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INVESTIGATION OF LAND SUBSIDENCE AND EARTH FISSURES
IN CEDAR VALLEY, IRON COUNTY, UTAH

by Tyler Knudsen, Paul Inkenbrandt, William Lund, Mike Lowe, and Steve Bowman

ABSTRACT

In May 2009, Enoch City contacted the Utah Geological Sur-
vey (UGS) to investigate a possible “fault” that was damaging
streets, sidewalks, and curbs and gutters in the Parkview subdi-
vision in north Enoch. During a reconnaissance investigation,
the UGS found a 2.5-mile-long (trace length) earth fissure that
had formed in response to land subsidence that appeared to
be caused by groundwater overdraft of the local aquifer. In
the affected subdivision, the fissure crosses several undevel-
oped lots, and in addition to damaging streets and sidewalks,
vertical displacement across the fissure had reversed the flow
direction of a sewer line so that it is no longer possible to
gravity-drain sewage from the subdivision. The likely relation
of the fissure to groundwater pumping was communicated to
Enoch City, the Utah Division of Water Rights, Iron County,
and the Central Iron County Water Conservancy District. The
UGS subsequently conducted a detailed investigation of the
Enoch earth fissure, and investigated the remainder of Cedar
Valley to determine if land subsidence and earth fissures were
also affecting other areas.

Results of the investigation showed that groundwater dis-
charge in excess of recharge has lowered the potentiometric
surface in Cedar Valley by as much as 114 feet since 1939.
Basin-fill sediments of the Cedar Valley aquifer contain a high
percentage of fine-grained material susceptible to compaction
upon dewatering. Lowering the potentiometric surface (head
decline) by groundwater pumping in excess of annual aquifer
recharge has caused permanent compaction of fine-grained
sediments of the Cedar Valley aquifer. Currently, the larg-
est identified subsidence at an existing benchmark in Cedar
Valley is 0.9 feet near Enoch City; however, vertical displace-
ment across the Enoch-graben-west fissure zone is about 3
feet in some locations. Recently acquired interferometric
synthetic aperture radar imagery shows that land subsidence
is occurring over a broad area in central Cedar Valley, but
a lack of historical accurate benchmark elevation data over
much of the valley prevents its detailed quantification.

In response to the land subsidence, a minimum of 8.3 miles
(trace length) of earth fissures have formed in the south-
western and northeastern parts of Cedar Valley. The Enoch-
graben-west fissures are the most extensive zone of fissur-

ing and include the only fissures that exhibit ongoing vertical
offset. Fissure-related infrastructure damage in Cedar Valley is
currently limited to the partially developed Parkview subdivi-
sion in Enoch City and a stock-watering pond west of Quicha-
pa Lake. Cracked pavement at the north end of the Legacy
Estates subdivision, also in Enoch, appears to be fissure-
related. The largest of the Enoch-graben-west fissures trends
through and has displaced the ground surface in a livestock
pasture/feeding area, creating a potential for groundwa-
ter contamination. Aerial photographs show that the largest
Enoch-graben-west fissure began forming more than 50 years
ago, and that the fissure grew approximately 800 feet to the
south between 1997 and 2006. Photolineaments of unknown
origin and the presence of an isolated sinkhole and fissure
south of State Route 56 and generally along trend with the
fissures west of Quichapa Lake indicate the possibility of a
more extensive zone of fissuring along the western margin of
Cedar Valley.

Based on the investigation results, we conclude the following:

1. Long-term groundwater pumping in excess of re-
charge (groundwater mining) is the cause of the land
subsidence and earth fissures in Cedar Valley.

2. The maximum amount of land subsidence and earth
fissure formation in Cedar Valley coincide with ar-
eas of significant groundwater-level decline and the
presence of compressible fine-grained sediment in
the subsurface.

3. If groundwater levels in Cedar Valley continue to
decline at a rate of approximately 2 feet per year,
average basin-wide subsidence will likely continue
at a rate of 0.02 to 1.2 inches per year.

4. Continued subsidence will likely cause new fissures
to form in the future.

5. The inventory of earth fissures in Cedar Valley is
likely incomplete because fissures lacking offset or
not enlarged by erosion typically exist as hairline
cracks that are rarely visible on aerial photographs
and are difficult to identify in the field.

6. Currently unrecognized or new earth fissures may
damage existing and future infrastructure in Cedar
Valley.



7. Continued southward growth of either the Enoch-
graben-west or -east fissures may eventually impact
fully developed neighborhoods in Enoch City.

8. Earth fissures could provide a direct path for con-
taminated surface water to reach the Cedar Valley
aquifer, a principal source of potable water in Cedar
Valley.

9. Managing basin-fill aquifers as a renewable re-
source and managing the hazards presented by land
subsidence and earth-fissure formation require that
subsiding areas and rates of subsidence within those
areas (likely variable) be defined (technologies such
as InSAR, LiDAR, and high-precision GPS/GNSS
surveying are well suited to this task).

10. Site-specific hazard investigations are required for
new development, and in some instances for exist-
ing development, in areas known or suspected to be
subsiding. Recommended guidelines for conducting
such investigations are included in appendix H of
this report.

INTRODUCTION

Purpose

This report presents the results of an investigation by the
Utah Geological Survey (UGS) of land subsidence and earth
fissures in Cedar Valley, Iron County, Utah. On May 5, 2009,
the UGS received a request from Enoch City to investigate a
feature affecting a new subdivision in the northern part of that
community. Earl Gibson, Enoch City Public Works Director,
thought the feature might be an active fault. UGS geologists
responded to the request and subsequently mapped a 2.5-
mile-long, generally north-south-trending earth fissure that
had formed along the west side of the Enoch graben (Row-
ley and Threet, 1976; Anderson and Christenson, 1989;
Black and others, 2003; Knudsen, 2014a). The affected
subdivision is near the south end of the fissure; there the fissure
has formed in basin-fill deposits, crosses several undeveloped
lots, and has cracked and vertically displaced asphalt con-
crete street surfaces, concrete curb and gutter, and sidewalks.
Mr. Gibson stated that an inspection using a pipeline camera
revealed that the flow direction of a sewer line crossing the
fissure had been reversed, and that it was no longer possible to
gravity-drain sewage from the subdivision. At the time of our
reconnaissance, the streets, curb and gutter, and underground
utilities in the subdivision were less than 18 months old.

Immediately north of the subdivision on undeveloped range-
land, we observed as much as 3 feet of down-to-the-east
vertical displacement across the fissure, clearly indicating
that grading for the subdivision had obscured the extent of
pre-subdivision displacement to the south. Farther north, the
fissure entered irrigated agricultural land; the land owner, Mr.
Mike Clark, stated that the fissure had been active for at least
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30 years. Continuing north, the fissure passed through a live-
stock pasture/feeding area before again entering undeveloped
rangeland and apparently dying out.

Based on our field reconnaissance, examination of aerial
imagery, and discussions with Mr. Gibson and Mr. Clark, we
reached the following preliminary conclusions: (1) the fea-
ture is likely an earth fissure—not a fault, (2) the location of
the fissure is controlled at least in part by a pre-existing Qua-
ternary fault, (3) down-to-the-east displacement is actively
occurring across the fissure, and (4) the likely cause of the
fissure is aquifer compaction related to long-term groundwa-
ter pumping in excess of aquifer recharge.

On May 7, 2009, we presented our preliminary conclusions to
Enoch City, the Utah Division of Water Rights, the Iron Coun-
ty Engineer, and the Central Iron County Water Conservancy
District (CICWCD). Based on that information, the CICWCD
requested that the UGS prepare a proposal and budget for a
study to further investigate the Enoch earth fissure, and to
expand our reconnaissance to determine if additional earth
fissures and land subsidence features are present elsewhere
in Cedar Valley. The CICWCD Board approved the UGS
proposal, and the UGS and CICWCD entered into a Memo-
randum of Understanding to conduct the investigation starting
in June 2009. We delivered a final report of the investigation
results (Knudsen and others, 2012) to the CICWCD in March
2012. This UGS Special Study incorporates the results of the
initial investigation prepared for the CICWCD and includes
analyses of two new remote sensing datasets (interferometric
synthetic aperture radar [[nSAR; Katzenstein, 2013; appendix
E] and light detection and ranging [LiDAR; Utah Geological
Survey, 2011] technologies) that greatly enhance our under-
standing of the distribution and amplitude of subsidence and
extent of fissures in Cedar Valley.

The UGS took the following steps to complete this investiga-
tion:

1. Mapped earth fissures and land-subsidence features
in Cedar Valley using aerial photography, LiDAR
data, and field reconnaissance.

2. Assessed and documented infrastructure and other
development affected or potentially affected by earth
fissures in Cedar Valley.

