrations are the result of trapped air in the
sample. Under ideal conditions, apparent ages calculated
from CFC-11 and CFC-12 concentrations should be
nearly equivalent. A difference in apparent ages for water
from all three wells, however, exists between CFC-11
and CFC-12. Physical and chemical processes, such as
sorption, microbial degradation, and methanogenesis, as
described by Plummer and Busenberg (2000, p. 457-461)
may be responsible for lower CFC-11 concentrations and
older apparent dates. Until more detailed data are col-
lected to determine whether CFC-11 concentrations are
reduced after recharge has occurred, apparent dates for
CFC-12 should be considered more reliable.

Apparent ages for water from well (C-36-11)5aca-
1, located west of the airport, at the distal end of the allu-
vial fan created by the Coal Creek drainage, are older
than those from the two wells discussed previously. CFC-
11 concentrations are lower than those for CFC-12; there-
fore, the apparent ages for CFC-12 are considered more
reliable. The older apparent ages indicate that water with
drawn from this well either has a longer flow path from
the source of recharge or flows through finer-grained
unconsolidated basin fill.

A technique that involves tritium (3H), helium-3
(3He), and the dissolved gases nitrogen (N,), argon (Ar),
krypton (Kr), neon (Ne), and helium-4 (4He) also was
used to determine ground-water age and recharge temper-
ature. During the 1950s and 1960s, large amounts of *H
were released into the atmosphere and subsequently into
the hydrologic cycle by above-ground thermonuclear
weapons testing. As a result of large-scale tests during
1962-63, *H concentration in precipitation peaked during

1963-64 at three orders of magnitude more than natural
concentration (Michel, 1989). Since that period, 3H has
been used for ground-water age-dating and as a tracer.
Tritium is a radioactive isotope of hydrogen and decays
to *He with a half-life of 12.43 years. To effectively use
3H for ground-water age dating, a realistic input function
is required (Plummer and others, 1993, p. 258). Without
knowing 3H concentration versus age in recharge water,
only ages relative to the peak 3H concentrations can be
determined. Descriptions for the use of 3H for dating
ground water are reported in Plummer and others (1993,
p. 256-265) and Solomon and Cook (2000, p. 397-424).

Because transient *H peak concentrations in
ground water from thermonuclear weapons testing are
declining and 3H input functions are difficult to deter-
mine, results from the “H/°He age-dating method are
more definitive than those from the method that only uses
3H. Helium-3 that is the product of 3H decay is known as
tritiogenic 3He. The initial *H concentration can be cal-
culated if both *H and tritiogenic 3He concentrations are
determined and an age calculation can be made. On the
basis of the *H/*He concentration, age for a sample can
be determined by the following equation (Solomon and
Cook, 2000, p. 411):

r= ﬂ_lln(3Hetritiogenic/3H + 1), (6)

where:
t = the apparent age in years; and
A = the decay constant for 3H.

The difficulty with the H/*He age-dating method
is distinguishing between tritiogenic 3He and other
sources of >He, such as from an atmospheric origin,
nuclear reactions in the subsurface, and a mantle origin
(Solomon and Cook, 2000, p. 411). Generally, tritiogenic
and atmospheric 3He are the only forms of 3He in most
ground water (D.K. Solomon, University of Utah, Dept.
of Geology, written commun., 2003). By making this
assumption, atmospheric 3He can be estimated and that
amount is subtracted from the measured total *He in a
sample to obtain tritiogenic 3He. Atmospheric He is
divided into two components that are the amount based
on equilibrium solubility with the atmosphere and the
amount in excess air. Excess air is the amount of gas dis-
solved in water that is in excess of the amount based on
equilibrium-solubility conditions. Atmospheric 3He can
be estimated on the basis of the measured Ne concentra-
tion in the sample. Dissolved-Ne gas in water is derived
solely from an atmospheric source and its solubility in
water is only slightly related to temperature. The mea-
sured Ne concentration is compared to its theoretical sol-



ubility and any difference is attributed to Ne in excess air.
Assuming that the 3He/Ne ratio is the same for excess air
and the atmosphere, total atmospheric 3He can be esti-
mated. A similar method can be used with the other dis-
solved gases, N,, Ar, Kr, and “He. Because the
equilibrium-solubility conditions for these gases depend
more on temperature than does Ne, recharge temperature
can be estimated from the concentrations and estimated
atmospheric pressure where recharge occurs. More
detailed information for the *H/°He age-dating method is
provided in Solomon and Cook (2000) and for dissolved
gases in Stute and Schlosser (2000).

Excess air in ground water may be the result of nat-
ural and/or anthropogenic factors. Wilson and McNeill
(1997) suggested that the lithology of subsurface material
in the recharge area and amount of precipitation can
influence the amount of excess air. Stute and Schlosser
(2000, p. 357) suggested that rising ground-water levels
can entrain air from the unsaturated zone. Anthropogenic
factors can include well development with compressed
air, cavitation while pumping from a well, and sampling
method. During this study, an in-situ diffusion sampler as
described by Sheldon (2002) was used to collect samples
for H/°He age dating and dissolved noble gas concentra-
tions. Diffusion samplers are small copper tubes with
attached gas-permeable silicon membranes. These sam-
plers do not require pumping of water and therefore min-
imize the introduction of additional excess air during
sampling. The diffusion samplers were placed at the
depth of perforated zone for more than 12 hours before
rapid removal and sealing of copper tubes. All samples
were analyzed at the University of Utah Department of
Geology and Geophysics Dissolved Gas Lab and results
are presented in table 7.

Similar to the CFC data, >H/°He data collected
during this study are few and conclusions made from
these data are not necessarily indicative of the entire
study area. More 3H/’He data are needed before basin-
wide trends can be determined. The use of diffusion sam-
plers for 3H/*He and dissolved-gas sampling would elim-
inate many of the problems encountered while collecting
samples for CFC determination.

The three samples listed in table 7 were collected
from monitoring wells that were completed as part of this
study to examine water quality and water levels. Well (C-
35-11)25bcc-1 is completed in the alluvial fan at the
mouth of Fiddlers Canyon where ground water is under
unconfined conditions. The *H/°He age for water from
this well is more than 45 years old and the recharge tem-
perature is 0.0°C (table 7). Because of the low 3H con-
centration and the lack of tritiogenic 3He, this water
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probably predates above-ground thermonuclear weapons
testing. The low recharge temperature and the location of
the well in close proximity to the Markagunt Plateau
indicate that the source of recharge probably is snowmelt
at higher altitudes on the plateau.

Wells (C-35-11)14bac-2 and (C-35-12)36¢caa-2 are
completed in shallow zones in the center of the basin.
Water from well (C-35-11)14bac-2 has a *H/°He age of
more than 45 years. Similar to water from well (C-35-
11)25bcc-1, the lack of tritiogenic 3He in this sample also
indicates an age that predates above-ground thermonu-
clear weapons testing. The reported recharge temperature
of 7.7°C for water from well (C-35-11)14bac-2 probably
is indicative of some recharge occurring during the sum-
mer. The source of recharge probably is from surface-
water irrigation southeast of the well. The old ground-
water age indicates that once the recharge water reaches
the saturated zone, movement is very slow in the shallow
zone. The slow movement is indicative of a small vertical
hydraulic gradient and/or fine-grained unconsolidated
basin fill.

The 3H/*He age for water from well (C-35-
12)36c¢aa-2 is about 30 years and recharge temperature is
1.0°C. The relatively young age, as compared to the pre-
viously mentioned shallow well, might be indicative of a
nearby recharge source such as applied irrigation water.
The low recharge temperature, however, indicates that the
recharge source might be from winter precipitation or
excess Coal Creek water that might have flowed in
nearby ditches during the winter. The old SH/*He ages for
water from the two shallow wells indicate that recharge
from applied irrigation water in the center of the basin
takes considerably more time to reach deeper zones than
irrigation water applied along the coarser unconsolidated
basin fill along the eastern margin. More age data are
needed to better understand recharge sources and timing
for applied irrigation water throughout the basin.

Nitrate-Source Determination

Because nitrogen (N) is prevalent and its conver-
sion to nitrate (NO3) is a common process in the environ-
ment, NO3 is probably the most widespread contaminant
in ground water (Hallberg and Keeney, 1993, p. 297).
Nitrate is very mobile in the environment, which makes it
highly susceptible to leaching through soil. Nitrogen is
an important component in protein and, therefore, is
present in all animal waste (Hallberg and Keeney, 1993,
p. 297). Because of these factors, NOj can be derived
from many natural and anthropogenic sources. Natural
sources may include continuous N cycling in the
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Table 7.
ples collected from selected wells, Cedar Valley, Iron County, Utah

Dissolved gas, tritiogenic helium-3, and tritium concentrations, apparent age, and recharge temperature for ground-water sam-

[cm3STP/g, cubic centimeter of gas at standard temperature and pressure per gram of water; R, 3He/*He ratio in the sample; R,, 3He/*He ratio in the air standard;

TU, tritium unit; °C, degrees Celsius; >, greater than]

Dissolved noble gases Tritiogenic Tritiogenic
Map ° helium-3
. . . - helium-3 -
identi- Local identifier Date Ni A K N Helium-4 R/R, . using
fier |grogen 3rgon r:ypton 3eon eslum- using neon excess air
(cm®STP/g) (cm®STP/g)  (cm’STP/g) (cm®STP/g) (cm®STP/g) (TU) (TU)
11 (C-35-11)14bac-2 05-24-2001  0.0170 3.65x10%  4.60x10% 19.7x10%7  5.83x10°%  0.499 0 0
14 (C-35-11)25bcc-1  07-11-2001 0189 479 x10%  6.49x10°%  244x1007 643x109 919 0 0
27 (C-35-12)36caa-2 05-24-2001  .0203 438x10%  574x10%%  227x1007  6.01x10%® 2316 44.4 443
Terrigenic Terrigenic
Map . Age using Age using . helium-4 Recharge .
. . . - Tritium N helium-4 N Excess air
identi- Local identifier neon excess air . using temperature 3 Remarks
- (TU) using neon . o (cm°STP/g)
fier (years) (years) (cm3STPjg)  EXcess air (°C)
9 (cm3STP/g)
11 (C-35-1)14bac-2 1.0 >45 >45 6.2x10%°  6.0x10% 7.7 2.59x10°%% Excess dissolved nitrogen
14 (C-35-11)25bce-1 8 >45 >45 32x1010  92x1010 0 4.80x10% Excess dissolved nitrogen
27 (C-35-12)36caa-2 10.2 30.2 30.1 8x1010  68x1071° 1.0 3.67x10°%% Excess dissolved nitrogen

environment or water/rock interactions. Anthropogenic
sources generally are the result of agricultural practices
or disposal of organic waste. The intake of high levels of
NOj can result in health risks such as methemo-
globinemia in infants (blue-baby syndrome), and N-
nitroso compounds might function as initiators of human
carcinogenesis (Kendall and Aravena, 2000, p. 261).
Because of these health risks, the maximum permissible
limit for NO5 (as N) in drinking water has been set by the
World Health Organization and the U.S. Environmental
Protection Agency at 10 mg/L. (Kendall and Aravena,
2000, p. 261).

Water-quality data reported by Thomas and Taylor
(1946, p. 107-108) indicate that high NO3 concentrations
in ground water have been present for more than 60
years. They reported NOj5 (as N) concentrations of
greater than 10 mg/L in water collected from six wells
that range in depth from 100 to 158 ft. The maximum
reported NO;3 (as N) concentration was more than 58
mg/L. Five of the wells, located along the eastern margin
of the basin, were completed in unconsolidated basin fill
near Fiddlers Canyon. The sixth well was located near
the south end of the present airport. Thomas and Taylor
(1946, p. 110) attributed the high NO5 concentrations to
possible contamination from soil organic matter or from
mineral dissolution because of well depths and the asso-
ciated high concentrations of sulfate and chloride relative
to reported concentrations from other samples.

Sandberg (1963, table 4; and 1966, table 3)
reported NO; (as N) concentrations of more than 10
mg/L for water from two wells in Cedar Valley. These
concentrations came from water in wells that are farther
north and south than the area where Thomas and Taylor
reported high NO; concentrations. Bjorklund and others
(1977, table 5) reported one NOj5 (as N) concentration
that exceeded 10 mg/L.

During 1979-81, 101 wells were sampled as part of
a ground-water quality assessment (Joe Melling, City
Manager, Cedar City, written commun., 1997). The range
of concentrations for NOj5 (as N) in water from these
wells was 0.06 to 57.4 mg/L. The NO;3 (as N) concentra-
tion in water from 21 wells exceeded 10 mg/L, and in
water from 18 wells the concentration ranged from 5 to
10 mg/L. No wells less than 100 ft deep were sampled.
About 30 wells were sampled seasonally during this
period. Those wells that were sampled during January
had lower NO; concentrations than those sampled during
the remainder of the year; otherwise, no seasonal trend or
substantial variation was present. During 1999, the Utah
Geological Survey collected water from 21 of the same
wells that were sampled during 1979-81. The NO5 (as N)
concentration in these samples ranged from 1 to 23.1
mg/L (Lowe and Wallace, 2001, p. 26).

During 1999-2001, the USGS collected water from
44 wells and 3 surface-water sites throughout most of
Cedar Valley for chemical analysis in order to help deter-
mine temporal and spatial changes in ground-water qual-



ity and identify possible NO3 source(s). Most of the wells
sampled were used for irrigation. A few stock wells were
sampled in the northern part of the basin where there are
no irrigated fields. One well was being used as domestic
supply for a small housing subdivision and three wells
were completed as monitoring wells as part of this study.
Two of the monitoring wells were completed in shallow
zones and located adjacent to deep irrigation wells. The
three surface-water samples were collected from one
ephemeral and two perennial streams that drain the
Markagunt Plateau along the eastern margin of Cedar
Valley (fig. 11). Water samples collected from 15 wells
with sufficient NO5 concentrations to meet sampling cri-
teria were analyzed for N and '80 isotopes in the NO3
anion to determine possible source(s).

The approximate spatial distribution for NOj5 in
ground water during the sampling period of this study
(1999-2001) is shown in figure 17. The data are a compi-
lation of NO3 concentrations determined from samples
collected by the USGS and Utah Geological Survey
(Lowe and Wallace, 2001, fig. 20). Other NO3 concentra-
tions that were reported to the Utah Department of Envi-
ronmental Quality, Division of Drinking Water, by
municipalities or private water companies during this
period are included in figure 17. In most of the southern,
western, and northern parts of the valley, NO5 (as N) con-
centrations are less than 1 mg/L. The area along the east-
ern part of the valley from Cedar City north to Enoch had
concentrations greater than 5 mg/L. Water from well (C-
33-10)31ada-1, located about 8 mi north of Enoch, out-
side of the high nitrate area, had a NOj (as N) concentra-
tion of more than 10 mg/L. Three surface-water sites
were sampled and the NO; (as N) concentrations were all
less than 0.1 mg/L.

Nitrate is the most stable form of N in the hydro-
logic environment. Different N sources may introduce N
in other forms, which change to NO5 under aerobic (oxi-
dizing) conditions. To examine whether NOj5 is the most
prevalent form of N in the ground-water system, selected
samples were analyzed for other forms. In all of these
samples, other forms of N were below detection limits or
present in only trace amounts (table 8).

Nitrogen-15 and oxygen-18 isotopes in the nitrate
anion were measured to determine possible nitrate
sources and whether dentrification might be occurring.
The & value for nitrogen-15 (8"°N) is calculated by using
equation 4 in which the ISN/'N ratio is determined for
the sample and referenced to the ISN/14N ratio for air,
atmospheric nitrogen (N,) (Kendall and Aravena, 2000,
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p- 262). Both 89N and 8'30 values are determined for
the NO5 anion because possible sources are more con-
strained than if only 8N values were reported.

Samples collected for SN and %0 analysis were
concentrated in the field by using anion exchange resin
columns as described by Silva and others (2000). The
method for determining 8'3N and 8'30 values in the NO;
anion also is described by Silva and others (2000).
Through various biogeochemical processes within the
hydrologic environment, 8 N and 8'30 values are
affected when N cycles from one form to another. A sum-
mary of these processes and how 89N values are affected
is described in Kendall (1998) and Kendall and Aravena
(2000).

The 8'°N and §'80 values in NOj; for samples col-
lected during this study are shown in figure 18 and plot
within ranges for three possible sources that include
ammonium (NHy) in fertilizer and rain, manure and
septic waste, and soil N. Because no single source can be
identified as the cause for elevated nitrate concentrations
in ground water, other chemical, hydrologic, and land-use
factors must be incorporated into the nitrate-source deter-
mination.

To help determine possible nitrate source(s), SN
values are plotted in relation to the potentiometric surface
for 2000 (fig. 19). Direction of ground-water flow, land-
use practices, and geology can all be used to help identify
possible sources, which may include upwelling fluid
along faults, leaching of nitrogen-bearing minerals in
consolidated rocks within the Markagunt Plateau and
from the basin-fill material derived from these rocks, soil
nitrogen, or anthropogenic sources such as septic systems
and agricultural practices.