3. Quantified changes in land surface elevation in
Cedar Valley by comparing historical elevation data
measured at a limited number of available bench
marks in the valley to newly acquired elevation data
measured using global positioning system (GPS)
methods, and compared subsidence results with a
recently completed InSAR investigation of Cedar
Valley.
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4. Defined the current potentiometric surface (water
table) in Cedar Valley based on existing water-lev-
el data and new water-level measurements by the
UGS, compared the current potentiometric surface
with earlier potentiometric-surface information from
available historical water-level data, and prepared
a map showing the extent and magnitude of water-
level decline for the maximum period of record pos-
sible in Cedar Valley.

5. Defined the nature and extent of potentially com-
pressible, fine-grained sediments in the subsurface
in Cedar Valley by compiling existing well-log data
for the valley, created simplified cross sections of the
valley basin fill, and prepared a map of the extent
of potentially compressible, fine-grained sediment in
Cedar Valley.

6. Provided recommendations regarding additional in-
vestigations to better define the extent of subsidence
and fissure formation, and possible aquifer manage-
ment options to help mitigate subsidence and fissure
formation.

7. Prepared recommended guidelines for investigating
land-subsidence and earth-fissure hazards prior to
development.

Principal Sources of Information

Principal sources of information used to evaluate land subsid-
ence and earth fissures in Cedar Valley include:

1. nine 1:24,000-scale geologic quadrangle maps that
cover the study area (see appendix A for geologic
map references);

2. the 1:100,000-scale Interim Geologic Map of the
Cedar City 30" x 60" Quadrangle, Iron and Washing-
ton Counties, Utah (Rowley and others, 2006);

3. Geology and Ground-Water Resources of Cedar City
and Parowan Valleys, Iron County, Utah (Thomas
and Taylor, 1946);

4. Ground-Water Resources of the Parowan—Cedar
City Drainage Basins, Iron County, Utah (Bjorklund
and others, 1978);

5. The Geology of Cedar Valley, Iron County, Utah, and
Its Relation to Ground-Water Conditions (Hurlow,
2002);

6. 398 water-well driller’s logs on file with the Utah
Division of Water Rights (2010a);

7. eightsetsofaerial photographs coveringall orportions
ofthe study area: (a) stereoscopic 1938 1:20,000-scale
U.S. Department of Agriculture (USDA) Soil Con-
servation Service (Project BPI) photos, (b) stereo-
scopic 1960 USDA (Project DIE) 1:20,000-scale
photos, (c) stereoscopic 1981 (Project 810941)
1:24,000-scale morning and afternoon low-sun-
angle photos (Earth Sciences Associates, 1982, and
compiled in Bowman and others, 2011), (d) 1993-
1997 U.S. Geological Survey (USGS) orthophotog-
raphy at various scales (Utah Automated Geographic
Reference Center [Utah AGRC, 2013]), (e) 2006
National Agriculture Imagery Program (NAIP) orth
photography at various scales (Utah AGRC, 2006a),
(f) 2006 high-resolution orthophotography (HRO;
Utah AGRC, 2006b), (g) 2009 NAIP orthophotog-
raphy at various scales (Utah AGRC, 2009), and (h)
2011 NAIP orthophotography at various scales (Utah
AGRC, 2011);

8. 1-meter LiDAR bare earth imagery (UGS, 2011);

9. a survey performed by a Utah licensed Profession-
al Land Surveyor using real-time kinematic (RTK)
GPS methods of 72 historical benchmarks in Cedar
Valley having elevation data of varying accuracy
(appendix D);

10. InSAR Analysis of Ground Surface Deformation in
Cedar Valley, Iron County, Utah (Katzenstein, 2013;
appendix E).

PREVIOUS WORK

Averitt (1962), Threet (1963a, 1963b), Averitt and Threet
(1977), Williams and Maldonado (1995), Mackin and others
(1977), and Maldonado and others (1997) studied the geol-
ogy of the Cedar Valley area. Huntington and Goldthwait
(1904), Mackin (1960), Averitt (1962), Hamblin (1970, 1984),
Andersonand Mehnert(1979),Anderson(1980), Earth Sciences
Associates (1982), Anderson and Christenson (1989), and
Lund and others (2007) studied the Hurricane fault zone and
discussed its significance as a source of large earthquakes and
as a boundary between the Basin and Range and Colorado
Plateau physiographic provinces. Blank and Mackin (1967)
made a geologic interpretation of an aeromagnetic survey of
the southwest part of the study area. Kaliser (1978a, 1978b)
investigated ground surface subsidence related to hydrocol-
lapsible soils in Cedar City, Utah.

Meinzer (1911) conducted a reconnaissance investigation
of water resources in western Utah, including Cedar Valley,
which he called Rush Lake Valley. Thomas and Taylor (1946)
completed the first comprehensive investigation of ground-
water conditions in Cedar and Parowan Valleys. Thomas and



others (1952) and Barnell and Nelson (in Waite and others,
1954, p. 75—84) provided descriptions of the status of ground-
water development in Cedar Valley. Sandberg (1963, 1966)
described the groundwater resources for selected basins in
southwestern Utah, including Cedar Valley. Barnett and Mayo
(1966) made recommendations regarding groundwater man-
agement and warned of a potential water-resources crisis in
Cedar Valley. Bjorklund and others (1977, 1978) reevaluated
groundwater conditions in Cedar and Parowan Valleys and
produced water budgets for each valley. Howells and others
(2002) provided selected hydrologic data for Cedar Valley
collected from 1930 to 2001. Hurlow (2002) evaluated the
relation of groundwater to geology in the Cedar Valley drain-
age basin. Brooks and Mason (2005) evaluated the hydrologic
system and water quality in Cedar Valley, and developed a
digital groundwater flow model for the basin-fill aquifer.

SETTING

Location and Physiography

Cedar Valley is in eastern Iron County, southwestern Utah
(figure 1). It is a northeast-southwest-trending, elongate
valley bordered by the Black Mountains to the north, the
Markagunt Plateau to the east, the low-lying Eightmile Hills
and The Three Peaks to the west, and the Harmony Mountains
to the southwest. Cedar Valley is approximately 32 miles long
and ranges from 8 miles wide at its northern end to less than 1
mile wide in the south. The floor of Cedar Valley covers 270
square miles; its drainage basin encompasses more than 580
square miles. Elevations range from about 10,750 feet on the
west flank of Brian Head on the Markagunt Plateau to about
5350 feet at the valley drainage outlet at Mud Spring Wash in
the northwest part of the valley.

Coal Creek, the principal perennial stream in Cedar Valley,
flows westward from the Markagunt Plateau and has depos-
ited a large alluvial fan in the Cedar City area (Bjorklund
and others, 1978). Shurtz Creek, a smaller perennial stream
flowing westward from the Markagunt Plateau, enters Cedar
Valley near Hamiltons Fort. Fiddlers Canyon Creek, one of
the larger intermittent streams flowing westward from the
Markagunt Plateau, enters Cedar Valley in the north part of
Cedar City. Quichapa Creek is a perennial stream flowing
northeastward into the valley from the Harmony Mountains.
Surface water flows westward out of Cedar Valley via Mud
Spring Wash and through Iron Springs Gap only during rare
flash floods caused by heavy local precipitation (Bjorklund
and others, 1978). Spring runoff accumulates in Quichapa and
Rush Lakes, which are shallow playa lakes (figure 1).

Population and Land Use

From 2000 to 2007, population in Iron County (most of the
people in the county live in Cedar Valley) increased by 29%
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from 33,779 to 43,526 (Demographic and Economic Analy-
sis Section, 2008). Five years later, the U.S. Census Bureau
estimated that there were 46,750 residents in Iron County in
2012 (most recent estimate available; U.S. Census Bureau,
2013). The projected population of Iron County is expected
to be 104,000 by 2050 (Demographic and Economic Analysis
Section, 2005).

Government, trade, and the service industry are the princi-
pal sources of employment in Iron County (Utah Division of
Water Resources, 1995). Although agricultural land is be-
ing subdivided for residential and commercial uses, agricul-
tural commodity production, mostly beef, dairy, and irrigated
crops, will likely continue to be an important part of Cedar
Valley’s economy (Utah Division of Water Resources, 1995).

Climate

Cedar Valley’s climate is characterized by large daily tem-
perature variations; moderately cold winters; and warm, dry
summers (Bjorklund and others, 1978). From 1947 to 2007,
temperatures at Cedar City Airport ranged from a maximum
of 105°F to a minimum of -26°F (Moller and Gillies, 2008);
the maximum daily temperature variation is greatest in sum-
mer when fluctuations can be as much as 40°F (Ashcroft and
others, 1992). The normal mean annual temperature at the
Cedar City Airport was 50.9°F from 1947 to 2008 (Moller and
Gillies, 2008). The growing season (the number of consecu-
tive frost-free days) in Cedar Valley averages 133 days at the
Cedar City Airport (Moller and Gillies, 2008).

Brian Head averages 35.7 inches (period of record 1991—
2007) of precipitation annually (Moller and Gillies, 2008),
mostly as snow during winter. Annual precipitation in Cedar
Valley ranges from about 8 to 14 inches (Bjorklund and oth-
ers, 1978). At the Cedar City Airport, normal mean annual
precipitation was 11.41 inches and mean annual evapotrans-
piration was 49.11 inches from 1948 to 2007 (Moller and
Gillies, 2008). Most precipitation is generated in winter and
spring by humid air masses moving southeastward from the
North Pacific (Bjorklund and others, 1978). Appreciable rain
from summer thunderstorms results from humid air masses
migrating northwestward from the Gulf of Mexico (Bjorklund
and others, 1978). Snow is common in Cedar Valley from
December through March, but snowstorms are not uncommon
during April and even May (Bjorklund and others, 1978).

Geology

Cedar Valley is at the eastern margin of the Basin and Range
physiographic province adjacent to the Markagunt Plateau,
part of the High Plateaus section of the Colorado Plateau
physiographic province (Stokes, 1977). At the latitude of
Cedar Valley, the boundary between the Basin and Range and
Colorado Plateau physiographic provinces is considered by
many geologists to be the late-Quaternary-active, west-dip-
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ping, normal-slip Hurricane fault (figure 2) (e.g., Anderson
and Mehnert, 1979; Anderson and Christenson, 1989; Lund
and others, 2007), although a geologic transition zone up to
several miles wide exists between the Basin and Range and
Colorado Plateau proper. The trace of the Hurricane fault is
marked by the steep Hurricane Cliffs (west face of the Marka-
gunt Plateau), which are up to 2000 feet high (Hamblin,
1970). Total vertical displacement across the Hurricane fault
in the vicinity of Cedar Valley is estimated between 1400 and
about 5000 feet (Kurie, 1966; Anderson and Mehnert, 1979;
Anderson and Christenson, 1989).

Other Quaternary-active, normal-slip faults present in Cedar
Valley include the Enoch graben (west- and east-bounding
faults), the Cedar Valley west side faults, and the Cross Hol-
low Hills faults (figure 2) (Black and others, 2003). Hur-
low (2002) defined an eastern basin-bounding fault system
(EBBFS), a complex zone of west-dipping normal faults
that extends from south and west of the Cross Hollow Hills,
northward to the western margin of the Red Hills (figure 2).
The trace of the EBBFS is buried by young alluvium in Cedar
Valley, but is expressed at the surface along the west margin
of the Hieroglyph horst (Threet, 1963b; Williams and Maldo-
nado, 1995) and the Red Hills, where it displaces a 1.28 + 0.4
million-year-old basalt flow down to the west (Anderson and
Christenson, 1989). Because it displaces a Quaternary-age
basalt flow, the EBBEFS is also Quaternary active.

The Hieroglyph horst consists of elevated Tertiary and
Quaternary alluvial-fan deposits, and is bounded on its east
side by the Enoch-graben-west fault. The EBBFS sepa-
rates the larger, deeper Cedar Valley basin from the smaller,
shallower Enoch graben sub-basin. The Enoch graben is
a narrow structural basin along the northeast side of Cedar
Valley bounded on the west by the Hieroglyph horst and on
the east by the Red Hills (Threet, 1963b; Rowley and Threet,
1976; Anderson and Christenson, 1989; Black and others,
2003; Knudsen, in 2014a) (figure 2). Both the Enoch-graben-
west and -east faults have formed fault scarps several to tens
of feet high.

Hurlow (2002) and Rowley and others (2006) mapped
concealed faults along the east side of the low hills bounding
the west side of Cedar Valley (figure 2). Those faults may be
coincident to the north with the late-Quaternary-active Cedar
Valley west side faults (Black and others, 2003), indicating
that the concealed western faults (herein named the western-
basin-bounding fault system [WBBFS]) may also be Quater-
nary active.

Typical of many valleys in the Basin and Range physiograph-
ic province, Cedar Valley is an asymmetrical graben formed
by vertical displacement along its valley margin faults. The
asymmetry is due to greater displacement on the EBBFS
(up to 7500 feet) to the east than on the WBBFS to the west.
The resulting deep, asymmetric sag extends from west of the
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Cross Hollow Hills northward to the western margin of the
Red Hills (Hurlow, 2002) (figure 2). Bedrock is shallower east
of the EBBFS beneath the Enoch graben and Cedar City. The
Cross Hollow Hills are a horst block formed in a complexly
faulted zone between the EBBFS on the west and the Hurri-
cane fault on the east (figure 2).

The geomorphic characteristics of Cedar Valley are typical
of many basin-and-range valleys. Valley margins consist of
coalescing alluvial fans that slope gently basinward into a
slightly undulating broad valley bottom. A low divide cre-
ated by the Coal Creek alluvial fan separates Cedar Valley
into two surface-water subbasins. The south basin drains into
ephemeral Quichapa Lake and the north basin partly drains
into ephemeral Rush Lake (figure 1).

Rock units in the Cedar Valley area range from Triassic to
Quaternary in age. Bedrock and semiconsolidated basin-fill
units have a maximum combined thickness of more than
16,000 feet (Bjorklund and others, 1978). The Markagunt Pla-
teau east of the Hurricane Cliffs is composed chiefly of gently
east-dipping Triassic to Tertiary sedimentary rocks capped lo-
cally by younger volcanic rocks (figure 2). Complexly faulted
Miocene volcanic and plutonic rocks crop out in the hills west
of the valley. Little is known about bedrock beneath Cedar
Valley, but it likely consists of down-faulted sedimentary,
volcanic, and plutonic rocks similar to those that crop out in
the uplands surrounding the valley. Unconsolidated to poor-
ly consolidated basin-fill deposits up to 3900 feet thick fill
Cedar Valley (Cook and Hardman, 1967; Hurlow, 2002); these
deposits attain their greatest thickness west of the EBBFS
near Rush Lake in the northeastern part of Cedar Valley.

GROUNDWATER IN CEDAR VALLEY

Groundwater in the Cedar Valley drainage basin is present in
two types of aquifers: fractured bedrock and basin-fill depos-
its. Fractured bedrock aquifers are recharged primarily from
infiltration of precipitation and streamflow, and groundwater
flows primarily through fractures. Because bedrock is typi-
cally rigid and not subject to compression upon removal of
groundwater, we focus only on groundwater in basin-fill aqui-
fers for this investigation.

Occurrence

The Cedar Valley basin-fill aquifer consists primarily of Qua-
ternary and Tertiary alluvial sediments, composed of discon-
tinuous, lenticular, commonly elongated, poorly to well-sort-
ed layers of clay, silt, sand, gravel, and boulders (Thomas and
Taylor, 1946), interbedded with volcanics and fine-grained
lacustrine and eolian deposits (Bjorklund and others, 1978).
Based on water-well data, Thomas and Taylor (1946) and
Anderson and Mehnert (1979) estimated that basin fill is at
least 1000 feet thick, but a gravity survey indicates basin fill



Investigation of land subsidence and earth fissures in Cedar Valley, Iron County, Utah

—112°5230"

EXPLANATION
Map Units
[~ Quaternary
Sedimentary deposits
O Quaternary-Tertiary -
o Sedimentary deposits e
(N) Basalt w |
E Tertiary
O Volcanic rocks
Intrusive rocks
Tertiary-Cretaceous
—+—|TKs| Sedimentary rocks
(&) Cretaceous
o) Sedimentary rocks A s
B‘ Jurassic
(L{J) [UST Sedimentary rocks
= Triassic 520
B Sedimentary rocks T

Mapped fissure

Faults (teeth or hachures on upper plate)
——--- Normal (dotted where concealed)
_. . Low-angle normal

—A—4_ Thrust - Mesozoic

-4 4 Thrust - Cenozoic
—B=® Reverse

Folds
Cedar City-Parowan monocline
(location approximate)

37°45' —J <
TKs | 3

T36S

| Quichapa
3 Lake

37°3730"

ay), Js
KANARRAVILL

37°30" =1

1315 —

Figure 2. Simplified geology of Cedar Valley drainage basin and adjacent areas (modified from Hurlow, 2002). WBBFS = western basin-
bounding fault system, CVWSF = Cedar Valley west-side faults, EBBFS = eastern basin-bounding fault system, EGWF = Enoch-graben-west
Sfaults, EGEF = Enoch-graben-east faults, CHHF = Cross Hollow Hills faults.



may be as much as 3900 feet thick in the eastern part of Cedar
Valley (Cook and Hardman, 1967). Seismic-reflection profiles
indicate the basin fill has a maximum thickness of 3800 feet
near Rush Lake (Hurlow, 2002).