Upwelling fluid along the eastern basin-bounding
faults (Hurlow, 2002, fig. 10) appears to be an unlikely
source for most of the NO3 in ground water. Tempera-
ture, major-ion chemistry, and 180 and °H isotopes in
samples collected from wells with elevated NO5 concen-
trations are not significantly different than in samples
with low nitrate concentrations. More importantly, ele-
vated nitrate concentrations are present in water from
wells located upgradient from these faults, such as wells
(C-35-11)25bcc-1 and (C-35-11)26acd-1. Also, water
from well (C-35-11)26acd-1was dated by using CFCs
and had an apparent age of 1978 (table 6), which is prob-
ably too young for deep circulation.
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Table 8. Concentration of dissolved nitrogen species and nitrogen and oxygen isotope ratios in the nitrate anion for water samples
collected from selected sites, Cedar Valley, Iron County, Utah
[mg/L, milligrams per liter; permil, parts per thousand; —, no data available; <, less than; E, estimated]
Nitrogen, Nitrogen, . .
Local afnmt?nia, ammoﬂ_ia * nitrl;::Ti?tr:;te, N:::ﬂ:n ’ 8N 5%
identifier Date dissolved organic, dissolved dissolved (NO) (NO)
(mg/L dissolved (mg/L as N) (mg/L as N) (permil) (permil)
as N) (mg/L as N)
(C-33-10)31ada-1  07-26-99 — 0.34 — <0.010 — —
06-12-00 <.02 23 13.3 <.010 7.29 11.00
(C-33-11)31aad-1  07-26-99 — — <.05 — — —
(C-34-11)14aad-2  07-26-99 — — .89 — — —
(C-34-11)21dcd-1  07-22-99 — — 15 — — —
(C-34-11)36dcc-3  08-24-99 — .10 521 <.010 — —
(C-35-10)18abec-1  07-19-00 — — 93 — — —
(C-35-1D)I1cce-1  07-12-99 — — 10.5 — — —
07-25-00 <.02 E.09 10.4 <.010 421 6.22
(C-35-11)12add-1  07-22-99 — — .83 — — —
(C-35-11)12¢ccc-2  08-25-99 — E .07 — <.010 5.51 5.56
07-19-00 <.02 <.10 10.9 <.010 — —
(C-35-11)14bca-1  08-25-99 — 18 — <.010 6.84 —
07-19-00 <.02 18 19.5 <.010 5.22 8.85
(C-35-11)14bac-2  03-13-01 E .04 12 E .04 .007 — —
(C-35-11)16aab-1  09-01-99 — — 3.28 — 6.80 —
(C-35-11)19dbb-1 ~ 07-28-99 — 11 — <.010 — —
(C-35-11)25bce-1  07-28-99 — — 7.84 — — —
07-09-01 <.04 <.10 7.90 <.006 1.76 11.34
(C-35-11)26acd-1  08-24-99 — 13 — <.010 3.59 2.54
06-22-00 <.02 E .08 6.59 <.010 — —
(C-35-11)27dbb-1 ~ 08-31-99 — 12 3.03 <.010 4.92 —
(C-35-11)28aac-2  08-26-99 — — 5.18 — 6.15 -4.28
(C-35-11)29add-1  08-27-99 — E .08 — <.010 5.93 -2.83
06-12-00 — — 6.81 — — —
(C-35-11)29dbd-2  07-27-00 <.02 .14 2.45 <.010 — —
(C-35-11)30caa-1  08-23-99 — <.10 756 <.010 — —
(C-35-11)31dbd-1 ~ 07-13-99 — — 2.00 — — —
06-12-00 — — 2.17 — — —
(C-35-11)33abd-1  08-25-99 — 47 5.03 <.010 3.87 -4.85
(C-35-11)33ccd-1  08-25-99 — 33 4.83 <.010 2.48 -1.31
(C-35-11)34dbb-1  09-01-99 — — 8.98 — 7.08 -1.17
(C-35-12)26bca-1  07-21-99 — — 34 — — —
(C-35-12)36caa-1  08-23-99 — 17 277 <.010 — —
(C-35-12)36caa-2  03-14-01 <.04 23 2.67 .013 — —
(C-35-12)36ddd-1  08-26-99 — — 25 — — —
(C-36-11) Saca-1 08-26-99 — — 5.46 — 5.3 1.57
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Table 8.

Concentration of dissolved nitrogen species and nitrogen and oxygen isotope ratios in the nitrate anion for water samples

collected from selected sites, Cedar Valley, Iron County, Utah—Continued

Nitroge_n, Nitrogt_an, Nitrogen, Nitrogen, 15 18
ammonia, ammonia + L . L 6N 5'°0
. Loc_a I Date dissolved organic, nitrite + nitrate, nitrite, (NO3) (NO3)
identifier . dissolved dissolved . .
(mg/L dissolved (permil) (permil)
asN) (mg/L as N) (mg/L as N) (mg/L as N)
(C-36-11) 5dab-1 09-01-99 — — 3.52 — — —
(C-36-11) 7aaa-2 09-01-99 — — 3.95 — 7.8 -.68
(C-36-11) 7cab-1 08-23-99 — 25 4.41 .013 — —
(C-36-11)11bac-1  08-26-99 — — 6.48 — 7.46 2.07
07-25-00 — — 6.51 — — —
(C-36-11)18bdd-1  07-22-99 — — 4.05 — — —
(C-36-11)31abc-1  07-28-00 <.02 <.10 7.50 <.010 4.2 8.25
(C-36-12) 2dbc-1 07-21-99 — — 43 — — —
(C-36-12) 3aad-2 07-21-99 — — .61 — — —
(C-36-12) 9aac-1 07-21-99 — — .39 — — —
(C-36-12)12dba-1  08-23-99 — 15 1.49 <.010 — —
(C-36-12)36adb-1  07-22-99 — — 1.95 — — —
07-25-00 — — 1.98 — — —
(C-37-12) 5acc-2 08-23-99 — E .09 .999 <.010 — —
(C-37-12)11dac-1  08-23-99 — 21 1.06 <.010 — —
(C-37-12)23abd-1  07-13-99 — — 2.96 — — —
Coal Creek 07-27-99 — — .07 — — —
Coal Creek 03-16-00 — — .16 — — —
Coal Creek 06-13-00 — — <.05 — — —
(C-35-11)36bac 07-27-99 — — <.05 — — —
(C-36-11)31bda 07-15-99 — — .09 — — —

Leaching of nitrogen-bearing minerals in consoli-
dated rocks in the Markagunt Plateau or in unconsoli-
dated basin fill derived from adjacent consolidated rocks
may be possible; nitrogen has been detected in solid-
phase samples collected from outcrops of the Cretaceous-
age Straight Cliffs Formation in Fiddlers Canyon (Lowe
and Wallace, 2001, p. 34). The 8N values from these
consolidated-rock samples were 0.6 %/, for calcareous
sandstone facies and 3.0 °/, for silty sandstone facies.
Because of the type of process used for determining SN
values in solid-phase samples, 880 values are not deter-
mined. The ' N values in water from wells (C-35-
11)25bcc-1, 26acd-1, 33abd-1, and 33ccd-1 (1.76 “/,
3.59 %, 3.87 %/, and 2.48 °/, respectively) are rea-
sonably close to the values for the solid-phase samples
(table 8). The 519N values in water from these wells sup-
port the concept presented by Lowe and Wallace (2001)
that nitrogen-bearing minerals in the consolidated rocks
are an important source for nitrate in ground water. These

values also are indicative of ammonia in fertilizer (fig.
18, , but virtually all agricultural land is in alfalfa produc-
tion with applications of low-nitrogen fertilizer. Fertilizer
applied to alfalfa typically contains 90 percent phospho-
rous with only 5 percent nitrogen and 5 percent potas-
sium (Chad Reid, County Extension agent, oral
commun., 2002). Although not definitive, the lack of
phosphorous in ground water (Howells and others, 2002,
table 4) may indicate that applied fertilizers do not con-
tribute to the chemical composition of ground water. The
relatively young CFC age dates in two wells that are adja-
cent to irrigated fields indicate possible rapid recharge.
This recharge could only come from seepage of irrigation
canals and ditches and irrigated fields. All other SN
values approach the range for manure and septic waste or
soil nitrogen. These values indicate possible mixing of
the consolidated rock or natural source with manure,
septic waste, or soil nitrogen.
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Figure 18.
those values for various nitrogen sources.
(Modified from Kendall, 1998.)

A waste-water effluent source is possibly prevalent
in specific areas. From the mid-1930s, when sewer lines
were completed in Cedar City, to 1976 sewage was
spread over the land surface just south and east of the air-
port (Joe Melling, City Manager, Cedar City, oral com-
mun., 2002). This area is located at the distal end of the
alluvial fan created by the Coal Creek drainage. Although
no drillers’ logs are available for this area, nearby com-
mercial gravel pits indicate that medium- to coarse-
grained unconsolidated basin fill suitable for recharge is
prevalent. Water from well (C-36-11)7aaa-2, located
about 1.5 mi west and downgradient of this area, was col-
lected for chemical analysis. Although the NOj5 (as N)
concentration of 3.95 mg/L (table 8) is less than the limit
of 10 mg/L for drinking water, it is substantially higher
than concentrations for water samples collected from
wells to the west (fig. 17). The 5'°N value of 7.80 % is
the highest of all values obtained during this study and
indicates probable recharge from waste water that was
applied to the area south and east of the airport or from

Relation of 3'°N and &'80 values in the nitrate anion for water collected from selected wells, Cedar Valley, Iron County, Utah, to the range of

septic systems in the nearby subdivision. The well has a
depth of 300 ft but the perforated interval is unknown
(Howells and others, 2002, table 1).

Effluent from an obsolete waste-water treatment
plant located about 1 mi northeast of the airport was
applied to irrigated fields to the north during 1976-96
(Joe Melling, City Manager, Cedar City, oral commun.,
2002). Samples were collected from three wells that are
located in the vicinity of this waste-water treatment plant
or near the area where effluent was applied to irrigated
fields. These wells include (C-35-11)27dbb-1 located 1
mi directly north, (C-35-11)28acc-2 located about 1.5 mi
northwest, and (C-35-11)34dbb-1 located adjacent to the
waste-water treatment plant. In these samples, there is a
direct correlation between NOj (as N) concentration and
§15N values such that higher NOj5 (as N) concentrations
correspond to higher 89N values. This pattern indicates
that waste-water effluent probably is recharging the
ground-water system in this area.
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Despite being directly north of the waste-water
treatment plant near where the effluent was applied,
water from well (C-35-11)27dbb-1 had the lowest NO;
(as N) concentration of 3.03 mg/L and lowest 515N value
of 4.92 Y. These values indicate that little effluent
reaches the ground-water system here or that it is diluted
by other water with low NOj3 concentration. Water from
well (C-35-11)28aac-2 has a NO3 (as N) concentration of
5.18 mg/L and a 5'°N value of 6.15 %, that would indi-
cate possible recharge from applied effluent. Well (C-35-
11)28aac-2 is located hydraulically downgradient from
the point of application. This well has a depth of 354 ft
but the perforated interval is unknown (Howells and oth-
ers, 2002, table 1). If the perforated interval includes
shallow zones, this well could capture recharge from
effluent when pumped. The highest NO5 (as N) concen-
tration of 8.98 mg/L and highest 8'5N value of 7.08 O/00
for these wells was in water from well (C-35-11)34dbb-1.
This well, located adjacent to the obsolete waste-water
treatment plant, has a depth of 152 ft and the perforated
interval is unknown (Howells and others, 2002, table 1).
Because many of the wells in the study area are perfo-
rated throughout much of the well depth, the casing in
this well also may be perforated in shallow zones that are
more susceptible to local recharge. Although this well is
not located in the area where effluent was applied to irri-
gated fields, some of the water captured by this well
might contain effluent that could have leaked from pro-
cess ponds. An alternative source for some of the NO3 in
water from this well might be to the southeast and
hydraulically upgradient where water from well (C-36-
11)11bac-1 has a similar §1°N value but a lower NOj (as
N) concentration.

Well (C-36-11)11bac-1 is located in Cedar City.
Because of high dissolved-solids concentration (Howells
and others, 2002, table 4), the water from this well is used
primarily for municipal irrigation. The NO; (as N) con-
centration was 6.51 mg/L (August 26, 1999) and the
8'9N value was 7.46 %, (table 8). The 8'3N value is the
highest of any values for water from wells located in
proximity to the Markagunt Plateau on the east side of
the basin (fig. 19). The high 89N value indicates that the
nitrate source(s) for water in well (C-36-11)11bac-1
could be a mixture of nitrogen derived from consolidated
rock and sewage prior to development of city infrastruc-
ture, or from nitrification of soil nitrogen. Because of the
well configuration, attempts to date the age of this water
by using CFCs were not successful. Knowing the relative
age for this water would have been helpful to determine
whether there is a component that predates the construc-
tion of sewers in Cedar City.
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Water was collected from shallow monitoring
wells (C-35-11)14bac-2 and (C-35-12)36caa-2 for chem-
ical analysis in order to examine possible nitrate sources
in shallow zones. The NOj (as N) concentration in water
from well (C-35-11)14bac-2 was very low (less than 0.04
mg/L), whereas the concentration in water from well (C-
35-12)36caa-2 was 2.67 mg/L (table 8). Dissolved-gas
analysis for SH/He age dating indicates the presence of a
dissolved N, gas concentration in water from both wells
that is higher than the concentration expected for equilib-
rium solubility with the atmosphere and in excess air
(table 6). Excess dissolved N, gas in ground water is
indicative of denitrification. This is a multi-step process
by which NOj is transformed into dissolved N, under
specific geochemical conditions. Because the dissolved-
solids concentrations in water from both wells were high,
89N values could not be determined by using the sam-
pling and analytical methods mentioned previously in
this section. Although these data indicate that NO;
derived from near-surface sources might be reduced
through the natural process of denitrification at these
locations, it is unknown whether this process may be
occurring in shallow zones throughout the basin. More
data need to be collected to determine the spatial distribu-
tion of conditions where denitrification may be occur-
ring.

Historical and recent NOj data from which direct
comparisons can be made are limited. Many of the wells
with water that had high NO5 concentrations reported by
Thomas and Taylor (1946, p. 107-108) and Joe Melling
(City Manager, Cedar City, written commun., 1997) are
no longer in use and could not be sampled during this
study. Many of the wells with previously reported low
NOj concentrations, however, could be resampled. Addi-
tional wells not previously sampled for NO5 concentra-
tions were sampled to obtain a wide spatial distribution.

Lowe and Wallace (2001, p. 26) resampled 21
wells in 1999 that originally were sampled during 1979-
81. The concentration in water from 13 wells, for the
most part, remained the same, whereas the concentration
in water from 5 wells declined. Lowe and Wallace
(2001) concluded that NO5 concentrations in the Enoch
area remained relatively constant from 1979 to 1999.
Data reported to the Utah Department of Environmental
Quality, Division of Drinking Water (Tim Pine, written
commun., 2002) indicate that NO3 concentrations in
water from public-supply wells have remained relatively
constant. Where variations in NO5 concentrations for
water from some wells do exist, it is unclear whether
these variations represent a change in the spatial distribu-
tion of NOj or are the result of a change in a well pump-
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ing level. Because of lowered ground-water levels, a
decrease in NO5 concentration could be the result of
withdrawal from production zones with lower NO5 con-
centrations. Conversely, a slight increase in NO3 concen-
tration might result from withdrawal from zones with
higher NO5 concentrations and/or anthropogenic causes
such as mixing with waste-water effluent. Despite these
variations, the spatial distribution of ground water with
elevated NO5 concentrations in the area near Enoch and
south along the eastern margin of the basin does not
appear to be migrating beyond its previously known
extent.

The apparent lack of NO5 migration in the princi-
pal aquifer probably can be attributed to natural and
anthropogenic processes. As shown by dissolved-gas data
(table 7) obtained from the two shallow monitoring wells,
denitrification might be occurring where appropriate con-
ditions exist. Except where mixing with waste-water
effluent might have occurred, 8'°N values in water from
wells toward the northwest generally are higher than
those in water from wells closer to the eastern margin of
the basin. During the denitrification process, the 81N
value in the residual NOj increases exponentially (Ken-
dall and Aravena, 2000, p. 271). The 8 N values in
water from wells to the northwest are almost twice as
large, which could have resulted from denitrification.
Low ground-water velocities also may contribute to the
lack of distinguishable migration of elevated NO5 con-
centrations because of the relatively short time (about 20
years) between sampling periods. Large ground-water
withdrawals from irrigation wells likely intercept the
flow of water downgradient from areas with elevated
NOj concentrations. More data need to be collected to
verify whether the lack of apparent NO; migration can be
attributed to these possible causes.

Chloride Mass Balance

Conservative chemical constituents such as bro-
mide (Br) and chloride (CI) are useful environmental
tracers that can be used to better understand hydrologic
processes in Cedar Valley. Both Br and Cl are highly sol-
uble and mobile and are not involved in common
geochemical reactions that occur in aquifers (Herczeg
and Edmunds, 2000, p. 38). Because Br and ClI are con-
servative and remain in solution when water evaporates
or is transpired by plants, these constituents become more
concentrated in the residual solution in proportion to the
amount of water removed (Herczeg and Edmunds, 2000,
p- 39). As water moves downward beyond the root zone,

the CI concentration is carried to the saturated zone
unchanged and can be used to estimate recharge from
precipitation.

The chloride mass-balance method has been used
successfully for estimating recharge in arid and semi-arid
environments. Explanations and derivation of the chlo-
ride mass-balance method are presented by Wood and
Sanford (1995, p. 460) and Herczeg and Edmunds (2000,
p- 39). Recharge to the ground-water system from precip-
itation can be quantified with the chloride mass-balance
method by the following equation:

Q = (P)(CL)/Cly, (7)
where:
= ground-water recharge flux, in acre-ft/yr;
0 g d harge flux, i ft/y
P = precipitation, in acre-ft/yr;
Cl, = weighted average chloride concentration
(wet and dry) in precipitation, in mg/L; and
Cl,,, = chloride concentration in ground water, in

mg/L.