Groundwater in the basin-fill aquifer occurs under confined,
unconfined, and perched conditions (Bjorklund and others,
1978). The basin-fill aquifer is generally unconfined along the
upper-elevation margins of Cedar Valley, where it typically
consists of coarse granular, permeable alluvial-fan sediments
(Thomas and Taylor, 1946; Bjorklund and others, 1978).
Low-permeability silt and clay interbeds overlie water-yield-
ing, coarse-grained deposits in the central parts of the valley,
creating leaky confined basin-fill aquifer conditions (Sand-
berg, 1966; Bjorklund and others, 1978). Low-permeability
sediments are spatially extensive in the Cedar Valley aquifer
(see Aquifer Characteristics section) and locally form effec-
tive confining beds or layers, but are not continuous enough to
form major layers in the basin fill and cause the groundwater
system to act as a single, complex aquifer (Thomas and Taylor,
1946). The boundary between confined and unconfined condi-
tions is gradational, shifting as the potentiometric surface of
the basin-fill aquifer system rises and falls with changes in
recharge and discharge (Bjorklund and others, 1978). In 1939,
upward groundwater gradients in the central, lower-elevation
areas of Cedar Valley were sufficient to supply flowing (arte-
sian) wells in an area that covered approximately 50 square
miles (Thomas and Taylor, 1946, plate 18), but no flowing
wells have existed in Cedar Valley since 1975 (Bjorklund and
others, 1978) due to a lowered potentiometric surface result-
ing from groundwater mining.

Wells completed in alluvial deposits in Cedar Valley yield 1
to 4000 gallons per minute (Bjorklund and others, 1978). The
most productive parts of the aquifer consist of beds of clean,
well-sorted gravel and sand (Bjorklund and others, 1978). Us-
ing data from 10 wells in the Cedar Valley basin-fill aquifer,
Sandberg (1966) calculated a range for specific capacity of 10
to 50 gallons per minute per foot of drawdown with an average
of 28 gallons per minute per foot of drawdown. Bjorklund and
others (1978) compiled data from six multiple-well aquifer
tests completed in gravelly aquifer material in Cedar Valley
and calculated a range for average hydraulic conductivity of
13 to 251 feet per day (ft/d), a transmissivity range of 2540 to
52,000 ft¥/d, and a storage coefficient range of 0.0005 to 0.2.

Groundwater flow is generally from higher-elevation recharge
areas along the mountain front to lower-elevation discharge
areas. In southern Cedar Valley, groundwater flows northward
from the Kanarraville area, northeastward from the Harmo-
ny Mountains, and southeastward from the Eightmile Hills
(Bjorklund and others, 1978, plate 5). Groundwater in the
vicinity of the Coal Creek alluvial fan moves northward and
northwestward from the apex of the fan and then either south-
ward toward Quichapa Lake or westward toward Iron Springs
Gap (Thomas and Taylor, 1946). Groundwater in northern
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Cedar Valley moves northwestward toward Rush Lake and
then continues toward Mud Spring Wash (Bjorklund and
others, 1978). Hydraulic gradients are generally low (with the
exception of pumping-induced cones of depression) in the
central, lower-elevation areas of Cedar Valley, such as near
Quichapa Lake.

Quality

Because earth fissures can result in water-quality degrada-
tion, we present Cedar Valley’s current groundwater quality.
Groundwater quality in Cedar Valley is generally good and
is suitable for most uses (Utah Division of Water Resourc-
es, 1995). Groundwater in the basin-fill aquifer is generally
classified as calcium- or magnesium-sulfate type. Sodium-
chloride-type groundwater is present near Rush Lake and
calcium-bicarbonate-type groundwater is present southwest
of Quichapa Lake (Bjorklund and others, 1978). Thomas and
Taylor (1946) reported total dissolved solids (TDS) concen-
trations ranging from about 150 mg/L, just west of Quichapa
Lake, to more than 1700 mg/L for certain wells on the Coal
Creek alluvial fan. Sandberg (1966) reported TDS concen-
trations in groundwater ranging from 281 to 3750 mg/L.
Bjorklund and others (1978, table 5) reported TDS concentra-
tions in groundwater ranging from 166 to 2752 mg/L. Based
on water-quality data collected by the USGS (Howells and
others, 2002) and from public water-supply wells within
the study area (Rachael Cassady, Utah Division of Drinking
Water, written communication, 2001) from 1974 to 2000,
TDS concentrations range from 184 to 2190 mg/L with an
average of 584 mg/L (Lowe and others, 2010).

Nitrate, typically associated with human activities, has been
identified in Cedar Valley groundwater. Nitrate concentrations
in groundwater have been analyzed and reported in two differ-
ent ways in the literature for Cedar Valley: nitrate as nitrogen
(N) and nitrate as nitrate (NO5’). Thomas and Taylor (1946, p.
107) reported nitrate-as-nitrate concentrations ranging from
0 to 260 mg/L for wells in Cedar Valley; they noted that the
highest nitrate concentration in groundwater was found in the
Fiddlers Canyon alluvial-fan area, and that this high-nitrate
groundwater also contained high chloride and sulfate concen-
trations. Water-quality data collected by the USGS (Howells
and others, 2002), data from public water-supply wells within
the study area (Rachael Cassady, Utah Division of Drink-
ing Water, written communication, 2001), and 1979-81 data
reported by Lowe and Wallace (2001) indicate nitrate-as-
nitrogen concentrations range from less than 0.06 to 57.4 mg/L
(Lowe and others, 2010). The U.S. Environmental Protection
Agency (2010a) drinking-water quality (health) standard for
nitrate as nitrogen is 10 mg/L, and for nitrate as nitrate is 45
mg/L.

Thomas and Taylor (1946) noted that depths for most of the
wells having high nitrate concentration in Cedar Valley ex-
ceed 100 feet, suggesting a geologic source of nitrate possibly
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associated with soluble salts in the basin fill rather than an
anthropogenic origin. Wallace and Lowe (2000) and Lowe
and Wallace (2001) also suggested that historically high
nitrate concentrations in the Enoch area may be due in part to
a geologic source of nitrogen, and documented nitrogen-bear-
ing strata in the Straight Cliffs Formation in Fiddlers Canyon
southeast of Enoch.

Recharge and Discharge

Most recharge to the basin-fill aquifer comes from precipi-
tation within the Cedar Valley drainage basin (Sandberg,
1966). Recharge to the Cedar Valley basin-fill aquifer, in
order of greatest quantity recharged, is from (1) infiltration of
precipitation falling on unconsolidated basin fill, (2) inflow
from bedrock aquifers in the surrounding hills and mountains,
(3) infiltration of irrigation water from groundwater sources,
(4) seepage from streams and major irrigation canals, (5)
infiltration of irrigation water from surface-water sources,
(6) subsurface inflow from Parowan Valley, (7) infiltration of
land-applied wastewater effluent, and (8) infiltration of irriga-
tion water applied to lawns and gardens (table 1) (Brooks and
Mason, 2005).

Discharge from the basin-fill aquifer, in order of greatest
quantity discharged, occurs through (1) well withdrawals,
(2) evapotranspiration, (3) subsurface outflow through Iron
Springs Gap and Mud Spring Wash, and (4) spring flows
(table 1) (Brooks and Mason, 2005). Because water-well
pumping is by far the greatest source of groundwater dis-
charge, groundwater development in Cedar Valley is consid-

ered in detail for this study.

Groundwater Development

Pumping from wells is the largest component of groundwater
discharge in the Cedar Valley drainage basin, and is a ma-
jor controlling variable of both long- and short-term ground-
water-level fluctuations in the valley (Thomas and Taylor,
1946; Bjorklund and others, 1978; Brooks and Mason, 2005).
Groundwater withdrawal and drought are the major causes of
long-term water-level decline (Bjorklund and others, 1978;
Brooks and Mason, 2005). Seasonal water-level declines
occur because most wells are pumped from May to Septem-
ber. From October to April, pumping is reduced and water lev-
els rise, but pumping resumes the next summer before water
levels reach the levels of the previous year (Bjorklund and
others, 1978).

To examine long-term trends in groundwater withdrawal, we
compiled total pumping rates for the following periods: (1)
1938 to 1940 (Thomas and Taylor, 1946), (2) 1945 to 1963
(Brooks and Mason, 2005), and (3) 1964 to 2009 (Utah
Division of Water Rights, 2010c; figure 3). We also examined
municipal pumping records after 1964, including data from
Cedar City and Enoch City between 1979 and 2009. We used
simple linear regressions to estimate long-term changes in
pumping rates.

Most of the water pumped in Cedar Valley is used for agricul-
ture and the amount of irrigation required partially depends
upon the amount of precipitation in the basin area (Brooks

Table 1. Conceptual groundwater budget for 2000, Cedar Valley, Iron County, Utah (modified from Brooks and Mason, 2005). Compare to

table 3, which shows a budget deficit.