Application of the Cl mass-balance method
includes the following assumptions as paraphrased from
Wood and Sanford (1995, p. 460) and Wood (1999, p. 2):
(1) the only source of Cl in ground water is from precipi-
tation falling directly on the aquifer material; (2) concen-
tration of Cl in ground water is by evapotranspiration
within the unsaturated zone, not from recycling, dissolu-
tion of minerals containing Cl, or inflow from adjacent
aquifers; (3) Cl is conservative in the ground-water sys-
tem; and (4) the Cl mass flux has not changed over time.
Assumptions (1) and (2) are violated in Cedar Valley; the
following paragraphs explain how the mass-balance
method was adjusted to account for these violations.
Chloride probably is conservative in the ground-water
system and the mass flux has probably not changed sub-
stantially over time. Sequential core samples were not
collected to determine Cl concentration profiles with
increasing depth in the unsaturated zone. Any change in
Cl mass flux over time, therefore, could not be verified.

Bromide and Cl concentrations in ground-water,
surface-water, and precipitation samples collected during
this study (fig. 20) were examined to determine whether
or not ground water is enriched with CI from sources
other than precipitation. If Cl is enriched with respect to
Br in ground water within the unconsolidated basin fill,
then there is a probable geologic source for the higher Cl
concentrations such as dissolution of evaporites within
the Mesozoic-age sedimentary rock formations that crop
out in the Markagunt Plateau. Bromide concentration will
not increase from the dissolution of evaporites because



Water Quality and its Implications for Ground-Water Flow 53

18 T T T T T T
&
= 16 | i
- ¢ Ground water
E ®  Coal Creek
; 14 Evaporative trend of Coal Creek 7
= 4 Precipitation
é ------- Evaporative trend of precipitation
o 12 - X Fiddlers Creek ]
|
=
s I 1
= 1.0
2
o
e 08 B
<
oo
[
E 06 B
=] .
= .
o
o 0.4
L 4 r i
a -
=
(=)
o
[«]

80 100 120 140

CHLORIDE CONCENTRATION, IN MILLIGRAMS PER LITER

Figure 20.

mineral precipitation out of solution that contains Br
requires a much higher density than the point at which
halite (NaCl) or gypsum (CaSQOy,), the two most common
evaporite minerals, would form (Herczeg and Edmunds,
2000, p. 42). It is also possible that the Cl enrichment is
caused by sorbtion of Br by organic material (Davis and
others, 1998, p. 340).

Concentrations for Br and CI from ground- and
surface-water samples collected during this study are
reported in Howells and others (2002, table 4). Bromide
and Cl concentrations were determined for five precipita-
tion samples. Because of the low Br and Cl concentra-
tions in precipitation, these samples were analyzed at Los
Alamos National Laboratory in Los Alamos, New Mex-
ico, and are reported in the following table. The precipi-
tation sample collected on July 9, 2001, has a CI:Br ratio
that is extremely high in comparison to the ratio in other
samples. It is possible that this sample accumulated CI
from playa dust or another local source and that its con-
centration is not representative of average precipitation.

Relation of bromide to chloride concentrations in ground-water, surface-water, and precipitation samples, Cedar Valley, Iron County, Utah.

The average Cl and Br concentration from the other four
samples are 1.25 mg/L and 0.015 mg/L, respectively. The
average Cl:Br ratio is 82.6.

Chloride Bromide
Date of . .
e concentration concentration Cl:Br
precipitation - o .
(milligrams per  (milligrams ratio
sample . .
liter) per liter)
05-17-2001 0.481 0.00658 73.2
05-28-2001 1.824 .01984 91.9
06-26-2001 2.110 .02766 76.3
07-05-2001 .589 .00661 89.1
07-09-2001 2.867 .01008 285

Concentration by evapotranspiration of precipita-
tion or water in Coal Creek would increase Br and Cl
concentrations but not change the Cl:Br ratio (fig. 20).
Because recharge from Coal Creek is a source of Cl to
the ground-water system, it will be added to the mass-
balance equation. The samples collected from Coal Creek
are more enriched in Cl with respect to Br than the sam-
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ples collected from precipitation. The average Cl and Br
concentrations from Coal Creek are 8.2 mg/L and 0.01
mg/L, respectively. The average Cl:Br ratio is 798. This
indicates a probable geologic source of Cl in the Coal
Creek drainage basin. Although the three samples from
Coal Creek were collected during the months of March,
June, and July, streamflow was only slightly greater than
base flow and ranged from 20 to 22 ft/s. During snow-
melt runoff when surface runoff far exceeds base flow in
Coal Creek, the water might not be as enriched in Cl and,
therefore, would be closer to the Cl:Br ratio of precipita-
tion.

Most of the samples collected from wells have
Cl:Br ratios between the ratios for precipitation and Coal
Creek, indicating that recharge is a combination of those
two sources, or of sources with similar Cl:Br ratios. Sub-
surface inflow from consolidated rock could have a Cl:Br
ratio similar to that of precipitation or similar to that of
Coal Creek. Because the ratio is unknown, the mass-bal-
ance method will assume that subsurface inflow has the
same ratio as precipitation. The mass of Cl in precipita-
tion in the mountains is assumed to contribute to the mass
of Cl recharging the ground-water system. Precipitation
in the Coal Creek drainage is not included in the calcula-
tion because the Cl is included in the flow in Coal Creek.

Two samples collected from wells have Cl:Br
ratios that exceed the ratio of samples from Coal Creek,
indicating a possible other source of Cl in the ground-
water system. One of these samples is from well (C-33-
11)31aad-1 near Mud Springs Canyon and one is from
well (C-35-11)34dbb-1 just north of Cedar City in an
area irrigated with water from Coal Creek. The source of
Cl near Cedar City may be an obsolete waste-water treat-
ment plant located adjacent to well (C-35-11)34dbb-1.
Davis and others (1998, p. 345) report that the high CI:Br
ratio of sewage makes identification possible. The source
of Cl in these two wells is assumed to be a negligible part
of the Cl mass-balance calculation.

Samples collected from wells north of Enoch gen-
erally have high Br and Cl concentrations and show
prominent CI enrichment with respect to Br. Wells in this
area are located at sufficient distance from irrigation
ditches so as not to be influenced by water derived from
Coal Creek. The high Br and Cl concentrations are prob-
ably the result of recycling of irrigation water derived
from areas upgradient of these wells. 8'80 and 8’H
values in samples collected from wells do not indicate a
major shift from precipitation as would occur if recycling
of ground water was a major component of the system.
Therefore, Cl applied during irrigation with ground water
is assumed to equal Cl removed from the system by with-

drawal for irrigation, and neither is used in the Cl mass-
balance calculation. Chloride removed from the system
from domestic wells returns to the system through septic
systems, irrigation of lawns, or irrigation with waste-
water treatment-plant effluent, and is not included in the
mass-balance calculation.

Inflow from Parowan Valley is a small part of the
ground-water budget and probably not a major source of
Cl. For the mass-balance calculations, inflow of CI from
Parowan Valley was assumed to equal outflow of Cl
through Mud Springs Canyon and Iron Springs Gap.

For the Cl mass-balance calculations in Cedar Val-
ley, adding Coal Creek water and precipitation on the
mountains accounts for Cl in ground water that is not
from direct precipitation on the valley or that flows in
from adjacent aquifers in the consolidated rock. The
revised Cl mass-balance equation can be written:

Q Cl,,, = PCL,+CCI, (8)
where:

0 = recharge flux, in acre-ft/yr;

Cl,, = average concentration of Cl in ground water =
37 mg/L;

P = precipitation on valley and mountains exclud-
ing the Coal Creek drainage = 398,000 acre-
ft/yr;

Cl, = concentration of Cl in precipitation = 1.25
mg/L;

C = annual flow in Coal Creek = 24,200 acre-
ft/yr; and

Cl. = concentration of Cl in Coal Creek = 8.2 mg/L.

Recharge from precipitation and Coal Creek calculated
by using the above equation and values is 18,800 acre-
ft/yr. This is substantially less than the amount calculated
by using other methods of about 35,000 acre-ft/yr for the
predevelopment budget and 30,000 acre-ft/yr for 2000.
Because the mass-balance calculation is based on limited
Cl concentration data for precipitation and Coal Creek, it
should be considered a rough approximation. The
recharge rate determined by using equation 8 is very
sensitive to the average Cl concentrations. For example, a
0.1 mg/L change in Cl concentration in precipitation
changes the recharge by 1,100 acre-ft/yr. A 1 mg/L
change in CI concentration in ground water or Coal
Creek changes the recharge by 500 acre-ft/yr and 600
acre-ft/yr, respectively. More data on CI concentration,
especially in precipitation, would minimize the error in
this method.
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Numerical Simulation of Ground-Water
Flow in the Unconsolidated Basin Fill

A numerical ground-water flow model was devel-
oped to simulate the ground-water system in the uncon-
solidated basin fill in Cedar Valley and to test the
conceptual understanding of the ground-water system.
Development of the model included compilation and
examination of water-level, streamflow, and ground-
water withdrawal data and estimation and spatial distri-
bution of recharge, discharge, hydraulic conductivity, and
specific yield. Both a steady-state and a transient model
were developed. The “Recharge from irrigation” section
of this report discusses how the model was used to test
and change the conceptual understanding of recharge
from irrigation in Cedar Valley. The “Model construc-
tion” section discusses the details of discretization,
boundary conditions, and model parameters. The “Cali-
bration” section discusses how the model was changed to
match observed data and how adequately the model sim-
ulates the ground-water system.

The ground-water flow model was constructed
using MODFLOW-2000, (Harbaugh and others, 2000;
and Hill and others, 2000). The terms “observed” and
“observation” are used to define water-level and dis-
charge data used as observations in the ground-water
flow model (Hill and others, 2000, p. 23). The term
“measured water level” refers to known levels that may
or may not be included as observations. Because of
numerical instability near pumping wells during the tran-
sient simulation, the vertical-flow correction in MOD-
FLOW-2000 (Harbaugh and others, 2000, p. 31) was
removed (McAda and Baroll, 2002). The vertical-flow
correction improves simulation accuracy when part of the
simulated system is perched, but can cause numerical
instability resulting in solution failure. At the end of the
transient simulation, perched conditions exist in two
model cells at different locations in the model. The minor
inaccuracy caused by deactivating the vertical-flow cor-
rection is considered negligible.

Recharge from Iirigation

Recharge from irrigation was estimated outside of
MODFLOW-2000 and input to MODFLOW-2000 as
areal recharge using the Recharge Package (Harbaugh
and others, 2000, p. 67). The method of determining
recharge from irrigation was changed during the calibra-
tion process as explained in the following sections.

Recharge during 1938-49

Recharge from irrigation during 1938-49 initially
was assumed to occur evenly over all irrigated areas with
50 percent of the applied water becoming ground-water
recharge as explained in the “Recharge” section of this
report. Because recharge from individual canals is poorly
defined, canal recharge was assumed to be distributed
over the irrigated area and is included in the model with
recharge from irrigation. Recharge from irrigation with
ephemeral streams was considered negligible. The total
17,600 acre-ft/yr of recharge from irrigation was applied
evenly over the 14,100 acres estimated to be irrigated
during 1938-49 (fig. 21) for an average recharge rate of
1.25 ft/yr. The irrigated area was estimated on the basis
of November 1960 aerial photographs obtained from the
U.S. Forest Service Geometronics Service Center, Salt
Lake City, Utah.

During calibration of the steady-state model, how-
ever, water levels could not be adequately simulated with
this recharge method, and sensitivity analysis indicated
that the simulated levels were very sensitive to recharge
from irrigation. The inability of the model to simulate
water levels indicated that the conceptual understanding
of recharge should be reevaluated. A new method to dis-
tribute recharge on the basis of the Coal Creek Decree
(described in the “Surface water” section of this report)
was developed (table 9). First, for each month, the distri-
bution of Coal Creek water to water rights Class 1, 2, 3,
4a, and low priority was determined. Second, the area
irrigated with surface water was divided into seven irriga-
tion areas (fig. 22) and the monthly amount of surface
water each area received based on its water rights was
determined. Fifty percent of the water delivered during
the growing season was assumed to become ground-
water recharge except in the City area where 47 percent
was assumed because urban development causes
increased runoff. Seepage from Coal Creek was included
in the City area. All of the water delivered during the
winter was assumed to recharge the ground-water sys-
tem. As determined from water rights (Utah Department
of Natural Resources, Division of Water Rights, 2001),
more irrigation may be provided by Shirts and Murie
Creeks than was originally estimated. The estimated
recharge in these areas was the average of the recharge in
other irrigation areas not including the City area.
Recharge from irrigation with surface water is more than
what was calculated with the original method, mainly
because of accounting differences and the addition of
water supplied from Shirts and Murie Creeks.
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Figure 21.  Area of estimated evenly distributed recharge from irrigation, Cedar Valley, Iron County, Utah.
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Table 9.
Utah, 1938-49

Conceptual annual recharge from irrigation with surface water and seepage from Coal Creek, Cedar Valley, Iron County,

[Area includes enclosed non-irrigation areas and is greater than actual irrigated area. Summer extra water refers to water available when flow in Coal Creek ex-
ceeds 102.02 cubic feet per second. Water applied during the winter was determined by proportioning flow in Coal Creek by area. Total recharge (acre-feet): Total
summer applied multiplied by summer recharge percent plus winter applied plus seepage from Coal Creek; Total recharge (feet): Total recharge (acre-feet) divid-

ed by area; —, not applicable]

_Su'rfac'e-water Area Summ'er Summerextra Total summer Summer Win?er Seepage from Total recharge
irrigation area (acres) water right water applied recharge applied Coal Creek
(fig. 22) (acre-feet)  (acre-feet)  (acre-feet)  percent  (acre-feet)  (acre-feet)  (acre-feet) (feet)
City 2,367 7,281 628 7,909 47 260 2,450 6,427 2.72
North Field 2,333 4,741 619 5,359 50 256 — 2,936 1.26
Union 1,715 2,781 455 3,236 50 188 — 1,806 1.05
4a only 1,775 2,406 471 2,877 50 195 — 1,633 0.92
Low rights 9,510 186 0 186 50 1,043 — 1,137 0.12
Shirts and 2,887 — — — — — — 1,415 0.49
Murie
Creeks!
Total 20,600 17,400 2,200 19,600 — 1,900 2,400 15,400 —
(rounded)

T Amounts diverted for this area are not measured. Recharge rate assumed to be average of recharge rate for North Field, Union, 4a only, and Low

rights. Total recharge for this area is area divided by recharge (feet).

Recharge from irrigation with ground water also
was changed. Water was assumed to be applied to fields
near each well in the 17 ground-water irrigation areas
(fig. 23 and table 10) used during 1938-49. Recharge
during 1938-49 for each of these areas is listed in table
10.

The steady-state model was changed to incorporate
the areal variability in recharge, which caused simulated
water levels to more closely match observed levels. This
indicates that the new concept of variable recharge is
probably more accurate than the concept of evenly dis-
tributed recharge.

Recharge during 1950-2000

The amount of water applied to each irrigation area
changes dramatically with flow in Coal Creek. The distri-
bution of Coal Creek to the irrigation areas for selected
years was determined by using records of flow in Coal
Creek and the Coal Creek Decree. These years were used
to develop equations to calculate the amount of water
applied to each irrigation area for the remaining years of
the transient simulation. The amount of water applied
from wells also changes during the 63-year transient sim-
ulation. Two methods were used to determine recharge
from irrigation and Coal Creek. Recharge for selected

years determined by those two methods is presented in
table 11 and the methods are described in the following
sections.

Percent-Recharge Method

In the first method used to estimate recharge from
surface-water irrigation, a specified percentage of applied
water was assumed to become ground-water recharge. In
most areas, the percent of applied water that becomes
ground-water recharge gradually was decreased from 50
percent to represent conversion of many areas from flood
irrigation to sprinkler irrigation. To represent land-use
changes and urbanization around Cedar City, recharge
was gradually reduced from 47 percent to 20 percent of
applied surface water. As with the 1938-49 calculations,
all streamflow during the non-irrigation season and all
seepage from Coal Creek was assumed to become
ground-water recharge.