Cubic Feet/Day Acre-ft/Year

RECHARGE

DISCHARGE

Precipitation on unconsolidated basin fill

Bedrock inflow from surrounding hills and mountains
Recharge from irrigation with groundwater

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

Recharge from land application of wastewater effluent

Recharge from irrigation of lawns and gardens
Total recharge (rounded)

Wells

Evapotranspiration

Subsurface outflow

Springs

Total discharge (rounded)

Amount of storage gained

1,228,000 10,300
1,181,000 9900
847,000-1,026,000 7100-8600
561,000-608,000 4700-5100
584,000 4900
239,000 2000
179,000 1500
72,000-119,000 600-1000

4,890,000-5,128,000

41,000-43,000

4,293,000 36,000
358,000 3000
119,000 1000

Negligible Negligible

4,771,000 40,000

119,000-358,000 1000-3000
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Figure 3. Annual water usage by category for Cedar Valley from 1938 to 2009 (data from Thomas and Taylor, 1946, Brooks

and Mason, 2005; Utah Division of Water Rights, 2010c).
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Figure 4. A. Cumulative departure from mean precipitation (data from Utah Climate Center, 2010), and B. irrigation well
pumping in Cedar Valley (data from Utah Division of Water Rights, 2010c).
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and Mason, 2005) (figure 4). The yearly average of precipi-
tation (including snow) from four weather stations (Cedar
City Airport, Summit, Cedar City powerhouse, and Parowan
powerhouse) from 1945 to 2008 for Cedar Valley is 11 inches
per year (Utah Climate Center, 2010). Although the Parowan
powerhouse and Summit weather stations are in Parowan
Valley, precipitation in the Parowan area contributes to
subsurface flow into Cedar Valley (Brooks and Mason,
2005). Departure from average precipitation is the difference
between annual precipitation and mean annual precipitation.
Cumulative departure from mean is the sum of departures
from the average for each year (figure 4A).

Since 1964, total pumping in Cedar Valley has increased
at a rate of approximately 600 acre-feet per year (figure
3) (Utah Division of Water Rights, 2010c). As of 2008,
agricultural (interpreted as crop cultivation) pumping (74%)
and municipal pumping (20%) comprised 94% of all pump-
ing, with private domestic and stock (5%) and industrial wells
(1%) comprising the other 6% (Burden, 2009).

Municipal pumping was negligible relative to agricultural
pumping before the early 1960s, because municipalities were
small and generally relied on springs for their water supply
(Brooks and Mason, 2005). Since then, municipal withdraw-
als have increased at a rate of 160 acre-feet per year (Utah
Division of Water Rights, 2010¢). Enoch and Cedar City cur-
rently operate 13 wells that produce most of the public water

Table 2. Major municipal wells and their yearly average discharge.

Well WIN'

Ravine 30363

Woolsey 4064

© Anderson 30360
§ Homestead 3996
g Northfield 27968
w Cemetery 4006
Enoch #1 28692

Iron Works 24548

Quichapa #1 South* 3977

s g Quichapa #3 North 3992
£ ; Quichapa #5 4004
3% Quichapa #6 4005
Quichapa #7 13549

'Utah Division of Water Rights well identification number:

supply in Cedar Valley (table 2). Eight of the wells are within
Enoch and Cedar City’s boundaries and the other five wells are
near Quichapa Lake on the west side of Cedar Valley (figure
5). The two cities have water rights for numerous other wells,
but collectively these wells produce less than 1000 acre-feet
per year. The wells near Quichapa Lake pump approximately
4000 acre-feet per year collectively. The wells in the Enoch
area pump about 3000 acre-feet per year collectively. Munici-
pal pumping occurs year-round, but volume varies by season.
Maximum pumping is typically in July (Brooks and Mason,
2005) and minimum pumping is in December (figure 6).

Agricultural pumping is the largest component of well dis-
charge in Cedar Valley (Bjorklund and others, 1978; Brooks
and Mason, 2005). In 2008, agricultural wells pumped 30,000
acre-feet (figure 3) (Utah Division of Water Rights, 2010c).
However, agricultural pumping as a share of all pumping is
decreasing at a rate of about half a percent per year. In 1964,
agricultural withdrawals represented 96% of all pumping
from the aquifer in the valley (figure 3). By 2008, agricultural
pumping was 74% of all pumping. While the percentage of
agricultural pumping is decreasing over time, the rate of agri-
cultural and municipal pumping is increasing by 20 and 160
acre-feet per year, respectively (figure 3) (Utah Division of
Water Rights, 2010c).

Agricultural pumping increased at a rate of 200 acre-feet per
year from 1945 to 1965. From 1965 to 1974, agricultural

Avg. Yearly Discharge®

(kLo (acre-ft/yr)
(C-35-10)7acd-1 140
(C-35-10)7ccd-1 180
(C-35-10)7dce-1 200
(C-35-10)18acb-1 260
(C-35-11)35chb-1 240
(C-36-11)11bdb-1 440
(C-35-10)18cca-1 440
(C-35-10)7abd-1 600
(C-36-12)32cce-1 200
(C-36-12)32ccb-1 670
(C-36-12)29abb-1 700
(C-36-12)17ddd-1 1060
(C-36-12)20add-1 1390

2U.S. Geological Survey well numbering system for Utah. See appendix B. The numbers after the dash at the end refer to the order in which the wells were

constructed and labeled for that location.
3From Utah Division of Water Rights (2010b).
*This well was not pumped during 2010-2011.
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EXPLANATION
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Figure 5. High-discharge wells in Cedar Valley. Discharge estimates and well locations from Utah Division of Water Rights (2010a, 2010b). Wells are labeled by the end of their cadastral
location identification number (CAD ID) (appendix B). Appendix C lists these wells and their approximate discharge.
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Figure 6. Monthly mean withdrawal from Cedar City and Enoch City municipal wells from 1978 to 2008 (Utah Division of Water Rights,

2010b). Data prior to 1978 were not available.

pumping increased by 2800 acre-feet per year, reaching its
record high of 39,800 acre-feet in 1974. After 1974, pumping
decreased by approximately 2000 acre-feet per year reaching
a low of 16,000 acre-feet in 1986. After 1986, pumping rates
increased to and maintained a rate of about 30,000 acre-feet
per year with an annual increase of less than 20 acre-feet per
year.

Bjorklund and others (1978) noted that annual discharge
from the Cedar Valley hydrologic system exceeds recharge,
resulting in a long-term decline in groundwater levels in Ce-
dar Valley. Using specific yield as an estimate for storativity,
Bjorklund and others (1978) estimated groundwater storage
decrease by multiplying basin-wide storativity, long-term
change in groundwater level, and affected basin area. Spe-
cific yield is a measure of the volume of water that can be
drained by gravity from a material per unit volume of that
material. Assuming a basin-wide storativity of 0.1, they es-
timated the average annual loss from storage between 1940
and 1974 to be 3300 acre-feet. This estimate depends strongly
on the estimate for average valley-wide specific yield and
neglects the specific storage of the aquifer—the volume of
water released per unit volume of aquifer owing to compress-
ibility of the aquifer skeleton and the water itself. The storage
properties of the aquifer are also changing in areas where the
aquifer is compacting due to groundwater extraction.

Brooks and Mason (2005) used their calibrated transient-
state model to estimate a storage decrease of 9100 acre-feet
in 2000 (table 3). While their conceptual (table 1) hydrologic
budget shows an increase in storage, localized hydrologic
budgets within the valley were likely not balanced to account
for observed decreases in groundwater levels. Assuming the
estimated average annual (1940-1974) groundwater storage
decrease of 3300 acre-feet from Bjorklund and others (1978)
is reasonable, the average loss of groundwater from aquifer
storage has increased from 3300 acre-feet in 1974, to 9100
acre-feet in 2000.

Using the same technique employed by Bjorklund and others
(1978), we estimated a storage decrease of 10,700 acre-feet
for 2000, using a storativity estimate of 0.1 (Bjorklund and
others, 1978), a basin area of 177,600 acres, and an average
annual water-level change of 0.6 feet (table 4). This estimate
agrees well with the Brooks and Mason (2005) estimate of
9100 acre-ft of storage change, considering the uncertain-
ty of the variables involved. Both estimates for storage are
approximate, and either a more complete hydrologic budget or
better estimates of storativity are necessary to more accurately
estimate hydrologic imbalances. However, the long-term defi-
cit in Cedar Valley’s water budget is well documented and is
increasingly expressed as a significant decline in groundwater
levels over time.
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Table 3. Transient groundwater model budget from Brooks and Mason (2005), representing the model approximated budget for the year 2000.

Irrigation and precipitation on irrigated lands,
including seepage from Coal Creek

Winter precipitation on all areas
Subsurface Inflow

Parowan Valley'

North consolidated rock

Southeast consolidated rock

RECHARGE

East consolidated rock

Southwest consolidated rock
West consolidated rock

Inflow from south of area
Total recharge (rounded)

Wells
Evapotranspiration
Springs

Outflow to other areas

DISCHARGE

Total discharge

Water removed from storage?