Irrigation with ground water was assigned to 31
areas during 1950-2000 (fig. 23). The percentage of
applied water that becomes ground-water recharge for
each area was assumed to decline from 50 percent for
1938-65 to 20 to 30 percent in 2000 because of the
change to sprinkler irrigation. Recharge from ground-
water irrigation with this method ranged from 5,900 acre-
ft for 1987 and 1988 to 13,400 acre-ft for 1970-74.
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Figure 22.  Surface-water irrigation areas, Cedar Valley, Iron County, Utah.
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Figure 23.  Ground-water irrigation areas, Cedar Valley, Iron County, Utah.
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Table 10. Conceptual annual recharge from irrigation with
ground water, Cedar Valley, Iron County, Utah, 1938-49

[Ground-water areas 15-19, 22-28, 30, 31 not irrigated with ground water dur-
ing 1938-49; —, not applicable]

Ground-water Area Recharge
irriga_tion area (acres)
(fig. 23) (acre-feet) (feet, rounded)
1 223 174 0.78
2 1,228 719 .59
3 105 62 .59
4 114 122 1.07
5 112 40 35
6 536 395 74
7 1,301 1,405 1.08
8 258 219 .85
9 2,227 1,954 .88
10 192 66 .34
11 681 1,058 1.55
12 240 90 37
13 95 46 48
14 587 122 21
20 3,845 28 .01
21 4,119 43 .01
29 1,340 90 .07
Total (rounded) 17,200 6,600 —

Irrigation also occurs with municipal water in
Cedar City and Enoch. Recharge from irrigation with
municipal water was assumed to be 15 percent of the
extra water applied during the summer as described in the
“Recharge” section of this report. Fifteen percent of the
extra water applied is about equal to 8 percent of the
annual municipal use, and the annual recharge during
1950-2000 was assumed to be 8 percent of the municipal
use of wells. This analysis assumes that with increasing
municipal ground-water withdrawals, recharge from the
use of municipal springs for irrigation is insignificant.
Municipal recharge is assumed to be negligible for 1938-
49 but increases with development. Recharge is about
700 acre-ft for 2000.

Consumptive-Use Method

During transient calibration, the inability to ade-
quately simulate water-level fluctuations indicated that
simulated recharge must vary more than determined by
the percent-recharge method. A new method was devel-
oped to test the theory that during years with less-than-

normal flow in Coal Creek, a higher percentage of the
applied water is used to satisfy crop demand and a lower
percentage becomes ground-water recharge. Conversely,
during years with greater-than-normal flow in Coal
Creek, a lower percentage of the applied water is used to
satisfy crop demand, and a higher percentage becomes
ground-water recharge. With the consumptive-use
method, recharge from Coal Creek seepage, irrigation
with surface water, and irrigation with ground water
varied more than with the percent-recharge method (table
11).

Surface water applied to each area was determined
by using the same methods described in the “Percent-
recharge method” section of this report, but the percent-
age that becomes recharge was not assumed. Instead, it
was assumed that 20 percent of the applied water
becomes runoff or evaporates from the fields, plants, or
ditches. Utah State University (1994, p. 121) reports that
runoff and evaporative losses range from 5 to 55 percent
throughout Utah. The remaining 80 percent of the applied
surface water reaches the root zone of the plants and
either satisfies consumptive use of the plants or becomes
ground-water recharge.

Because some areas of the valley are irrigated with
both surface and ground water, it is not possible to deter-
mine what percentage of recharge each contributes.
Eighty percent of ground water applied as irrigation is
also considered to reach the root zone of the plants. The
ground water applied to each of 31 areas was determined
as described in the “Percent-recharge method” section of
this report.

In addition to irrigation water, precipitation con-
tributes to crop consumptive use. Utah State University
(1994, p. 114) assumes that 80 percent of the precipita-
tion during the growing season and 67 percent of the pre-
cipitation during the nongrowing season reaches the root
zone. With these assumptions and the normal monthly
distribution of precipitation at Cedar City, about 75 per-
cent of the annual precipitation is estimated to reach the
root zone.

Consumptive use in the study area is presented in
table 12 as determined from digital land-use data com-
piled in 1989 (Utah Department of Natural Resources,
Division of Water Resources, 1993) and consumptive use
for each crop type (Utah State University, 1994, table
25). The total consumptive use for crops is about 49,200
acre-ft/yr, with an average consumptive use of about 2.47
ft/yr. Because the surface-water and ground-water irriga-
tion areas contain enclosed nonirrigated and noncrop
areas, the total nonresidential part of the delineated irri-
gation areas is about 32,600 acres. This is more than the
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Table 11. Conceptual annual recharge from irrigation for selected
Iron County, Utah

[Amounts in acre-feet]

years determined by different methods of calculation, Cedar Valley,

Percent-Recharge Method

Consumptive-Use

Method
Year I_ie_cha_rge frt_)m I_ie_cha_rge frt_)m Recharge from 'I_'ot_al rc_acharge from Total recharge from

irrigation with irrigation with seepage from Coal irrigation and Coal irrigation and Coal Creek
surface water ground water Creek Creek

1938-49 12,800 6,600 2,400 21,800 22,100

1959 5,500 8,900 1,000 15,400 8,500

1977 3,400 11,500 800 15,700 15,200

1983 29,900 6,100 6,400 42,400 57,300

2000 7,700 9,000 1,700 18,400 23,200

crop area of 19,900 acres (table 12). Because the amount
of applied water is calculated as being distributed over
the larger area, the amount of consumptive use must also
be calculated as distributed over the large area. On the
basis of types of crops and amount of nonirrigated land in
each area, the distributed consumptive use is 1.07 ft/yr on
about 3,800 acres and 1.54 ft/yr on about 28,800 acres;
the total distributed consumptive use on nonresidential
areas is about 48,400 acre-ft/yr.

Recharge in each irrigation area for each year was
calculated with the equation:

Recharge = Pfactor x effprec + 0.8 x (applied surface

water + applied ground water) - consumptive use (9)
where:

Recharge = recharge rate, in ft/yr;

Pfactor = multiplier to vary precipitation for each
year, annual precipitation/average annual
precipitation;

effprec = 0.75 x average annual precipitation; and

applied surface water, applied ground water and con-
sumptive use are all defined in ft/yr.
Simulated recharge from irrigation with surface
water in the Cedar City area and from municipal water in
Cedar City and Enoch was assumed to be the same per-
centage as in the “Percent-recharge method” section of
this report. It is difficult to determine consumptive-use
requirements and amount applied in urban and residential
areas, and the above equation was not used in those areas.

Table 12. Land use and consumptive use of water by crops, Ce-
dar Valley, Iron County, Utah, 1989

[Consumptive use: Utah State University, 1994, table 25]
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Consumptive use

Land-use description (:::rr?s) (feet per (:::(;-;::t
year) rounded')
Crop
Pasture / grass hay 8,931 2.32 20,700
Alfalfa 8,314 2.86 23,800
Grain 2,377 1.79 4,300
Corn 178 1.58 280
Grass / turf 46 2.10 100
Fruit / garden 11 1.44 20
Subtotal (rounded) 19,900 49,200
Urban and Residential
Residential 6,450
Farmsteads 1,048
Commercial / industrial / 962
transportation
Subtotal (rounded) 8,500
Open
Riparian / wetlands 4,757
Idle / fallow / open 4,353
Open water 66
Subtotal (rounded) 9,200
Total (rounded) 37,500
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Model Construction

Construction of the ground-water flow model was
accomplished by discretization of the hydrologic proper-
ties of the ground-water system; establishment of model
boundaries that represent conceptual hydrologic bound-
aries; determination of recharge rates and ground-water
withdrawal rates for the steady-state simulation and each
stress period of the transient simulation; and assignment
of model parameters to recharge, discharge, and hydro-
logic properties.

Given the amount and complexity of the input data,
it is impractical to present or reference all required infor-
mation to reconstruct the model from the information
presented in this report. A copy of the model and associ-
ated data sets can be obtained from the USGS Utah Water
Science Center, Salt Lake City, Utah.

The model described in this report uses parameters
(Harbaugh and others, 2000, p. 4) to define much of the
input data. A parameter is a single value that is given a
name and determines the value of a variable in the finite-
difference ground-water flow equation at one or more
model cells. When parameters are used, the data value for
a cell is calculated as the product of the parameter value,
which might apply to many cells, and a cell multiplier,
which applies only to that cell (Harbaugh and others,
2000, p. 13). Sensitivity analysis (Hill and others, 2000,
p- 98) was used to guide model construction and calibra-
tion.

Spatial Discretization

Areally, the model is discretized into a grid of rect-
angular cells; each cell has homogeneous properties. The
boundary of active cells (fig. 24) delineates the lateral
boundaries of the simulated ground-water system and
generally corresponds with the lateral extent of the
unconsolidated basin fill in Cedar Valley. The rectangular
model grid contains 91 rows and 34 columns; cell size is
variable and active cells range in size from about 55 to
250 acres. Areas of small cell size generally represent
areas where more data are available. Rows 1 to 7 are
included in the model grid to simulate the northern extent
of the basin fill. During simulations, however, these cells
become unsaturated, causing numerical instability.
Because no data are available to determine whether the
basin fill in the area is saturated, the cells were made
inactive. The model grid is rotated clockwise about 23
degrees from north so that cell faces are generally parallel
to the boundary of the unconsolidated basin fill. The
ground-water flow equations are formulated at the center

of each model cell. Flow area and gradient used to deter-
mine flow through the cell are determined at the center of
the cell and represent the average area and gradient
through the cell.

Vertically, the model is composed of three layers
representing units A and B of the unconsolidated basin
fill as described by Hurlow (2002, p. 13); the maximum
total simulated thickness of 3,000 ft occurs near Rush
Lake (fig. 24). As explained in the “Hydrogeology” sec-
tion of this report, units A and B are assumed to have
similar permeability; therefore, model layer definition is
not dependent upon the horizontal or vertical extent of
the individual units. Vertical discretization was used in
the model to enable simulation of known vertical hydrau-
lic gradients. The top model layer (layer 1) was assigned
a saturated thickness of about 50 ft to represent uncon-
fined conditions at the top of the ground-water system
throughout the valley. The water-level altitude used to
determine the top of the saturated basin fill was based on
observed water levels in March 1939 and the ending
water levels of the steady-state simulation. The altitude
of the bottom of layer 1 was set about 50 ft below satu-
rated altitude. Altitude of the bottom of layer 3 was deter-
mined by subtracting the combined thickness of the units
A and B (Hurlow, 2002, fig. 10) from land-surface alti-
tude. The thickness between the bottom of layer 1 and the
bottom of layer 3 was evenly divided into layers 2 and 3.
The thicknesses of layers 2 and 3 range from about 20 to
1,470 ft.

All model layers were assigned as convertible
layers in MODFLOW-2000. This allows layers to be con-
fined if the simulated water level is above the top of the
layer and unconfined if the simulated water level is below
the top of the layer. Observed water levels during the
period represented by the transient simulation decline
more than 50 ft in some areas; accurately simulating
those declines will cause layer 2 to become unconfined
near some pumping wells during the transient simulation.
MODFLOW-2000 requires the top layer also be assigned
as a convertible layer, and the model automatically
changes to confined conditions if the layer becomes fully
saturated. To prevent the model from simulating unrealis-
tic confined conditions, the top of the model layer was
assigned an artificially high altitude of 7,000 ft at all
locations instead of land-surface altitude.
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Temporal Discretization

The steady-state model simulates conditions in the
late 1930s and the 1940s. Ground-water withdrawals
were occurring, but were much less than in later years.
Water-level observations indicate that ground-water
levels were similar in March 1939 and March 1950 (figs.
8 and 10). Water levels fluctuate between those dates, but
overall, the ground-water system appears to have equili-
brated discharge with recharge during those years.
Because of the similarity in water levels, water-level
observations from both March 1939 and March 1950
were used to calibrate the steady-state simulation. If
levels were available for both years, the 1950 level was
used.

The transient model simulates 63 yearly stress
periods from 1938 to 2000. The flow in Coal Creek and
ground-water withdrawals were calculated from March 1
to February 28 for each year, and the simulated water
levels are compared to the observed water levels for the
next year. For example, March 2001 water levels are
compared to the simulated water levels at the end of
stress period 63, which simulates recharge and discharge
from March 1, 2000, to February 28, 2001. Simulated
water levels from the steady-state simulation were used
as starting water levels in the transient simulation, and
the first 12 periods in the transient simulation are steady-
state periods to represent the steady-state conditions
during 1938-49. The transient model was constructed to
simulate annual and longer-term water-level fluctuations.
Given the uncertainties in local ground-water recharge
and pumping withdrawals, annual fluctuations at specific
points should be considered approximations.

Distribution of Aquifer Characteristics

The three-layer model represents saturated, uncon-
solidated basin fill. The top model layer simulates the
unconfined conditions that typically exist near the top of
the saturated zone. Layers 2 and 3 simulate confined con-
ditions that typically exist deeper in the saturated basin
fill. Although continuous clay layers are not evident in
Cedar Valley, lenses of fine-grained material confine
water in the deeper basin fill (see “Unconsolidated basin
fill” section of this report). The hydraulic characteristics
that control simulated water levels are horizontal hydrau-
lic conductivity, horizontal-to-vertical anisotropy of
hydraulic conductivity, specific yield in model layer 1,
and specific storage in model layers 2 and 3. The model
was constructed to allow aquifer characteristics to vary
spatially by using parameters and multiplier and zone
arrays (Harbaugh and others, 2000, p. 15).

Hydraulic Conductivity and Horizontal-to-Vertical Anisotropy

Hydraulic conductivity was assumed to decrease as
the percentage of coarse material in the unconsolidated
basin fill decreases (see the “Aquifer properties” section
of this report). This variation was assigned with a multi-
plier array as shown in figure 25. The MODFLOW-2000
parameters for hydraulic conductivity (hk3, hkmid, hk4,
hkedge, and hk5 on fig. 26) are multiplied by the
“coarse” multiplier array to determine the hydraulic con-
ductivity simulated at each cell in ft/d (fig. 27). The value
of the parameter, however, is not the estimated hydraulic
conductivity of the coarse material. It represents a combi-
nation of the conductivities of the coarse and fine materi-
als. All model layers were assumed to have the same
distribution of hydraulic conductivity.

Water-level measurements in some wells indicate
probable vertical-head gradients within the unconsoli-
dated basin fill. To simulate the measured vertical-head
gradients, it is necessary for vertical hydraulic conductiv-
ity to be less than horizontal hydraulic conductivity in
this model. This was simulated with parameters and a
zone array defining the anisotropy of horizontal-to-verti-
cal hydraulic conductivity (Harbaugh and others, 2000, p.
60). The parameters defining anisotropy (vaniconf, vani-
uncon, and vani3) are the actual values of simulated
anisotropy; no multiplier array is used.

Specific Yield and Specific Storage

Values of specific yield for layer 1 and specific
storage for layers 2 and 3 were assumed to be smaller in
the center of the valley where more fine-grained material
is present than along the valley margins. Model layers 2
and 3 were assigned the same areal distribution of spe-
cific storage, and model layer 1 was assigned a similar
distribution of specific yield. Specific storage is storage
coefficient divided by the thickness of the confined layer.
Bjorkland and others (1978, table 4) reported values of
storage coefficient ranging from 0.0005 to 0.013. For
layer thickness ranging from about 20 to 1,500 ft in
layers 2 and 3, an equivalent range in specific storage is
6.5 x10™¥/ft to 3 x 107/ft. The parameters defining spe-
cific yield and specific storage (syc, syf, ssc, and ssf) are
the actual simulated values; no multiplier array is used.
Because model layers 2 and 3 are simulated as convert-
ible layers, layer 2 becomes unconfined at some locations
during the transient simulation and the flow equations
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Figure 26.  Parameters for hydraulic conductivity simulated in the ground-water flow model, Cedar Valley, Iron County, Utah.
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use specific yield instead of specific storage for those
time steps or stress periods. The distribution of specific
yield in layer 2 is the same as in layer 1.

Horizontal-Flow Barriers

Observed water levels near and north of Enoch and
discharge from the springs near Enoch could not be simu-
lated by changes in hydraulic conductivity of model cells.
Flow barriers were simulated with the Horizontal-Flow
Barrier Package (Harbaugh and others, 2000, p. 63) to
inhibit water moving from east to west in this area (fig.
25). The barrier is simulated near the eastern basin-
bounding fault system shown by Hurlow (2002, pl. 1). It
is not known if the fault or some other undefined geology
impedes ground-water flow in this area. This package
allows hydraulic conductivity and flow between cells to
be decreased without affecting the hydraulic conductivity
of the adjacent cells. MODFLOW-2000 allows the value
of conductance across the barrier to be defined as a
parameter. For this simulation, the factor listed in the
input file for the Horizontal-Flow Barrier Package is the
inverse of the thickness of the barrier. The parameter
(hfb) is hydraulic conductivity, in ft/d, which when multi-
plied by the factor gives the hydraulic characteristic
required by MODFLOW-2000.

Boundary Conditions

The boundaries chosen for the model describe
mathematically how the simulated ground-water system
interacts with the surrounding hydrologic system. Mathe-
matical boundaries used to represent hydrologic bound-
aries include no-flow boundaries, specified-flux
boundaries, and head-dependent flux boundaries. These
boundaries define the physical limits of the model and
simulate recharge to and discharge from the ground-
water system. No-flow boundaries are considered imper-
meable and no flow is simulated across them. Specified-
flux boundaries allow a specified rate of water through
the cell and are used to simulate most recharge and some
discharge in this model. Head-dependent flux boundaries
simulate flow across the boundary proportional to the dif-
ference in heads across the boundary and are used to sim-
ulate some recharge and discharge in this model.

No-Flow Boundaries

Contacts between unconsolidated basin fill and
consolidated rock around the basin fill are simulated as
no-flow boundaries. At most locations around the valley,
however, estimated inflow from consolidated rock is sim-
ulated as wells in cells near the boundary. The unconsoli-

dated basin fill below the simulated basin fill also is
considered a no-flow boundary. The higher seismic-wave
velocity of unit C (Hurlow, 2002, p. 9) indicates that it is
not as permeable as units A and B. The Moenkopi For-
mation composing the Cross Hollow Hills and North
Hills (fig. 24) also are considered to be no-flow bound-
aries. Hurlow (2002, fig. 23) reported low permeability
for the sedimentary rocks of that formation. In a few
areas along the margins of the valley, the saturated thick-
ness of the unconsolidated basin fill is estimated to be
less than 50 ft. The cells representing those areas are
assigned as inactive to prevent numerical instability.