'Includes 1100 acre-feet per year recharge from consolidated rock.
*Valley-wide water-level declines from March 2000 to March 2001 indicate a removal of water from storage (discharge exceeding recharge).

Cubic Feet/Day

2,330,000

700,000

370,000
160,000
36,000
84,000
190,000
120,000
9500

4,000,000

4,080,000
530,000
150,000
320,000

5,100,000

1,100,000

Acre-ft/Year

19,500

5900

3100
1400
300
700
1600

1000

33,500

34,200
4500
1300
2700

42,700

9100

Table 4. Change in potentiometric surface and rate of groundwater-level decline over various segments of time. Negative values indicate a

rise in groundwater levels.

Basin-Wide Water Level Decrease’

Spring Water Levels

19402-1974% 19743-2000*

20004-2010°

19402-2000*

19402-2010°

19392-19743

Fall Water Levels

1974%-2009° 1939%-2009°

years 34 26
min (ft)" 22 -56
max (ft) 48 47
mean (ft) 1 14
mean rate (ft/yr) 0.3 0.5

10

-10

75
22
2.2

0.4

0.7

35 70
-28 -3
82 114
42 63
1.2 0.9

Spring Water Levels

Water-Level Decrease Along Cross Sections'

1940°-1974% 19743-2000*

20004-2010°

19402-2000*

1940%-2010°

19392-19743

Fall Water Levels

1974%-2009° 1939%-2009°

years 34 26
min (ft)’ -11 -2
max (ft) 35 39
mean (ft) 8 15
mean rate (ft/yr) 0.2 0.6

Negative value indicates an increase in water levels.

10

2.2

0.4

’November 1939 and April 1940 water levels from Thomas and Taylor (1946) plate 13.

3Spring and fall 1974 water levels from Bjorklund and others (1978) plate 5.

‘March 2000 water levels from Brooks and Mason (2005) figure 5.
*October 2009 water levels from figure 7.
*March 2010 water levels from figure 8.

35 70
2 8
80 99
45 61
1.3 0.9
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EXPLANATION
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Figure 7. Cedar Valley potentiometric surface during October 2009. Well details and water-level measurements are listed in table 5.
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Potentiometric Surface Change Over Time

Since the early 1950s, several authors have reported long-
term groundwater-level declines in Cedar Valley (Bjorklund
and others, 1978; Lowe and others, 2000; Brooks and Mason,
2005; Burden, 2009). For this study, we measured water levels
in 33 wells to produce a potentiometric-surface map for Cedar
Valley (figure 7), which we then compared to past water levels
to evaluate long-term water-level changes.

Methods

In October 2009, we collected water-level measurements
from 33 wells. Water levels in several of those wells are also
measured by the USGS every March. We measured water
levels in wells near existing earth fissures, Enoch City wells,
and CICWCD wells. Cedar City municipal wells did not have
access points for accurate water-level measurement.

The field-collected depth to water minus the measured riser
height (height of the casing above the ground surface) is the
depth to water from the ground surface. We measured the
field-collected depth to water using both a USGS standard
steel tape and an electric water-level probe. Both instruments
have reported accuracies of 0.01 foot. When conditions al-
lowed, we measured water levels multiple times using both
methods for greater precision. We measured from the stan-
dard USGS measuring point along the casing when marks or
USGS directions were available. Stretching of the line and the
line moving around obstructions could have introduced less
than a foot of error during water-level measurement, but this
is negligible relative to errors in the ground-surface elevation
measurement for each well.

Ground surface elevations at each well are based on digital
elevation models (DEM) derived from the National Elevation
Dataset (NED) maintained by the USGS (Gesch and others,
2002; Gesch, 2007) (table 5). The NED consists of data from
a variety of sources including digital photogrammetry, aerial
photographs, and cartographic contours. The use of combined
data sources and careful review by professional cartographers
make these data slightly more accurate than elevations ob-
tained from USGS 7.5-minute topographic quadrangle maps.
The vertical accuracy of the NED data is § feet (as of March
2010), and the relative vertical accuracy for closely spaced
data within the larger NED dataset is 2.6 feet (Gesch, 2007).
The USGS continuously updates the NED dataset as they
collect data. After we completed calculations using the NED
data, the USGS updated the NED dataset to include LiDAR
data commissioned by the UGS. Although the newer data are
more accurate, they would not affect the resulting water level
data enough to warrant the expense of the time to recalculate
the groundwater elevation. Use of DEMs allows for quick, ob-
jective assignment of ground-surface elevations at wellheads.

Because the NED is based on the horizontal North American

Utah Geological Survey

Datum of 1983 (NAD 83) and the North American Vertical
Datum of 1988 (NAVD 88), we projected the horizontal and
vertical positions of the wellheads into the datums used on
the USGS quadrangles (NAD 27 and NGVD 29) with the
National Geodetic Survey’s orthometric height conversion
calculator VERTCON (National Geodetic Survey, 2010a).
The VERTCON conversion is accurate to less than 0.8 inch
(Milbert, 1999). We applied the NGVD 29 datum shift to all
wellhead elevations assigned from the NED. We then com-
pared the converted NED elevations to the available eleva-
tions assigned to the wells by the USGS in the National Water
Information System (NWIS; U.S. Geological Survey, 2010) to
ensure that the elevations were similar. We did not use NWIS
elevations because they were not available for all of the wells
measured in the field, and because most of the NWIS eleva-
tions are based on elevations derived from USGS 7.5-minute
quadrangles (U.S. Geological Survey, 2010). NED-derived el-
evations are within the margin of error reported by the USGS
in the NWIS (usually 5 ft) for each site, unless (1) the site
elevation was determined by a method more accurate than
scaling from a topographic map, (2) the location of the well is
not as reported, or (3) NWIS assigned an incorrect elevation.

We calculated water-level elevation by subtracting depth to
water from the ground-surface elevation. We interpolated the
resulting water-level-elevation data using a spline technique
to create potentiometric surface contours. Spline interpola-
tion applies a smooth, piecewise polynomial (similar to re-
gression) fit to the existing points. We refined the contours by
hand to ensure a realistic interpretation of the potentiometric
surface (figure 7). USGS-collected water-level data (Burden,
2009) and well-driller-recorded depth to water (Division of
Water Rights, 2010a) provided a check on the accuracy of the
contour lines. Although the USGS values provide a check,
there were not enough fall 2009 water levels from the USGS
to independently produce a potentiometric surface map. How-
ever, we repeated the same process outlined above for 26
water-level measurements (table 6) taken by the USGS in the
spring of 2010, to create a potentiometric surface map for that
time (figure 8).

We also used a regularized spline technique to interpolate con-
tours from Thomas and Taylor (1946), Bjorklund and others
(1978), and Brooks and Mason (2005) for comparison with
the water-level data we collected. The resulting interpolated
potentiometric surfaces were limited to the aerial extent of
the contours. The contour lines that we compared our eleva-
tions to were not likely based on NWIS data, especially the
1939 and 1940 water-level contours from Thomas and Tay-
lor (1946). Although all of the authors (Thomas and Taylor,
1946; Bjorklund and others, 1978; Brooks and Mason, 2005)
displayed the well locations used to create their potentiomet-
ric surface maps, they did not provide the depth-to-water data
they collected. Thomas and Taylor (1946), Bjorklund and oth-
ers (1978), and Brooks and Mason (2005) used topographic
maps with the NGVD 29 vertical datum to assign ground-sur-
face elevations. Had the authors listed the depth to water, we
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Table 5. Wells and measured water levels used for the October 2009 potentiometric surface map of Cedar Valley (figure 7).

wawog Mol Dae  sue el
Elevation? (ft)

(C-35-11)10ccd-1 Sounder® Y 10/20/2009 5491 5421
(C-35-11)17ddd-1 Steel tape Y 10/20/2009 5511 5412
(C-36-11)30acc-3 Sounder Y 10/20/2009 5619 5338
(C-36-12)24cdb-1 Steel tape Y 10/23/2009 5504 5394
(C-34-11)16bcc-1 Sounder Y 10/21/2009 5408 5390
(C-34-11)1daa-1 Steel tape N 10/21/2009 5400 5375
(C-35-11)4aba-1 Sounder Y 10/21/2009 5457 5433
(C-35-11)12add-1 Steel tape N 10/21/2009 5489 5408
(C-35-11)27acc-1 Sounder Y 10/21/2009 5553 5469
(C-35-11)27bbc-1 Steel tape Y 10/21/2009 5547 5462
(C-35-11)28aac-2 Sounder Y 10/21/2009 5549 5458
(C-35-11)21dbd-2 Steel tape N 10/21/2009 5533 5455
(C-35-11)12dcd-1 Steel tape Y 10/22/2009 5498 5424
(C-35-11)12ddd-2 Steel tape Y 10/22/2009 5513 5407
(C-36-11)8abd-1 Sounder Y 10/21/2009 5566 5438
(C-36-11)7aba-1 Sounder Y 10/23/2009 5531 5427
(C-35-12)36ddd-1 Both Y 10/23/2009 5516 5431
(C-37-12)5acc-1 Sounder Y 10/23/2009 5504 5391
(C-37-12)5bcb-1 Both Y 10/23/2009 5542 5385
(C-36-12)32dcc-1 Sounder Y 10/23/2009 5498 5397
(C-37-12)10bba-1 Sounder Y 10/23/2009 5461 5390
(C-37-12)23abd-1 Sounder Y 10/24/2009 5530 5416
(C-36-11)18bdd-1 Sounder Y 10/24/2009 5517 5401
(C-36-11)18bca-2 Sounder Y 10/24/2009 5513 5403
(C-36-11)18cac-1 Sounder Y 10/24/2009 5509 5402
(C-36-12)12dba-1 Sounder Y 10/24/2009 5510 5418
(C-36-12)10aaa-1 Sounder Y 10/24/2009 5479 5408
(C-35-11)25bcc-1 Sounder Y 10/24/2009 5740 5447
(C-35-11)14bac-1 Steel tape Y 10/22/2009 5495 5417
(C-35-11)23bdd-1 Steel tape Y 10/22/2009 5551 5418
(C-35-10) 7dcc-1 Sounder Y 10/22/2009 5620 5494
(C-35-10) 7abd-1 Sounder Y 10/22/2009 5572 5409
(C-35-11) 1cdc-1 Sounder Y 10/21/2009 5469 5378

'U.S. Geological Survey well numbering system for Utah. See appendix B. The numbers after the dash at the end refer to the order in which
the wells were constructed and labeled for that location.

’Elevation from the National Elevation Dataset (NED) (Gesch and others, 2002; Gesch, 2007) and adjusted for the National Geodetic Vertical
Datum of 1929 (NGVD 29).

3 Sounder refers to electric water-level sounder.
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Table 6. NWIS (U.S. Geological Survey, 2010) wells used for the March 2010 potentiometric surface map of Cedar Valley (figure 8).

373319113120301 (C-37-12)28aac- 1
373509113101101 (C-37-12)14abc- 1
373542113122401 (C-37-12) 9acc- 1
373710113132701 (C-36-12)32dcc- 1
373742113100801 (C-36-12)35adc- 1
374038113124501 (C-36-12)16bba- 1
374105113085001 (C-36-12)12dba- 1
374130113104801 (C-36-12)10aaa- 1
374132113063601 (C-36-11) 8aab- 1
374248113075201 (C-35-11)31dbd- 1
374249113090701 (C-35-12)36caa- 1
374304113052901 (C-35-11)33aac- 1
374345113032301 (C-35-11)26acd- 1
374423113053301 (C-35-11)27bbc- 1
374423113053401 (C-35-11)21dbd- 2
374502113064002 (C-35-11)17dcd- 2
374521113014801 (C-34-11) 9cdc- 1
374545113035001 (C-35-11)14bac- 2
374550113040601 (C-35-11)11cce- 1
374554113020801 (C-35-11)12dcd- 1
374744113055001 (C-35-11) 4aba- 1

374745113022901 (C-34-11)36dcc- 2
374927113033401 (C-34-11)23bdd- 1
374929113053301 (C-34-11)21dcd- 1
375233113015501 (C-34-11) 1daa- 1

375341113072502 (C-33-11)31aad- 2

Date Water-Level Station
Measured Elevation (ft) Elevation? (ft)
3/2/2010 5433 5552
3/2/2010 5401 5480
3/2/2010 5403 5491
3/2/2010 5400 5500
3/11/2010 5415 5511
3/2/2010 5394 5472
3/2/2010 5432 5509
3/2/2010 5416 5479
1/20/2010 5452 5562
3/2/2010 5447 5527
3/2/2010 5425 5505
3/3/2010 5467 5578
3/3/2010 5456 5665
3/3/2010 5470 5546
3/3/2010 5465 5532
3/2/2010 5455 5509
3/17/2010 5376 5400
3/2/2010 5465 5496
3/2/2010 5448 5493
3/3/2010 5427 5493
3/2/2010 5438 5458
3/3/2010 5390 5456
3/3/2010 5385 5413
3/2/2010 5409 5427
3/12/2010 5377 5401
3/17/2010 5315 5352

'U.S. Geological Survey well numbering system for Utah. See appendix B. The numbers after the dash at the end refer to order in which the

wells were constructed and labeled for that location.

’Elevation from the NED (Gesch and others, 2002, Gesch, 2007) and adjusted for NGVD 29.

could have calculated water-level elevations based on NED
elevations and their listed depth to water.

Potentiometric contour maps are based on a limited number of
points with a limited areal density, distributed over a limited
area. For each point, the water-level-measurement values and
assigned elevations have varying degrees of accuracy. Inac-
curacies are propagated when these values are interpolated.

We used contours from Thomas and Taylor (1946), Bjorklund
and others (1978), and Brooks and Mason (2005) because
they are based on a large number of well-distributed wells.
Thomas and Taylor (1946) used water levels from 138 wells
to create their potentiometric-surface contours for Cedar Val-

ley in fall of 1939 and spring of 1940. Water levels during
1939 and 1940 were stable and the hydrologic budget was
balanced (Brooks and Mason, 2005). Because of well-defined
potentiometric surfaces and the relative water-level stability,
the 1939 and 1940 potentiometric-surface contours are ap-
propriate to compare to more recent water levels. Bjorklund
and others (1978) used about 80 wells to delineate Cedar Val-
ley’s potentiometric surface for both spring and fall of 1974,
and Brooks and Mason (2005) used 134 wells to create their
potentiometric-surface contours for spring of 2000.

Water-level elevations from Thomas and Taylor (1946),
Bjorklund and others (1978), Brooks and Mason (2005), our
2009 field data (table 5, figure 7), and NWIS data (U.S. Geo-
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Figure 8. Cedar Valley potentiometric surface during March 2010 from NWIS data (U.S. Geological Survey, 2010). Wells are listed in table 6.



20

T35S

T36S

Utah Geological Survey

EXPLANATION A

@ Well
Cross section

-=-§— Normal fault, dashed where
concealed, ball and bar on
downthrown side

e Fissure

- Valley floor

- Bedrock and shallow bedrock

0 05 1 15 2
EEEN TN | Miles

R12W R11W R10W

Figure 9. Cross section locations in northern Cedar Valley. The number next to each well is its CAD ID. Table 8 lists the wells in
this figure. CVWSF = Cedar Valley west-side faults, EBBFS = eastern basin-bounding fault system, EGWF = Enoch-graben-

west faults, EGEF = Enoch-graben-east faults.

logical Survey, 2010) (table 6, figure 8) provided water-level
data for potentiometric-surface profiles along six cross sec-
tions prepared for this study. Although we created and exam-
ined potentiometric-surface profiles for water-level elevations
from five different sources, due to scale limitations, we only
present the Thomas and Taylor (1946) 1939 data and our 2009
field data in the cross sections (figures 9-16). We created the
profiles by assigning values from each of the potentiometric
surfaces that we made to 500 evenly spaced points along each
cross section. The difference between our 2009 water-level-
elevation points along the cross sections and the historical wa-
ter-level information is the decline for each point. The average
of those differences along all of the cross sections is the aver-
age decline. The cross sections sample areas of well-defined

potentiometric-surface contours, providing a reliable estimate
of water-level changes along the same lines of section where
we examined geology.

We used potentiometric-surface changes along the cross sec-
tions to determine average water-level decline and rate of wa-
ter-level decline in Cedar Valley (table 4). Rate of groundwa-
ter-level decline is the number of years between observations
divided by the amount of water-level decline.

Data

Seasonal variations are significant when comparing poten-
tiometric-surface maps from different years and seasons.
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Figure 10. Cross section locations in southern Cedar Valley. The number next to each well its CAD ID. Table 8 lists the wells in
this figure. WBBF'S = western basin-bounding fault system, EBBFS = eastern basin-bounding fault system.

Water-level decline due to summer pumping causes contours
to move horizontally toward the margins of the valley on the
order of several hundred feet. Once pumping is discontin-
ued or reduced during the winter months, groundwater levels
begin to recover to a level near original spring water levels
and the contours move back toward the center of the valley
(Bjorklund and others, 1978).

Bjorklund and others (1978) showed seasonal water-level
variations ranging from 10 to 40 feet. They noted that most
seasonal variations were caused by pumping, with additional
influence from variations in precipitation. Bjorklund and oth-
ers’ (1978) figure 6 shows seasonal fluctuations of more than
40 feet in some areas. Comparison of Bjorklund and others’

(1978) potentiometric surfaces shows a maximum decrease
in groundwater levels from March 1974 to October 1974 of
49 feet. Thomas and Taylor (1946, their plate 14) document-
ed seasonal fluctuations of 2 to 14 feet from April 1939 to
September 1939. Comparison of Thomas and Taylor’s (1946)
September 1939 to April 1940 potentiometric surfaces shows
a rise in groundwater levels of 11 feet. The average differ-
ence between water-level data during March 2009 taken from
hydrographs (Burden, 2009) and October 2009 (this study)
(figure 7, table 5) is about 12 feet (table 7).