Recharge Boundaries

Recharge is simulated from irrigation, precipita-
tion, seepage from Coal Creek, and inflow from consoli-
dated rock and Parowan Valley. During transient
simulation, recharge from south of the model area
through unconsolidated basin fill is also simulated (see
“Recharge” section of this report). Specified-flux and
head-dependent flux boundaries are used to simulate all
recharge. Recharge simulated by specified-flux bound-
aries does not change as simulated water levels change.
Recharge simulated by head-dependent flux boundaries
can change as a function of simulated water levels.

Areal recharge from irrigation, precipitation, and
seepage from Coal Creek is simulated as a specified-flux
boundary with the Recharge Package (Harbaugh and oth-
ers, 2000, p. 67) and is applied to the highest active cell.
Annual recharge from irrigation and precipitation
(including seepage from Coal Creek) in irrigated areas, in
acre-ft, was determined as explained in the “Recharge
from irrigation” section of this report and is entered in
MODFLOW-2000 as a multiplier array (fig. 28).

Sixty multiplier arrays are used in the transient
simulation to account for changes in recharge because of
changes in the application of surface water and ground
water. To minimize the number of multiplier arrays
needed as MODFLOW data, the recharge rates from sur-
face-water irrigation were delineated into 13 periods of
similar recharge, and the recharge rates from ground-
water irrigation were divided into 24 periods of similar
recharge. Each model stress period was assigned 1 of the
13 surface-water recharge periods and 1 of the 24
ground-water recharge periods. This aggregation intro-
duces no more error than the estimate errors in applied
water and percent recharge. General water-level trends
dependent upon recharge rate are adequately simulated.

A recharge rate of 0.035 ft/yr from precipitation
was assigned in all areas to achieve a recharge from pre-
cipitation of 5,900 acre-ft/yr (see “Recharge” section of
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this report) and is entered in MODFLOW-2000 as
another multiplier array. This is less recharge from
precipitation than in the conceptual budget (table 2) for a
few reasons. First, a steady-state model must have a
balanced budget. Using the conceptual recharge would
have required simulating more discharge to
evapotranspiration, springs, and outflow to other areas
than estimated. Second, recharge in arid valleys
estimated by using newer methods is typically less than
recharge estimated by using the Maxey-Eakin method
(Hevesi and others, 1998, p. 24). Third, recharge from
precipitation and Coal Creek estimated by using the
chloride mass-balance calculation presented in this report
is less than recharge from precipitation calculated using
the Maxey-Eakin method. Because this rate is small, it is
considered an insignificant part of the budget on irrigated
lands. This value was not changed during the transient
simulation.

The MODFLOW-2000 Recharge Package allows
the value of recharge flux to be defined as one or more
parameters (Harbaugh and others, 2000, p. 68). In this
model, the multiplier arrays define the conceptual
recharge rate at each cell in ft/yr and the recharge param-
eters multiply the conceptual recharge by a constant
value and convert the rate to ft/d. Six recharge parameters
were defined for recharge from irrigation and precipita-
tion (coalirrl, coalirr2, coalseep, shirts, wellirr, and pre-
cip). Each recharge parameter was initially set equal to
0.00274 to simulate conceptual recharge, but changed
during calibration (fig. 29).

Inflow from consolidated rock and Parowan Valley
is simulated as specified-flux boundaries with the Well
Package (Harbaugh and others, 2000, p. 69) in active
cells in layers 2 and 3 near the no-flow boundaries (fig.
30). The rate of inflow from each area was assigned to be
equally divided between layers 2 and 3, in ft3/d. MOD-
FLOW-2000 allows the value of the volumetric recharge
rate to be defined as one or more parameters (Harbaugh
and others, 2000, p. 70). Six MODFLOW-2000 parame-
ters were defined for recharge from bedrock and inflow
from Parowan Valley (bedrockno, bedrockwes, bed-
rocksw, bedrockse, bedrockeas, and parowan). Separate
parameters were used so that sensitivity to each area of
inflow could be evaluated and inflow could be easily
varied during calibration. Each well parameter was ini-
tially set equal to 1 to simulate conceptual recharge.

For the steady-state simulation, inflow from con-
solidated rock was assumed to equal the inflow deter-
mined for the 1961-90 average annual precipitation. For
the transient simulation, the inflow from consolidated
rock varies with annual precipitation. On the basis of the

regression equation (eq. 2) to determine subsurface
inflow from consolidated rock, the recharge does not vary
linearly with a change in precipitation. The yearly
recharge multiplier was calculated with the following
equation:

Omult = 10(1.10xlog(Pmult)) (10)
where:
Omult = multiplier to vary inflow for each year,
and
Pmult = annual precipitation divided by average

annual precipitation at Cedar City Airport,
1951-2000.

Annual precipitation data are not available before
1951, and the 1950 annual precipitation is assumed to
equal the 1961-90 average annual precipitation. Annual
precipitation, precipitation multiplier, and inflow multi-
plier are listed in table 13.

Another method of simulating inflow would have
been to use general head boundaries, which allow flow
across the boundary to vary as the water-level difference
across the boundary changes. In this study area, the
amount of inflow from consolidated rock to basin fill is
considered to be dependent upon climate, geography, and
vegetation of the consolidated rock areas. Lowering the
water levels in the valley will not induce additional long-
term recharge because more water is not available. Inflow
from Parowan Valley may be more dependent upon the
water-level difference across the boundary than is inflow
from consolidated rock, but the flow from Parowan
Valley also is limited. It also is likely that water-level
changes in Cedar Valley caused by climate or ground-
water development would also occur in Parowan Valley,
thereby minimizing the change in water-level difference
between the two valleys.

Recharge through unconsolidated basin fill from
south of the model area during the transient simulation
was simulated in all model layers with the General-Head
Boundary (GHB) package (Harbaugh and others, 2000,
p. 76). Because this boundary is a discharge boundary in
the steady-state simulation, more detail is provided in the
“Discharge boundaries” section of this report.
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Figure 30.  Distribution of inflow from consolidated rock and Parowan Valley simulated in the steady-state ground-water flow model, Cedar Valley, Iron
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Table 13. Annual precipitation, precipitation multiplier, and inflow
multiplier used to calculate annual variation of inflow from consoli-
dated rock in the transient ground-water flow model, Cedar Valley,
Iron County, Utah

[Annual precipitation at Cedar City airport (National Oceanic and Atmospher-
ic Administration, 1951-2000); Precipitation multiplier equals annual precipi-
tation divided by the 1951-2000 average of 10.8 inches; Inflow multiplier =
10010 x log(Pmult)) "y here Pmult = Precipitation multiplier]

Annual precipitation Precipitation Inflow
Year at Cedar City airport multiplier multiplier
(inches) (Pmult) (Qmult)
1951 8.92 0.83 0.81
1952 8.67 .80 .79
1953 9.33 .86 85
1954 9.03 .84 .82
1955 8.33 7 75
1956 6.33 .59 .56
1957 12.97 1.20 1.22
1958 8.01 74 72
1959 52 48 45
1960 8.48 .79 77
1961 12.41 1.15 1.17
1962 9.19 85 .84
1963 11.53 1.07 1.07
1964 7.88 73 71
1965 15.08 1.40 1.44
1966 7.45 .69 .66
1967 16.94 1.57 1.64
1968 8.5 .79 77
1969 12.3 1.14 1.15
1970 11.25 1.04 1.05
1971 11.1 1.03 1.03
1972 11.78 1.09 1.10
1973 10.88 1.01 1.01
1974 7.86 73 71
1975 12.99 1.20 1.23
1976 6.38 .59 .56
1977 7.65 71 .68
1978 13.9 1.29 1.32
1979 11.14 1.03 1.03
1980 15.63 1.45 1.50
1981 12.08 1.12 1.13
1982 15.51 1.44 1.49
1983 14.77 1.37 141
1984 13.91 1.29 1.32
1985 11.39 1.05 1.06
1986 13.12 1.21 1.24
1987 13.89 1.29 1.32
1988 11.61 1.08 1.08
1989 6.24 58 55
1990 10.91 1.01 1.01
1991 9.82 91 90
1992 11.53 1.07 1.07
1993 11.46 1.06 1.07
1994 10.88 1.01 1.01
1995 12.14 1.12 1.14
1996 10.51 97 97
1997 10.72 99 99
1998 12.86 1.19 1.21
1999 7.06 .65 .63
2000 12.97 1.20 1.22

Discharge Boundaries

Discharge is simulated to evapotranspiration; to
wells; as outflow through unconsolidated basin fill in
Mud Springs Canyon, Iron Springs Gap, and the south
end of the valley during steady-state and some transient
periods; and to springs near Enoch. Discharge to evapo-
transpiration, outflow through unconsolidated basin fill,
and springs is head dependent. In the steady-state simula-
tion, the sum of these discharge components is equal to
the simulated recharge (most of which is specified-flux)
minus well withdrawal.

Discharge to evapotranspiration is simulated in
layer 1 with the Evapotranspiration Package (Harbaugh
and others, 2000, p. 73). The rate of evapotranspiration
simulated depends on the maximum evapotranspiration
rate, the depth below land surface at which transpiration
stops (extinction depth), and the simulated ground-water
level (McDonald and Harbaugh, 1988, fig. 42). Data
required for the Evapotranspiration Package are the alti-
tude of the evapotranspiration surface, extinction depth,
and the maximum evapotranspiration rate. The altitude of
the evapotranspiration surface was estimated as land sur-
face from USGS 1:24,000-scale topographic maps. In
most areas of evapotranspiration, the error associated
with the altitude estimate is 5 to 10 ft because the contour
interval is 10 or 20 ft. An extinction depth of 30 ft was
used initially for all areas of evapotranspiration. This was
changed to 19 ft during calibration to more closely match
the areas where evapotranspiration is estimated to have
occurred during 1938-49 (fig. 31). The maximum rate of
evapotranspiration initially was assigned as 1 ft/yr in all
areas of evapotranspiration with a multiplier array, but
was changed during calibration. The MODFLOW-2000
Evapotranspiration Package allows the value of maxi-
mum evapotranspiration flux to be defined as a parameter
(Harbaugh and others, 2000, p. 74). The evapotranspira-
tion parameters (etl and et2) used in this model multiply
the maximum rate of evapotranspiration by a constant
value and convert the rate from ft/yr to ft/d. Input to the
Evapotranspiration Package was not changed during the
transient simulation, but the rate of evapotranspiration
varies as simulated water levels vary.

Discharge to wells is simulated in all layers with
the Well Package (Harbaugh and others, 2000, p. 69).
The Well Package simulates a specified-flux boundary in
each cell to which a well is assigned. Data required for
the Well Package are the pumpage rate in each layer. The
distribution of pumpage among layers in each well was
determined prior to input into MODFLOW-2000. MOD-
FLOW-2000 allows the value of the volumetric recharge
rate (discharge is entered as a negative recharge rate)
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Figure 31.  Distribution of evapotranspiration, springs, and general-head boundaries simulated in the ground-water flow model, Cedar Valley, Iron County,
Utah.
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from wells to be defined as one or more parameters
(Harbaugh and others, 2000, p. 70). One MODFLOW-
2000 parameter was defined initially for discharge to
wells (parameter pump). During model development,
however, it was noted that the definition of the rate of
ground-water withdrawal as a model parameter caused
many model parameters to have correlation coefficients
of 1.0. This indicated that a unique model could not be
determined if well discharge was a calibration parameter,
and wells were assigned as a fixed withdrawal rate.

Ground-water withdrawal for individual wells is
needed for the steady-state simulation and for each
annual stress period in the transient simulation. Records
for ground-water withdrawal are published for individual
wells for 1938-40 (Thomas and Taylor, 1946, p. 130-
133), 1945-53 (Thomas and others, 1952, table 1; and
Waite and others, 1954, table 7), and 1954-60 (Sandberg,
1962, table 3). No data are published for 1941-44. For
1961 to 2001, ground-water withdrawal for irrigation is
published only as a total for the entire valley. For most of
this period, estimates of total irrigation ground-water
withdrawal were obtained from the Utah Department of
Natural Resources, Division of Water Rights, as reported
by the local water commissioner. No records are available
for individual wells. During the period of this study, irri-
gation ground-water withdrawal was estimated for indi-
vidual wells by field inventory. Cedar City municipal
ground-water withdrawals during 1960-78 for public
supply were obtained from the Cedar City Engineers
Office. Other withdrawals for public supply were esti-
mated to be unsubstantial prior to 1979. For 1979 to
2001, ground-water withdrawals for public supply are
published for individual wells by the Utah Department of
Natural Resources, Division of Water Rights.

The steady-state withdrawal for each irrigation
well was calculated as the average withdrawal reported
for 1938-40 and 1945-49. No public-supply wells are
simulated for the steady-state period. For the transient
simulation, withdrawal reported for each well was used
for 1950-60. Irrigation withdrawal for each well had to be
estimated for 1961-2000 by projecting the withdrawal
reported in 1960 (Sandberg, 1962, table 3) forward in

time. The estimate for withdrawal at each well for each
year was calculated by multiplying the withdrawal at a
specified well for the previous year by the ratio of total
irrigation withdrawal for the current year divided by the
total for the previous year. When a new irrigation well
was completed as a replacement to an adjacent older well
or a well was completed in an area that was not
previously irrigated, well withdrawal was estimated by
projecting backward in time to the well-completion date

using the same method described previously, but starting
with the estimate of withdrawal made during this study.
Withdrawals were not calculated for older wells replaced
by newer wells unless the older well was known to be in
use. Simulated ground-water withdrawals range from
about 12,500 acre-ft in 1952 to about 39,700 acre-ft in
1974. Distribution of the 13,300 acre-ft/yr simulated in
the steady-state model (1938-49) is shown in figure 32.
Distribution of the 33,900 acre-ft simulated in the
transient model for 2000 is shown in figure 33.

The described method for estimating irrigation
ground-water withdrawal from wells does not account for
annual variations in each well that may result from sur-
face-water availability or individual irrigation practices.
If the estimated withdrawal is different from the actual
withdrawal for a specific well for any year or number of
years, annual simulated water levels may be different
from annual measured water levels near the well. The
overall simulated water-level trends throughout the val-
ley, however, should be similar to observed trends.

Outflow through the unconsolidated basin fill in
Mud Springs Canyon, Iron Springs Gap, and south near
Kanarra (fig. 31) was simulated in all model layers with
the GHB Package (Harbaugh and others, 2000, p. 76).
The GHB Package simulates a head-dependent flux
boundary for each cell to which it is assigned, and dis-
charge is a function of simulated water level and bound-
ary conductance (McDonald and Harbaugh, 1988, fig.
45). Unlike drains, general-head boundaries also allow
inflow to the simulated system. This is a necessary
requirement at the south end of the valley during transient
simulation to adequately simulate the reversal in gradient
in that area. Data required for the GHB Package are alti-
tude and conductance. Neither of these are known. Mud
Springs Canyon and Iron Springs Gap are both narrow
canyons that flow toward the topographically lower
Beryl-Enterprise area. The GHB altitude in those areas
was set at an altitude of the streams part way through the
canyons about 40 ft below water levels near the bound-
aries. The south end of the model area is a very low sur-
face- and ground-water divide. The altitude of the GHB
at the south end of the valley was assigned a value only a
few feet less than measured steady-state water levels to
allow outflow during the steady-state simulation and
inflow during the transient simulation. This model was
constructed such that the conductance factor listed in the
GHB Package input file is the length of the boundary in
each cell. The MODFLOW-2000 GHB parameter (ghb)
is multiplied by the conductance factor to obtain GHB
conductance for each cell. Input to the GHB Package was
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not changed during the transient simulation, but flow
through the GHBs will vary as simulated water levels
vary.

Discharge to springs is simulated near Enoch (fig.
31) with the Drain Package (Harbaugh and others, 2000,
p- 71). Simulated springs are in layer 1 near where
ground-water discharge was estimated in 1939 by
Thomas and Taylor (1946, p. 103). The Drain Package
simulates a head-dependent flux boundary for each cell
to which it is assigned, and discharge is a function of sim-
ulated water level and drain conductance (McDonald and
Harbaugh, 1988, fig. 41). Data required for the Drain
Package are altitude and conductance of the drain. This
model was constructed such that the conductance factor
listed in the Drain Package input file is the area of the
drain in each cell. The MODFLOW-2000 drain parame-
ter (sprenoch) is multiplied by the conductance factor to
obtain drain conductance for each cell. Input to the Drain
Package was not changed during the transient simulation,
but discharge to drains will vary as simulated water levels
vary.

Model Calibration

The purpose of calibration is to develop a model
that reasonably represents ground-water recharge, move-
ment, and discharge, and reasonably matches measured
water levels. The differences between simulated and
measured water levels and flows should be acceptable for
the intended use of the model. This model has been
developed to simulate general ground-water flow
throughout Cedar Valley and long-term water-level fluc-
tuations. It should adequately represent basin-wide
responses to changes in irrigation and ground-water with-
drawals, but has not been developed to simulate local
effects. The model is a simplified representation of the
ground-water system and does not represent local hetero-
geneity in aquifer properties, recharge, or discharge.
Cell-by-cell flow rates are not considered to be an accu-
rate representation of ground-water movement on a small
scale. In general, ground-water flow models can be con-
sidered more accurate representations of the ground-
water system in areas where the most flow and
water-level data are available. For Cedar City, this area is
in the middle of the valley, generally between Cedar City
and Enoch. Because of the lack of data north of Rush
Lake, the model may not be well calibrated in that area
and estimates of flow rates, water levels, or changes in
the ground-water system in that area are considered less
accurate.

To determine recharge and discharge rates; value
and distribution of hydraulic conductivity; and conduc-
tance of drains, general-head boundaries, and horizontal-
flow boundaries, the model was calibrated to steady-state
conditions. Some of these values also were adjusted
during transient calibration because more data were
available that indicated a different value or distribution.
The final steady-state calibration was an iterative process
with the transient simulation. Ground-water levels mea-
sured in March 1939 and March 1950, and the conceptual
ground-water budget for the steady-state period were
compared to simulated values to determine if the model
adequately simulates the ground-water system as it was
in the late 1930s and 1940s. MODFLOW-2000 calculates
simulated values of water levels at the location of input
observations, then calculates the difference between
observation values and simulated values, weighted resid-
uals, and other statistical measures of model fit. Ninety
water levels and one spring discharge were used as obser-
vations for the steady-state simulation.

During transient calibration, adjustments were
made to the value and distribution of specific yield and
specific storage. Adjustments also were made to other
parameters, requiring an equivalent change in the steady-
state simulation. Adjustments to hydraulic conductivity
and horizontal-to-vertical anisotropy were made mostly
in areas that have withdrawal during transient simulation
but not during steady-state simulation. The imposed
stress on the system during transient simulation accentu-
ates the importance of the hydraulic properties. The alti-
tude of the general-head boundary at Iron Springs Gap
was adjusted during calibration of the transient model
because water levels were not available in that area
during calibration of the steady-state model. Water-level
data collected in March from 1939 to 2001 were used as
observations in the transient simulation. At wells with
more than one water level measurement, the change in
water level between measurements was used as an obser-
vation instead of the water level. This removed error
associated with land-surface altitude and put more
emphasis on the simulation matching long-term water-
level fluctuations and on the sensitivity of water-level
fluctuations to model parameters. In the transient simula-
tion, an additional 780 water-level observations were
used. The simulated budget was compared to the concep-
tual budget for the year 2000 to determine if the transient
simulation adequately represented changes in the ground-
water system through time.
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Parameter Adjustment and Sensitivity

During model calibration, parameters were
adjusted to achieve a model that reasonably represents
the ground-water system by minimizing the sum of
squared errors between simulated and measured water
levels, while still simulating approximate known or esti-
mated water-budget components. Recharge from irriga-
tion, specific yield, hydraulic conductivity, and vertical
anisotropy were adjusted both by modifying the distribu-
tion of the parameters with zone arrays and by changing
the parameter values. Inflow from consolidated rock was
adjusted by changing the parameter values. Evapotranspi-
ration was adjusted both by modifying the distribution of
maximum evapotranspiration rate with the multiplier
array and by adjusting the parameter values. Drain con-
ductance, general-head boundary conductance, and hori-
zontal-flow barrier conductance were adjusted by
modifying the parameter values. The location of drains,
general-head boundaries, and horizontal-flow barriers
also were adjusted slightly.

The sensitivity of observations to parameters was
used to aid model calibration. Composite scaled sensitiv-
ities can be used to evaluate whether available observa-
tions provide adequate information to estimate each
parameter and can provide an overall view of the parame-
ters to which the observations are most sensitive (Hill and
others, 2000, p. 96). To determine which model parame-
ters may need the most refinement, the steady-state
model initially was constructed to have one parameter for
each source of recharge and discharge and for each
hydraulic characteristic. Simulated values at observation
locations were more sensitive to recharge from irrigation
and discharge to wells than to any other model parameter
(fig. 34). Because all sources of recharge and discharge
were defined as parameters, many pairs of model param-
eters had correlation coefficients of 1.0. This indicated
that a unique model would be impossible to define.
Although ground-water withdrawal data are not exact, the
rate of ground-water withdrawal is probably better
known than the rate of recharge from irrigation or
hydraulic conductivity; therefore, pumpage was assumed
to be correct as estimated in the conceptual budget and
pumpage from wells was deleted as a model parameter.
This eliminated any correlation coefficients greater than
0.92. The high sensitivity of observations to recharge
from irrigation and hydraulic conductivity indicated that
the model may be more accurate if those parameters were
divided into multiple parameters that could be indepen-
dently adjusted. Because of the high sensitivity, more
effort was made to refine estimates of recharge from irri-
gation and hydraulic conductivity than other calibration

parameters. Some other parameters were divided and
refined mostly to allow variation to achieve a better
match between simulated water levels and observed
water levels in local areas, even though the composite
scaled sensitivities are not high. Observations are rela-
tively insensitive to some model parameters (fig. 34); as a
consequence, those parameters may not be estimated cor-
rectly in the simulation.

Irrigation Zones

Recharge from irrigation was refined by assigning
a recharge parameter to each of five irrigation zones
defined by a zone layer. The zones represent areas with
different recharge scenarios in the conceptual budget.
Parameter coalirr] applies mostly to the Union and North
Field areas and Enoch City; parameter coalirr2 applies
mostly to areas with low priority rights to Coal Creek
water; parameter coalseep applies in the Cedar City area,
which also includes seepage from Coal Creek and
recharge from municipal irrigation; parameter shirts
applies to areas irrigated with water from Shirts and
Murie Creeks; and parameter wellirr applies to areas that
receive irrigation only from ground water (fig. 29) and
discharge from the waste-water treatment plant. The mul-
tiplier array defining conceptual recharge rates was not
adjusted during calibration. Instead, the value of each
parameter was adjusted independently of the other
recharge parameters. This allowed the recharge rates in
each zone to be adjusted by a constant factor. The initial
value assigned to all parameters was 0.00274 to simulate
conceptual recharge rates in ft/d, but the final values of
the five parameters are different (fig. 29).

Hydraulic Conductivity

Five hydraulic-conductivity parameters were used
and assigned to different areas with a zone array. Both the
distribution and the value of the parameters were adjusted
during model calibration to cause simulated water levels
to more closely match observed water levels. The initial
distribution of the parameters was based on the surficial
geology (Hurlow, 2002, pl. 1), with the assumption that
basin-fill alluvium in the center of the valley had a
smaller hydraulic conductivity than did alluvial-fan
deposits near the mountains. The final distribution of
hydraulic conductivity (fig. 27) does not exactly follow
the surficial geology. It is reasonable, however, that
hydraulic conductivity changes within surficial geologic
units and that deeper units also influence ground-water
movement.
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Three parameters were used to describe the hori-
zontal-to-vertical anisotropy of hydraulic conductivity.
Both the distribution and value of the parameters were
adjusted during calibration to better simulate observed
water levels and to create vertical gradients. The final dis-
tribution of horizontal-to-vertical anisotropy of hydraulic
conductivity is shown in figure 35. Simulated values
range from 4 to 2,500. It is probable that the value of
2,500 represents areas where clay layers or lenses inhibit
the vertical movement of ground water. It is not thought
that sand and gravel layers have such extreme anisotropy.
The two areas with the value of 2,500 have declining
water levels from pumpage in layer 2. The simulated
levels do not decline as much as observed levels unless
water is inhibited from moving downward from layer 1 to
layer 2.

Evapotranspiration

Simulated values at observations are sensitive to
the evapotranspiration parameter (et), but are not sensi-
tive enough (fig. 34A) to warrant dividing the parameter
into additional parameters for different areas. A multi-
plier array was used, however, to areally vary the maxi-
mum rate of evapotranspiration. The multiplier array (fig.
31) and the evapotranspiration parameter were adjusted
during calibration. Two parameters (etl and et2) were
used because the area of evapotranspiration changes
during the transient simulation. The consumptive use of
crops is already subtracted from the amount of irrigation
water applied (“Recharge from irrigation” section of this
report), and evapotranspiration is not simulated from irri-
gated lands. Because ground-water withdrawal and irri-
gated area increased in the 1960s, simulation of
evapotranspiration in those irrigated lands should cease
in the transient simulation. This was accomplished by
having parameter etl applied to areas not irrigated from
1938 to 1959 and parameter et2 applied to areas not irri-
gated from 1960 to 2000. Generally, the ground-water
irrigation areas added after 1949 (fig. 23) are included in
parameter etl and are not included in parameter et2.

Inflow from Consolidated Rock and Parowan Valley

Although water levels may not be sensitive enough
to inflow from consolidated rock to justify dividing the
parameter into additional parameters (fig. 34A), it was of
interest to know the sensitivity to inflow from different
locations and to be able to vary the amount of inflow
from different locations during calibration. Therefore, the
parameter was divided into six parameters. Final values
of the parameters (fig. 30) significantly reduce the simu-
lated amount of inflow compared to the conceptual bud-

get. The simulated values are uncertain because of the
lack of independent data to determine inflow from con-
solidated rock and Parowan Valley. The low composite
scaled sensitivities (fig. 34B) of the inflow parameters
indicate they could be estimated incorrectly.

Other Parameters

The parameter representing recharge from precipi-
tation was increased from 0.00274 to 0.003 during cali-
bration. This resulted in changing recharge from
precipitation from 0.035 ft/yr to the final value of 0.038
ft/yr. The parameters representing conductance of drains,
general-head boundaries, and horizontal-flow barriers
also were adjusted during calibration. Generally, simu-
lated water levels at observations are not very sensitive to
these parameters (fig. 34B). The drain parameter was
increased to simulate discharge to the springs that more
closely matched observed discharge.

Specific Yield

Two parameters were assigned to each of two
zones of specific yield and specific storage. The zones
roughly corresponded to the coarser- and finer-grained
basin fill. Specific yield originally was assigned values of
0.2 and 0.1, and specific storage initially was assigned
values of 1 x 107 and 1 x 10°°. Both the distribution and
value of the parameters were adjusted during model cali-
bration. In some areas, the value of specific yield changes
within a geologic unit. This was done purely to aid model
calibration and is not based on aquifer tests or more
detailed geology. It is reasonable, however, that specific
yield varies within surficial geologic units and that
deeper units also influence ground-water flow. The final
distribution of specific yield is shown in figure 36. These
values are uncertain because of the lack of aquifer-test
data to determine these parameters independently of the
model.

Steady-State Calibration

Overall, the steady-state ground-water flow model
adequately simulates water levels observed in March
1939 and March 1950. Simulated levels are within 5 ft of
most observed water levels and more than 5 ft different
from only 16 observed levels (fig. 37). The residuals are
normally distributed and high and low simulated values
are evenly spread throughout the simulated area. Ground-
water flow indicated by contours of simulated water
levels is similar to ground-water movement indicated by
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Figure 35.  Final distribution of horizontal-to-vertical anisotropy of hydraulic conductivity simulated in the ground-water flow model, Cedar Valley, Iron
County, Utah.
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contours of measured water levels (Thomas and Taylor,
1946, pl. 14). Similarities between simulated water levels
and measured water levels indicate that most recharge
and discharge is adequately simulated and that the
simulated distribution of hydraulic characteristics
adequately represents the ground-water system.
Conceptual and simulated ground-water budgets
are presented in table 14. The steady-state model simu-
lates less recharge and discharge than estimated in the
conceptual budget, but is an adequate approximation of
the conceptual ground-water flow system, especially
given the uncertainties in recharge from irrigation and
consolidated rock and discharge by evapotranspiration in
the conceptual budget. The simulated rates of areal
recharge (irrigation and precipitation) and discharge to
wells, springs, and other areas are similar to conceptually
estimated rates. Inflow from Parowan Valley, northern
consolidated rock, and southeastern consolidated rock is
substantially less than that conceptually estimated. This

difference in recharge is accounted for in the steady-state
simulation by a decrease in evapotranspiration, which is
much less than conceptually estimated.

Although the simulated rate of recharge from irri-
gation and precipitation is similar to the conceptual rate,
some differences are observed on an area-by-area basis.
The calibrated steady-state model simulates less recharge
in the Cedar City area, more recharge on the east side of
the valley, and significantly less recharge in the area
north of Kanarraville than conceptually estimated. The
conceptual estimate for the area north of Kanarraville
was based on the recharge rates of other areas, but it is
doubtful whether that much water is normally available
for irrigation. Lack of perennial streamflow in the area
indicates the simulated recharge may be more accurate.

Transient Calibration

The main emphasis of the transient calibration was
to adjust the model to more accurately simulate measured
water-level fluctuations. Twenty long-term hydrographs

Table 14. Conceptual ground-water budget for 1938-49, and ground-water budget simulated in the steady-state ground-water flow mod-

el, Cedar Valley, Iron County, Utah

[Conceptual flow as shown in table 2 may differ because method of calculating recharge from irrigation changed during model calibration]

Conceptual flow

Simulated flow

Budget component (acre-feet (cubic feet Method of simulation (acre-feet (cubic feet
per year) per day, rounded) per year) per day, rounded)
Recharge
Irrigation and precipitation on 22,100 2,600,000  Areal recharge in Recharge Package 19,100 2,280,000
irrigated lands, including seepage
from Coal Creek
Precipitation on all areas 15,900 700,000  Areal recharge in Recharge Package 5,900 700,000
Parowan Valley 24,400 530,000  Specified flux in Well Package 2,500 300,000
North consolidated rock 3,500 420,000  Specified flux in Well Package 1,100 130,000
Southeast consolidated rock 2,900 350,000  Specified flux in Well Package 300 33,000
East consolidated rock 600 69,000  Specified flux in Well Package 600 69,000
Southwest consolidated rock 1,200 140,000  Specified flux in Well Package 1,300 160,000
‘West consolidated rock 800 95,000  Specified flux in Well Package 800 99,000
Total (rounded) 41,000 4,900,000 31,600 3,800,000
Discharge
Evapotranspiration 22,000 2,600,000 Head-dependent flux in 13,100 1,560,000
Evapotranspiration Package
Wells 13,200 1,600,000  Specified flux in Well Package 13,300 1,600,000
Springs 4,300 510,000 Head-dependent flux in Drain Package 1,700 210,000
Outflow to other areas 1,000 240,000 Head-dependent flux in General-Head 3,500 410,000
Boundary Package

Total (rounded) 40,000 4,900,000 31,600 3,800,000

IReduced from table 2 to provide a balanced budget for the steady-state model.

2 Includes 900 acre-feet per year recharge from consolidated rock.
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were chosen to compare with simulated water levels.
These hydrographs are grouped as north and west of
Enoch, near Enoch, center of valley, near Cedar City, and
south. Individual well hydrographs probably are
influenced by local ground-water withdrawals. Incorrect
estimates of annual withdrawals at individual wells may
contribute to some of the difference between measured
and simulated water levels.

North of Enoch, measured annual water-level fluc-
tuations are small, which indicates little fluctuation in
annual recharge in this area (fig. 38, hydrographs A-F).
Long-term water-level declines, however, have occurred
in some wells since the late 1950s, which indicate that
discharge exceeds recharge in this area, possibly because
of increased pumpage south of this area. The model accu-
rately represents the small annual water-level fluctua-
tions, but not the long-term water-level declines in this
area. The exception is near well (C-34-10)31caa-1 (fig.
38, hydrograph E), where simulated water levels decline
more than measured water levels. This well is in a geo-
logically complex area of faults and basalt flows that may
not be defined correctly in the model.

Near Enoch, measured annual water-level fluctua-
tions are larger than in the north and show more response
to the years of greater-than-normal precipitation in the
1980s. Water levels rose about 20 ft from March 1978 to
March 1989. Simulated water levels in the area (fig. 38,
hydrographs G and H) rose more than measured levels
during the 11-year period. Simulated water levels do not
decline as much as measured levels from 1998 to 2001.
Decreasing simulated recharge from irrigation or bedrock
inflow in this area did not cause much more decline, and
the lack of simulated decline in recent years is not under-
stood.

Large measured annual water-level fluctuations
near, north, and west of Cedar City but south of Enoch
are in response to changing flow in Coal Creek. This is
the area of low priority water rights, and application of
surface water changes dramatically with the flow in Coal
Creek. Water levels increased between 27 and 42 ft from
1978 to 1985 (fig. 38, hydrographs I-M). Simulated water
levels match this rise and also match annual fluctuations.
The accurate simulation of water-level fluctuations in this
area supports the concept of recharge being dependent
upon applied water exceeding consumptive use.

Most measured annual water-level fluctuations in
wells farther west and south of Cedar City are not as
large as the fluctuations closer to Cedar City (fig. 38,
hydrographs N-P). These wells are outside of the area of
most surface-water irrigation and respond less to yearly
changes in recharge. The model accurately simulates

water levels in most of this area. South of Cedar City near
well (C-36-12)25bdd-1, simulated water levels do not
decline as much as measured water levels during years
with less-than-normal precipitation and increased pump-
age, but the model is still considered adequate in this
area.

Near Quichapa Lake, measured water levels slowly
rose about 15 ft from 1978 to 1987 (fig. 38, hydrographs
Q and R). Earlier water levels are not available. Simu-
lated water levels are too high in 1979, rise less than and
generally match measured levels from 1982 through
1996, then do not decline as much as measured levels.
Close to the south boundary of the study area, simulated
levels fluctuate more than measured levels in one well
and match the few data in another well (fig. 38, hydro-
graphs S and T).

In addition to long-term hydrographs, the ability of
the transient model to match March 2000 observed water
levels also was evaluated (fig. 39). In general, the model
adequately simulated the water levels and most simulated
levels are within 10 ft of the observed levels. Along the
east side of the valley, however, many simulated values
are significantly higher than observed levels. Reducing
bedrock inflow or adjusting horizontal-to-vertical anisot-
ropy of hydraulic conductivity does not significantly
lower the simulated values, and reducing recharge from
irrigation causes other simulated water levels to become
too low. Storage also could not be adjusted without nega-
tively affecting other water levels. This same area had
several simulated water levels during the steady-state
simulation that were lower than observed levels. The
reversal at the end of the transient simulation may indi-
cate that some time-varying stress is not accurately simu-
lated in this area.

Along the eastern edge of the valley and near
Quichapa Lake (fig. 39) some areas have simulated levels
in 2000 that are higher than March observed levels but
have simulated levels in the steady-state period (1938-49)
that are similar or slightly lower than observed levels.
Simulated drawdown from the steady-state period (1938-
49) to the end of the transient simulation (2000) in these
areas is 20 to 40 ft, which is typically about 20 ft less
than would be needed to match observed 2000 water lev-
els. These are areas where ground-water withdrawals
were either not occurring during the steady-state period
or were much less than they are currently. The model
does not seem to adequately represent the effects of the
increased ground-water withdrawals in these areas. Most
of the areas with the largest differences are near the con-
solidated-rock boundary. The complex heterogeneity of
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Figure 38.  Water level simulated at the end of each stress period in the transient ground-water flow model and water level measured from March 1939 to
March 2001, Cedar Valley, Iron County, Utah.



88 Hydrology and Simulation of Ground-Water Flow in Cedar Valley, Iron County, Utah

6/28/1928
6/28/1938
6/28/1948
— 6/28/1958
—1 6/28/1968
—1 6/28/1978
6/28/1988
6/28/1998

5,480 . . .

5470 — L - E

5460 —

5450 —
~  Well (C-34-10)31caa-1
5440 — North of Enoch

5,430 1 | 1 | 1 | 1 | 1 | 1 | 1 | 1

5,460 T I T I T I T I T I T I T I T
5450 [— | F

5440 — -

5430 — “ =

i - Well (C-34-11)36dcc-2 -
&0 5420 — Northof Enoch H 7
Z — —
_- 5’410 1 | 1 | 1 | 1 | 1 | 1 | 1 | 1
—
=~
I-I_ld 5,510 [ T I T T T T T T T | T | T I T ]
E 5500 - G
= L i
= 540 — —
5480 — —
L Well (C-35-11)11ccc-1 _
5470 |— Two miles west of Enoch u —
5,460 . 1 | 1 | 1 | 1 | 1 | 1 | 1 | 1 |
5,500 T I T I T T T T T | T | T | T
5490 — _| H
5480 — —
5470 — —
- Well (C-35-11)12dcd-1 ﬁ -
5460 — Enoch —
5’450 1 | 1 | 1 1 1 1 1 | 1
X & X st 8 = 5 &
o 2 2 2 2 2 2 2
2 S s S S & S S
) ) S ) ) ) ) S

EXPLANATION

Simulated

[ Measured

Figure 38.  Water level simulated at the end of each stress period in the transient ground-water flow model and water level measured from March 1939 to
March 2001, Cedar Valley, Iron County, Utah—Continued.
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March 2001, Cedar Valley, Iron County, Utah—Continued.

89

Water level simulated at the end of each stress period in the transient ground-water flow model and water level measured from March 1939 to
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Figure 38.  Water level simulated at the end of each stress period in the transient ground-water flow model and water level measured from March 1939 to
March 2001, Cedar Valley, Iron County, Utah—Continued.
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Figure 38.  Water level simulated at the end of each stress period in the transient ground-water flow model and water level measured from March 1939 to
March 2001, Cedar Valley, Iron County, Utah—Continued.
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Figure 39.  Water level simulated at the end of stress period 62 in the transient ground-water flow model and difference between simulated water level and
water level measured in March 2000, Cedar Valley, Iron County, Utah.
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possible faults, landslide deposits, and other conditions
that may occur locally may not be simulated correctly in
this regional model.

In general, the model accurately simulates water
levels and water-level fluctuations and can be considered
an adequate tool to help determine the valley-wide effects
on water levels of additional ground-water withdrawal
and changes in water use. On the east side of the valley,
and near Quichapa Lake, simulated effects may be less
than actual effects.

The conceptual ground-water budget for 2000 is
compared with the ground-water budget simulated for
stress period 63 in the transient ground-water flow model
in table 15. As in the steady-state period, simulated
recharge is less than conceptual recharge; the main differ-
ence is inflow from consolidated rock. Conceptual and
simulated inflow from consolidated rock is 122 percent
of steady-state inflow because of increased precipitation

Table 15.
water flow model, Cedar Valley, Iron County, Utah

during 2000, but simulated inflow is still only about 50
percent of conceptual inflow. Total recharge from irriga-
tion is similar to recharge from irrigation for the steady-
state period, but the distribution is different. The flow in
Coal Creek in 2000 was 17,400 acre-ft, about 7,100 acre-
ft/yr less than during the steady-state period (1938-49).
This decreased flow results in less recharge from Coal
Creek (parameter coalseep, fig. 29) and North Field and
Union Ditch areas (parameter coalirr1, fig. 29). Irrigation
and municipal ground-water withdrawal in 2000, how-
ever, was 34,200 acre-ft, about 20,900 acre-ft/yr more
than during the steady-state period. Some of this with-
drawal contributes to ground-water recharge and causes
recharge to be more than steady-state recharge in the area
of low-priority water rights (parameter coalirr2, fig. 29)
and the areas irrigated only by ground water (parameter
wellirr, fig. 29).

Conceptual ground-water budget for 2000 and ground-water budget simulated in stress period 63 of the transient ground-

[Conceptual flow as shown in table 2 may differ because method of calculating recharge changed during model calibration. Some well discharge reported in table

2 occurs outside the simulated area]

Conceptual flow

Budget component

Simulated flow

Method of simulation

(acre-feet (cubic feet (acre-feet (cubic feet
per year) per day, rounded) per year) per day, rounded)
Recharge
Irrigation and precipitation on 23,200 2,760,000  Areal recharge in Recharge Package 19,500 2,330,000
irrigated lands, including
seepage from Coal Creek
Winter precipitation on all areas 6,300 750,000  Areal recharge in Recharge Package 5,900 700,000
Parowan Valley1 5,400 640,000  Specified flux in Well Package 3,100 370,000
North consolidated rock 4,300 510,000  Specified flux in Well Package 1,400 160,000
Southeast consolidated rock 3,400 400,000  Specified flux in Well Package 300 36,000
East consolidated rock 700 84,000  Specified flux in Well Package 700 84,000
Southwest consolidated rock 1,500 180,000  Specified flux in Well Package 1,600 190,000
West consolidated rock 1,000 120,000  Specified flux in Well Package 1,000 120,000
Inflow from south of area 0 0  Head-dependent flux in General-Head 80 9,500
Boundary Package
Total (rounded) 46,000 5,400,000 33,600 4,000,000
Discharge
Evapotranspiration 3,000 480,000  Head-dependent flux in 4,500 530,000
Evapotranspiration Package
Wells 34,200 4,100,000  Specified flux in Well Package 34,200 4,080,000
Springs 0 0  Head-dependent flux in Drain Package 1,300 150,000
Outflow to other areas 1,000 240,000 Head-dependent flux in General-Head 2,700 320,000
Boundary Package
Total (rounded) 38,000 4,800,000 42,700 5,100,000
To storage 27,000 600,000  From storage 9,100 1,100,000

TIncludes 1,100 acre-feet per year recharge from consolidated rock.

2Val]ey—wide water-level declines from March 2000 to March 2001 indicate a removal of water from storage (discharge exceeding recharge). The
inconsistency between the conceptual budget and water-level declines indicates an error in the conceptual budget.
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Simulated discharge is 6 percent more than con-
ceptual discharge, with the main difference being dis-
charge to springs. The transient simulation does not
accurately represent the decrease in spring flow near
Enoch that occurred with increasing ground-water with-
drawal. Adjustments to try to decrease the spring flow
negatively affected simulated water levels. Simulated dis-
charge to wells, evapotranspiration, and outflow to other
areas is similar to conceptual discharge.

The main difference between the simulated and
conceptual budgets is that recharge in the conceptual
budget exceeds discharge and water is taken into storage,
but discharge in the simulated budget exceeds recharge
and water is released from storage. The simulated
decrease in storage more closely matches the measured
water-level declines from March 2000 to March 2001
than does the conceptual increase in storage.

Parameter Correlation, Sensitivity Analysis, and Need
for Additional Data

The hydraulic properties simulated in this model
are reasonable approximations of the actual hydraulic
properties on the basis of available data. In the steady-
state simulation, no parameters are highly correlated; the
highest correlation coefficient is 0.92 between two
hydraulic-conductivity parameters. Numerical instability
relating to layer 1 becoming dry and layer 2 becoming
unconfined prevented sensitivity analysis and
determination of parameter correlation for the transient
simulation. In general, the parameters are considered to
be independent of each other. For instance, it is not likely
that increasing both recharge and hydraulic conductivity
would cause simulated water levels to be similar to water
levels simulated by this model. It is possible, however,
that other combinations of recharge, discharge, and
aquifer properties may yield a similar or improved match
to measured water levels. Flow measurements (such as
discharge to streams or springs) are typically more useful
than water-level measurements in trying to obtain a
unique simulation, but in Cedar Valley, this discharge
does not occur. Better estimates of evapotranspiration
from ground water cannot be used directly to reduce
parameter correlation, but could be useful in reducing the
uncertainty in the ground-water budget. The conceptual
rate of ground-water withdrawal is considered to be
accurate and was not varied in the model. The final
values of all model parameters are based on that
withdrawal rate. Calibrating to a different rate or
distribution of ground-water withdrawal could change the
final values of the calibration parameters.

During model development and calibration,
changes were made to the ground-water budget and aqui-
fer characteristics in response to available information.
Examples of this are changes in irrigation to better match
water levels, and changes in vertical anisotropy to better
match water levels in an area that was not stressed during
steady-state calibration. Similarly, this model should not
be considered static. Hydraulic properties in the northern
part of the modeled area are based on few water-level
data. If water-level data become available, the model may
need to be modified to match that data. Additional
ground-water withdrawals may induce horizontal or ver-
tical gradients that were not present during the calibration
period and that may indicate different aquifer characteris-
tics.

Simulated steady-state water levels respond more
to location and amount of irrigation recharge than to any
other model parameter as indicated by composite scaled
sensitivity (fig. 34). If recharge is substantially different
from that used in the construction of this model, then
simulated aquifer characteristics and other model param-
eters may not be realistic estimates of actual hydrologic
properties. The “Recharge from irrigation” section of this
report details the assumptions made during model con-
struction and calibration. Measurements of distribution
through canals, amount of water applied in city and resi-
dential areas, and amount of runoff in irrigated, city, and
residential areas would refine the conceptual understand-
ing of the ground-water system and may improve model
fit.

An analysis of sensitivity maps indicated that sev-
eral observation wells used in this model are located in
areas most sensitive to certain parameters (table 16). For
several parameters, however, water-level observations are
not available in areas most sensitive to the parameter. The
locations of available water-level observations from
March 1939 to 2001 and other locations with the highest
one-percent scaled sensitivity in layer 2 to selected model
parameters in the steady-state simulation are shown in
figure 40. The sensitivity maps were created by using
one-percent scaled sensitivities determined for each
model grid. One-percent sensitivity indicates the amount
an observation changes for a one-percent change in
model parameter.

Water-level data collected at sites where data were
not available during the calibration period may help
refine the model and the conceptual understanding of the
ground-water system. Water-level data collected in the
future at the sites used during this study may indicate
changes occurring in the ground-water system. Long-
term water-level fluctuations at new sites would be
needed to refine estimates of specific yield, specific
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Table 16. Observations with the highest one-percent scaled sen-
sitivity in layer 2 to selected model parameters simulated in the
steady-state ground-water flow model, Cedar Valley, Iron County,
Utah

[Observations starting with “Obs” were not available during the calibration pe-
riod; parameters with absolute one-percent scaled sensitivity less than 0.10 not
listed]

Approximate change
in simulated water
level, in feet, for a one-

Observations most

Model parameter sensitive to parameter in

(fig. 34) mm:;ailgl?gr 2 percent increase in
’ parameter
hkedge Obs2 -0.82
(C-36-11)11bac-1 -.61
(C-36-11)3bda-1 -.32
Obsl 12
hkmid Obs3 -1.10
(C-35-12)26bca-1 13
coalirrl (C-36-11)11bac-1 44
(C-35-11)27aca-1 42
coalirr2 (C-36-11)8cbb-1 33
(C-36-11)8dab-1 28
coalseep Obs2 91
(C-36-11)11bac-1 .68
(C-36-11)3bda-1 46
precip Obs3 54
(C-36-11)31daa-1 A3
(C-36-11)31daa-2 13
(C-33-10)31cab-1 A1
et (C-34-10)6¢cc-1 -.10
bedrockno Obs3 .76
bedrockwes Obs5 20
bedrocksw Obs6 24
(C-37-12)5bcb-1 17
(C-37-12)5aad-3 12
bedrockse Obs4 15
(C-36-11)31daa-2 12
(C-36-11)31daa-1 A1
parowan Obs7 49
sprenoch Obs8 -.18
ghb Obsl -.16
(C-35-12)27bbd-1 14
(C-35-12)27bca-1 A3
(C-35-12)27bce-1 A3
hk3 Obs4 -48
(C-36-11)31daa-2 -.38
(C-36-11)31daa-1 -.37
hk4 Obs9 -.10
hk5 (C-35-12)26bca-1 -.11

T Observation well available sometime during 1939 to 2001. May
or may not be completed in layer 2.

storage, and probably horizontal-to-vertical anisotropy.
Although sensitivity analysis does not indicate a high
sensitivity to anisotropy (fig. 34), simulated water levels
near some pumping wells did not decrease as much as
observed water levels until the value of horizontal-to-
vertical anisotropy was increased. This change inhibited
water in layer 1 from supplying pumping wells in layers
2 and 3 and caused simulated water levels in layers 2 and
3 to decrease more throughout a larger area, similar to
observed levels. Aquifer tests designed to determine
vertical conductance may help refine the model in those
areas.

Model Projections

The ground-water flow model was used to estimate
possible effects on water levels caused by increased with-
drawal from wells, less-than-normal precipitation and
streamflow, and changing water use from irrigation to
municipal supply. The first projection simulated average
streamflow during 1939-2000, average precipitation
(1961-90) and 2000 ground-water withdrawal rates. This
was used as a baseline to estimate water-level changes if
current ground-water withdrawals continue. The surface-
water irrigation distribution, recharge from consolidated
rock and Parowan Valley, and recharge from winter pre-
cipitation was the same as for the steady-state simulation,
which had conditions very similar to long-term average.
The ground-water irrigation distribution was the same as
for stress period 63 in the transient simulation. Simulated
ground-water budgets for the steady-state simulation,
stress period 63 of the transient simulation, and projected
30-year simulations are listed in table 17.

During some projection simulations, layer 1
became dry in some areas. Well withdrawal from layer 1
was moved to layer 2 in these areas to keep the with-
drawal rate constant throughout the simulation period.
This assumed that all wells that were completed in layer
1 were also completed in layer 2. Inflow from consoli-
dated rock was the same as for the steady-state simula-
tion. During some projection simulations, layer 2 along
the west edge near Quichapa Lake became dry in a few
cells, and the cells representing inflow from consolidated
rock were moved away from the edge to keep them
active.

The following projections assume the same distri-
bution of ground-water withdrawal as for 2000 in stress
period 63 of the transient simulation. The effects of locat-
ing wells in new areas are not projected. The following
projections also assume the same distribution of irrigated
lands and municipal areas as simulated for 2000 in stress
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Figure 40.  Location of simulated water levels with highest one-percent scaled sensitivity in layer 2 to selected model parameters simulated in the steady-
state ground-water flow model, Cedar Valley, Iron County, Utah.
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Table 17. Ground-water budget for the steady-state simulation, stress period 63 of the transient simulation, and projected 30-year

simulations, Cedar Valley, Iron County, Utah

[All flows in acre-feet per year; stress period 63 corresponds with March 2000 to February 2001]

Transient

Steady-state  simulation, I I I Proiectior_l 4 L L
Budget component simulation stress period Projection1  Projection2 Projection 3 stresszgerlod Projection5 Projection 6
63
Recharge
Irrigation and precipitation 19,100 19,500 24,300 28,600 32,900 14,900 21,600 25,800
on irrigated lands,
including seepage from
Coal Creek
Winter precipitation on all 5,900 5,900 5,900 5,900 5,900 3,000 5,900 5,900
areas
Inflow from consolidated 6,600 8,100 6,600 6,600 6,600 3,100 6,600 6,600
rock and Parowan Valley
Inflow from south of area 0 80 800 1,200 1,700 1,400 1,000 1,600
Total 31,600 33,600 37,600 42,300 47,100 22,400 35,100 39,900
Discharge
Evapotranspiration’ 13,100 4,500 2,300 2,500 2,300 1,700 3,300 3,100
Wells 13,300 34,200 34,200 42,700 51,300 42,700 31,500 41,500
Springs' 1,700 1,300 1,000 800 500 0 900 600
Outflow to other areas' 3,500 2,700 2,400 2,200 2,000 2,100 2,400 2,200
Total 31,600 42,700 40,400 48,200 56,100 46,500 38,600 47,400
Water coming out of 0 9,100 2,300 5,900 9,000 24,100 3,500 7,500
storage!
Total water out of storage 0 2113,000 110,000 185,000 324,000 304,000 130,000 270,000

during simulation, in
acre-feet, rounded

THead-dependent; varies during projection simulations. Listed for stress period 30, except for projection 4.

2From March 1950 to March 2001.

period 63 of the transient simulation. It is possible that if
irrigation ground-water withdrawals increase, additional
land will be irrigated. In that case, the simulations may
overestimate actual recharge because water that is
simulated as recharge may actually be consumptively
used by the crops on the newly irrigated land. If
additional land is irrigated with water from the waste-
water treatment plant, simulated recharge, which is
applied to the same area as in 2000, also may be
overestimated.

The second projection simulated average stream-
flow and precipitation conditions and ground-water with-
drawal rates at 125 percent of 2000 withdrawal rates for
all wells. Surface-water irrigation distribution, inflow
from consolidated rock and Parowan Valley, and recharge
from winter precipitation were the same as for the steady-
state simulation. The distribution of ground water for irri-
gation was the same as for stress period 63 in the tran-
sient simulation, but all applied rates were 125 percent
(an increase of 6,700 acre-ft/yr) of the rates simulated in

stress period 63. Recharge from irrigation was increased
in this simulation because of the increased ground water
assumed to be applied to irrigated crops and municipal
areas. Recharge from the area irrigated with discharge
from the waste-water treatment plant also was increased
in the simulation because it was assumed that discharge
from the waste-water treatment plant was 125 percent of
the 2000 discharge.

The third projection simulated average streamflow
and precipitation conditions and ground-water with-
drawal rates at 150 percent of 2000 withdrawal rates for
all wells. Surface-water irrigation distribution, inflow
from consolidated rock and Parowan Valley, and recharge
from winter precipitation were the same as for the steady-
state simulation. The distribution of ground water for irri-
gation was the same as for stress period 63 in the tran-
sient simulation, but all applied rates were 150 percent
(an increase of 13,400 acre-ft/yr) of the rates simulated in
stress period 63. Recharge from irrigation was increased
in this simulation because of the increased ground water
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assumed to be applied to irrigated crops and municipal
areas. Recharge from the area irrigated with discharge
from the waste-water treatment plant was also increased
in the simulation because it was assumed that discharge
from the waste-water treatment plant was 150 percent of
the 2000 discharge.

The fourth projection simulated a 10-year period of
less-than-normal precipitation and streamflow for the
middle 10 years of the 30-year projection. During the
first 10 years and last 10 years of the simulation, recharge
and withdrawals were simulated as for the first projec-
tion. During the 10-year drier period, flow in Coal Creek
was assumed to be 52 percent of mean annual flow with a
flow of 12,600 acre-ft/yr. This flow rate and distribution
of surface water for irrigation was used for some periods
in the transient simulation. As a comparison to historic
data, the lowest 10-year average for the period of record
was 17,900 acre-ft/yr from 1954 to 1963. During the pro-
jected 10-year drier period, withdrawal from wells was
simulated as 125 percent of the 2000 withdrawal rate.
Recharge from irrigation was determined by using the
decreased flow in Coal Creek, 125 percent of the simu-
lated amount of ground-water applied in 2000, and 50
percent of the normal precipitation. Although municipal
well withdrawal and recharge was increased, discharge
from the waste-water treatment plant was assumed to
remain equal to the 2000 discharge; the extra water was
assumed to be used for municipal irrigation. Recharge
from irrigation with treated water was less than simulated
in the transient model for 2000 because precipitation was
less during the 10-year drier period. Recharge from
winter precipitation in the drier period was 50 percent of
the recharge simulated in the steady-state and transient
simulations, and inflow from consolidated rock and
Parowan Valley was 47 percent of inflow in the steady-
state simulation. These lower recharge values and higher
withdrawal values for the simulated drier period are listed
in table 17 to compare with average values.

The fifth projection simulated average streamflow
and precipitation conditions and a change in water use
from irrigation to municipal supply. Withdrawal from
irrigation wells was reduced by 25 percent, about 6,700
acre-ft/yr. A 40-percent reduction in water right accom-
panied the change, so municipal withdrawal was
increased by 60 percent of this 6,700 acre-ft, or about
4,000 acre-ft/yr. The total municipal withdrawal of
11,400 acre-ft/yr is about 155 percent of 2000 municipal
withdrawal. Distribution of ground water for irrigation
was assumed to be the same as in 2000, but the amount
was reduced by 25 percent, which caused a reduction in
recharge in crop areas irrigated with ground water.

Recharge from irrigation in municipal areas was 155 per-
cent of recharge in 2000. Discharge from the waste-water
treatment plant also was assumed to be 155 percent of the
discharge in 2000 and recharge from irrigation with the
discharge also was increased. Distribution of surface
water for irrigation, inflow from consolidated rock and
Parowan Valley, and recharge from winter precipitation
were the same as for the steady-state simulation.

The sixth projection simulated average streamflow
and precipitation conditions, municipal withdrawals of
200 percent of the 2000 withdrawal rates, and irrigation
withdrawals the same as 2000 withdrawal rates. Distribu-
tion of surface water for irrigation, inflow from consoli-
dated rock and Parowan Valley, and recharge from winter
precipitation were the same as for the steady-state simu-
lation. Distribution of ground water for irrigation was the
same as for stress period 63 in the transient simulation,
but recharge was doubled in the municipal areas. Dis-
charge from the waste-water treatment plant also was
assumed to be 200 percent of the discharge in 2000 and
recharge from irrigation with the discharge also was
increased.

Results

In the projection simulations, ground-water levels
typically decline 20 to 100 ft in the southern and central
parts of the valley and less than 20 ft in the northern part
of the valley (figs. 41 to 46). The maximum projected
drawdown of 275 ft occurred west of Quichapa Lake
because of simulated ground-water withdrawal for
municipal use. Projection 6, with 200 percent of 2000
municipal ground-water withdrawal rate, has the greatest
drawdown. Projection 3, with 150 percent of 2000
ground-water withdrawal rates, and projection 4, with a
10-year drier-than-normal period, have greater drawdown
over a larger area than other projections. Drawdown is
the simulated change in water level from the beginning of
the projection simulation to the end of the 30-year simu-
lation. A negative drawdown indicates a water-level rise.
The beginning water level is the water level simulated at
the end of the transient simulation, not water levels mea-
sured in March 2001.

In some areas, water levels rise in the projection
simulations. Simulated water levels rise near Coal Creek
in projection 1 because flow and recharge from Coal
Creek are higher than in the last stress period of the tran-
sient simulation and ground-water withdrawals do not
occur in that area. Water levels also rise in the areas with
decreased irrigation withdrawals in projection 5 and near
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Figure 42.  Drawdown and water level in model layer 2 at the end of 30-year simulation, projection 2 of the ground-water flow model, Cedar Valley, Iron
County, Utah.
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Figure 43.  Drawdown and water level in model layer 2 at the end of 30-year simulation, projection 3 of the ground-water flow model, Cedar Valley, Iron
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Figure 44.  Drawdown and water level in model layer 2 at the end of 30-year simulation, projection 4 of the ground-water flow model, Cedar Valley, Iron
County, Utah.
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Figure 46.  Drawdown and water level in model layer 2 at the end of 30-year simulation, projection 6 of the ground-water flow model, Cedar Valley, Iron
County, Utah.



the waste-water treatment plant in projection 6 because
of increased recharge from the increased treatment plant
discharge.

Simulated water levels at most of selected loca-
tions (fig. 47) continue to decline throughout the projec-
tion period (fig. 48). The continuous decline indicates
that ground water is being removed from storage and that
a new steady-state flow budget has not been established
after 30 years. Simulated recharge cannot be increased
enough, nor simulated discharge decreased enough, to
meet the projected withdrawals. Natural discharge that
can be decreased is evapotranspiration, outflow to other
areas, and discharge to springs. Because most recharge is
simulated as specified-flux boundaries, simulated
recharge can only increase as inflow from south of the
area. This affects local water levels only.

Using current or projected withdrawals, the model
indicates that the amount of water in storage in the
ground-water system during the 30 years of projection
will decline as much as or more than from 1950 to 2000
(table 17). The decline from 1950 to 2000 is not known to
have caused subsidence or changes in aquifer properties.
It is not known how much storage could be decreased
before subsidence may occur.

Water levels for projection 4 rise at some locations
during simulation years 20 to 30. Rises occur near natural
discharge boundaries such as Location 2 near the springs
near Enoch and Location 3 in an area of evapotranspira-
tion. The simulated discharge to springs and evapotrans-
piration was greatly reduced or eliminated during the
simulation of drier-than-normal years, and with the return
of normal conditions, simulated levels will rise until dis-
charge to springs and evapotranspiration is again equili-
brated with recharge in those areas. Water levels also rise
during simulation years 20 to 30 in projection 4 at the
south end of the valley. Here, water-level declines during
drier-than-normal conditions simulated in stress periods
10 to 20 have induced additional ground-water inflow
from south of the area. This increased flow will continue
until water levels rise enough to equilibrate with dis-
charge in the area.

Some evapotranspiration from ground water con-
tinues throughout the simulation period in all projections,
mostly in the area of simulated high horizontal-to-verti-
cal anisotropy of hydraulic conductance northwest of
Enoch and in the area around and west of Rush Lake.
Ground-water withdrawal occurs mostly south of these
areas. Outflow through Mud Springs Canyon continues
throughout the simulation period in all projections; flow
from the area north of Rush Lake out Mud Springs
Canyon is not affected by any of the simulations. Most of
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the projections also indicate continued, although reduced,
discharge to the springs near Enoch. As with the transient
simulation, this is a known error in the model calibration.
This error probably causes projected drawdown in the
area to be less than what may actually occur. During all
projection simulations, some increased ground-water
withdrawal is supplied by decreasing the discharge to the
springs. Because this discharge does not currently exist,
all actual ground-water withdrawal must be met by
decreasing storage and declining water levels.

Model projections should not be used to predict
actual water levels at some future date, but can give gen-
eral ideas about water-level declines likely to occur
throughout the valley. The transient simulation underesti-
mated water-level declines in the Enoch and Quichapa
areas; it is likely the projection simulations also underes-
timate water-level declines in those areas. The more the
projected stresses vary from stresses used during the cali-
bration period, the more likely simulated water-level
declines may not accurately represent actual water-level
declines. The ground-water system could respond in
ways that are not simulated in these projections. It is pos-
sible that decreasing water levels near the mountains
would increase inflow from consolidated rock and
Parowan Valley. This would probably be only a tempo-
rary increase until water levels in the consolidated rock
equilibriated with water levels in the unconsolidated
basin fill. The projections simulate increased flow into
the valley through unconsolidated basin fill south of
Kanarraville. It is not known if this water is available, or
how much water could move through the unconsolidated
basin fill in this area.

Summary

Cedar Valley, located in the eastern part of Iron
County in southwestern Utah, is experiencing rapid pop-
ulation growth that needs a larger share of the available
water resources. Water withdrawn from the unconsoli-
dated basin fill is the source for public supply and also a
major source for irrigation. Water managers are con-
cerned about increasing demands on the water supply and
need hydrologic information to develop a plan for effi-
ciently using water resources and minimizing flow of
water unsuitable for domestic use toward present and
future public-supply sources.
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Figure 47.  Location of selected simulated water-level fluctuations for model projections of the ground-water flow model, Cedar Valley, Iron County, Utah.
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Cedar Valley is a structural depositional basin
located at the transition between the Basin and Range and
Colorado Plateau physiographic provinces. Snowmelt
runoff from the Markagunt Plateau to the east provides
much of the water to the largest stream, Coal Creek. The
1939-2000 average annual flow in Coal Creek is 24,200
acre-ft of which most of the high flow occurs during
April through June. Water in Coal Creek is diverted into a
complex distribution system for irrigation. No surface
water exits the basin because all of it is consumed by
plant consumptive use, evaporation, or seepage to the
ground-water system.

The thickness of permeable unconsolidated basin
fill is estimated to be more than 3,500 ft in the Rush Lake
area and more than 1,000 ft throughout most of the basin.
Unconfined ground-water conditions exist along the
basin margins and in the center of the basin above confin-
ing lenses. Confined conditions exist beneath discontinu-
ous confining layers in the center of the basin. As water
levels have declined as a result of continued ground-
water withdrawals, the present extent of water under con-
fined conditions may be less than previously defined.
Ground water flows from the recharge areas near Coal
Creek to three discharge areas at Rush Lake and Mud
Springs Canyon, Iron Springs Gap, and Quichapa Lake.

Recharge to the unconsolidated basin fill is by
seepage from unconsumed irrigation water, streams, and
precipitation, and by subsurface inflow from consolidated
rock and adjacent areas, and is estimated to be about
42,000 acre-ft/yr. The chloride mass-balance method
indicates that recharge may be less than that, but is con-
sidered a rough approximation because of limited chlo-
ride concentration data for precipitation and Coal Creek.
Stable-isotope data indicate that recharge sources are
winter precipitation derived from snowmelt in upland
areas or direct precipitation on unconsolidated basin fill.
Continued declining water levels indicate that recharge is
not sufficient to meet demand. Water levels in many areas
are at or close to historic lows.

In 2000, ground-water withdrawal was estimated
to be 36,000 acre-ft/yr. About 4,000 acre-ft/yr is esti-
mated to discharge by evapotranspiration or as subsurface
outflow. Prior to large-scale ground-water development,
evapotranspiration is estimated to have been about
22,000 acre-ft/yr and is the largest component of dis-
charge at that time. The large decline in evapotranspira-
tion is a result of declining water levels, which are a
result of increased withdrawals. As a result of declining
water levels, most of the natural discharge has been inter-
cepted by ground-water pumpage.
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Water quality in Cedar Valley is mostly suitable for
domestic use except along the eastern margin where
water from some wells has elevated dissolved-solids and
NOj concentrations. Water with high dissolved-solids
concentration generally has Ca and SO, as the predomi-
nant ions, which are likely derived by the dissolution of
gypsum in some of the Mesozoic-age rocks of the Marka-
gunt Plateau. Ground water with low dissolved-solids
concentration is located west of Quichapa Lake where
less soluble Tertiary-age volcanic rocks compose the
Harmony Mountains.

Nitrogen-15 and oxygen-18 isotopes in the nitrate
anion were measured to determine possible NO3 sources
and whether or not denitrification is occurring. No single
source can be identified as the cause for elevated NO5
concentrations in ground water. Low 8'°N values north
of Cedar City indicate a natural geologic source. Higher
89N values in water from wells that are located down-
gradient from areas where waste-water effluent has been
discharged indicate possible recharge from the effluent.
Excess dissolved N, gas and low NOj5 concentrations in
shallow ground water at two locations indicate that deni-
trification is occurring. These data indicate that NO3
derived from near-surface sources might be reduced at
these locations, but it is unknown whether this process is
occurring in the shallow zones throughout the basin.

A computer ground-water flow model was devel-
oped to simulate flow in the unconsolidated basin fill in
Cedar Valley to test the conceptual understanding of the
ground-water system. This model was developed to simu-
late general ground-water flow through Cedar Valley and
long-term water-level fluctuations; it was not developed
to simulate local effects or cell-by-cell flow. In general,
the model accurately simulates water levels and water-
level fluctuations and can be considered an adequate tool
to help determine the valley-wide effects on water levels
of additional ground-water withdrawals and changes in
water use.

The method of determining recharge from irriga-
tion was changed during the calibration process to incor-
porate more areal and temporal variability. Simulated
water levels respond more to location and amount of irri-
gation recharge than to any other model parameter. Mea-
surements of distribution through canals, amount of
water applied in city and residential areas, and amount of
runoff in irrigated, city, and residential areas would refine
the conceptual understanding of the ground-water system
and may improve model fit. If recharge is substantially
different from that used in the construction of this model,
then simulated aquifer characteristics and other model
parameters may not be realistic estimates of actual hydro-



110 Hydrology and Simulation of Ground-Water Flow in Cedar Valley, Iron County, Utah

logic properties. Water-level data collected at sites where
data were not available during the calibration period may
help refine the model and the conceptual understanding
of the ground-water system. Long-term water-level fluc-
tuations at those sites would be needed to refine estimates
of specific yield, specific storage, and probably horizon-
tal-to-vertical anisotropy.

The ground-water flow model was used to predict
possible effects on water levels caused by increased with-
drawal from wells, less-than-normal precipitation and
streamflow, and changing water use from irrigation to
municipal supply. In the projection simulations, water
levels in the southern part of the valley declined 20 to 275
ft; the maximum projected drawdown of 275 ft occurred
west of Quichapa Lake during projection 6 because of
increased simulated ground-water withdrawal for munici-
pal use. The continuous decline in water levels for most
projections indicates that ground water is being removed
from storage and that a new steady-state equilibrium has
not been established after 30 years. The simulated
amount of water in storage in the ground-water system
during the 30 years of projection declined as much or
more than from 1950 to 2000. Model projections should
not be used to predict actual water levels at some future
date, but can give general ideas about water-level
declines likely to occur throughout the valley. The more
the projected stresses vary from stresses used during the
calibration period, the more likely simulated water-level
declines may not accurately represent actual water-level
declines.
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