Comparison of contours from the fall of 2009 (figure 7) to
the spring of 2010 (figure 8) shows smoother, less sinuous
contours in the spring. Although the troughs are still present
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Table 7. Seasonal variations in groundwater levels from eight wells. See figure 7 for well locations.

Cadastral Location USGS Site Field Date
((7.10)1 Number Measured
(C-34-11)1daa-1 375233113015501 10/21/2009
(C-35-11)4aba-1 374744113055001 10/21/2009
(C-35-11)27bbc-1 374423113053301 10/21/2009
(C-35-11)21dbd-2 374423113053401 10/21/2009
(C-35-11)12dcd-1 374554113020801 10/22/2009
(C-36-12)32dcc-1 373710113132701 10/23/2009
(C-36-12)12dba-1 374105113085001 10/24/2009
(C-36-12)10aaa-1 374130113104801 10/24/2009

Depth to USGS Date USGS Depth to Seasonal

Water (ft) Measured Water (ft) Difference (ft)
29.2 3/2/2009 28.1 1
27.4 3/2/2009 18.7 9
87.4 3/5/2009 73.9 13
81.9 3/5/2009 64.8 17
76.0 3/2/2009 64.7 11
104.2 3/9/2009 96.2 8
94.9 3/9/2009 73.0 22
74.6 3/9/2009 59.9 15

Average Difference 12

'U.S. Geological Survey well numbering system for Utah. See appendix B. The numbers after the dash at the end refer to order in which the wells were

constructed and labeled for that location.

in the spring of 2010, they are broader with a lower gradient
surrounding them. The greatest amount of rise in the potentio-
metric surface between fall of 2009 and spring of 2010 was
around 40 feet in the areas of Enoch and northwest of Hamil-
tons Fort. The mean rise over the entire valley from fall 2009
to spring of 2010 was about 15 feet. The least amount of rise
from fall of 2009 to spring of 2010 was in the areas of least
development, in the northern part of the valley.

Long-term seasonal water-level fluctuations are discernible
on NWIS hydrographs (figure 17) and by comparing sea-
sonal fluctuations observed by Thomas and Taylor (1946)
and Bjorklund and others (1978). Seasonal variations in
water level were smaller in the 1930s and the 1940s and be-
came larger after 1950. NWIS sites 374525113014601 [(C-
35-10)18cbb-1], 374105113085001 [(C-36-12)12dba-1], and
373855113130501 [(C-36-12)20ddc-1] show an increase
in seasonal variation over time (figure 17). The NWIS sites
have identification numbers that consist of a site’s latitude and
longitude, in degrees, minutes, and seconds followed by a site
number (e.g., 374105113085001 = 37°41'05", -113°08'50",
site 01), and a cadastral location identifying number (in brack-
ets above; see appendix B).

The contours on the Bjorklund and others (1978) potentio-
metric-surface map for spring 1974 are similar to those on our
2009 potentiometric-surface map (figure 7). Although water
levels have decreased, the general direction of groundwater
flow has remained the same. Heads are highest near the head
of the Coal Creek alluvial fan and decrease toward the west-
ern and northern parts of the valley.

Significant drawdown has occurred throughout most of
Cedar Valley from fall of 1939 to fall of 2009 (figure 18, table
4). Mean drawdown from 1939 to 2009 along our cross sec-
tions was 61 feet (table 4). Maximum drawdown along the

cross sections was 99 feet in cross section F—F', in the area
of Hamiltons Fort. Minimum drawdown observed along the
cross sections was 8 feet near the western end of cross section
B-B'. Mean drawdown from the change-in-potentiometric-
surface map (figure 18) is 63 feet. Maximum decline from
the change-in-potentiometric-surface map is 114 feet in the
Hamiltons Fort area (figure 18, table 4). The map covers most
of Cedar Valley, while the cross sections are focused along
just six lines transecting the valley. Potentiometric declines
greater than those observed along the cross sections exist in
Cedar Valley. Based on the map (figure 18), drawdown is
greater than 80 feet in the Enoch graben area.

Six NWIS wells have hydrographs spanning from fall of
1939 to spring of 2009 (figure 17). Well 374132113063601
[(C-36-11)8aab-1] also has a fairly complete record, but it
was dry in the fall of 2009. The greatest observed water-level
decline of 77 feet was in NWIS well 374105113085001 [(C-
36-12)12dba-1], in the central part of the valley, south of State
Route 56 (SR-56) (compare figures 17 and 18). The minimum
change observed was 2.5 feet in well 374521113014801 [(C-
34-11)9cdc-1], in the northwest part of the valley. Most of the
hydrographs show a general trend of relatively stable water
levels from 1939 to 1949, decreasing water levels from 1950
to 1960, stable water levels from 1961 to 1979, increasing
water levels from 1980 to 1985, and generally decreasing wa-
ter levels from 1985 to present (figure 17). This general trend
loosely follows the trends observed in the cumulative depar-
ture from mean precipitation data (figure 4).

The NWIS-observed changes in water levels compare rea-
sonably well to our change-in-potentiometric-surface map.
Only five NWIS wells are within the map area and have data
that span a similar period as the map (figure 18). The NWIS-
observed changes average 10 feet smaller than the map obser-
vations. The greatest discrepancy is 20 feet less than the map
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Figure 17. Hydrographs from selected NWIS (U.S. Geological Survey, 2010) wells. Well locations are shown on figure 18.
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EXPLANATION

@  Well used (label is last part of CAD ID)
Source of hydrograph

A Well used for Thomas and Taylor (1946) contours
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Figure 18. Change in potentiometric surface from September 1939 (Thomas and Taylor, 1946) to October 2009 (this study). Thomas and Taylor (1946) did not provide well identification with
their well locations. Hydrographs from selected NWIS (U.S. Geological Survey, 2010) wells (stars) are shown on figure 17.
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interpolation at well 374132113063601 [(C-36-11)8aab-1],
just west of Cedar City (figure 18). These values are within the
error created by possible discrepancies in available ground-
surface elevations used in calculating water-level elevations.

Groundwater levels have increased up to 2 feet since 1939,
in the far northwestern part of the valley (figure 18). A lack
of pumping in this region combined with local recharge may
account for this rise in groundwater level. However, the far
northwestern part of the valley is an area of few wells and
therefore poorly defined water levels; Thomas and Taylor
(1946) show several of their contours in this area as “approxi-
mate* and figure 7 only shows well 16bbc-1 in that area. Con-
sequently, the rise may be an artifact of inadequate data.

Based on changes shown on the potentiometric-surface maps,
the rate of groundwater-level decline in Cedar Valley is in-
creasing over time (table 4). The annual rate of mean basin-
wide water-level decline from spring of 2000 to spring of
2010 was 2.2 feet per year. This estimate is similar to that
reported by Burden (2009) of 5 feet of decline from March
2008 to March 2009. The rate of 2.2 feet per year is much
greater than the decline along the cross sections of 0.6 feet
per year from 1974 to 2000, and 0.2 feet per year from 1940
to 1974 (table 4).

CEDAR VALLEY AQUIFER
CHARACTERISTICS

Distribution and Composition of Aquifer
Sediments

Texture (fine versus coarse grained), distribution, and thick-
ness of aquifer sediments affect aquifer compressibility,
and therefore aquifer susceptibility to subsidence. Previous
workers have described Cedar Valley basin-fill sediments in
varying detail. Thomas and Taylor’s (1946) figures 2 and 3;
Lowe and others’ (2000) figures 8, 14, and 20; and Hurlow’s
(2002) figure 15 are cross sections that differentiate coarse-
and medium-grained deposits along the basin edges from fine-
grained basin-fill deposits in Cedar Valley. Brooks and Mason
(2005) used water-well drillers’ logs to create a map depicting
percentages of basin fill composed of sand and gravel. Hurlow
(2002, plate 1) shows surface distribution of fine-grained de-
posits. For this study, we prepared six cross sections (figures
11-16) and a map showing the distribution and percentage of
fine-grained sediments (figure 19) to characterize the basin-
fill sediments in Cedar Valley.

Methods

We created the six cross sections (figures 11-16) using (1)
98 water-well drillers’ logs (figures 9 and 10, table 8; Utah
Division of Water Rights, 2010a), (2) cross sections from
Lowe and others (2000) and Hurlow (2002), and (3) Hurlow’s

(2002) basin-fill isopach map. Existing earth fissures and
areas of current or possible future infrastructure development
determined cross-section locations. We categorized the wa-
ter-well drillers’ descriptions of the basin-fill sediments into
five categories: (1) clay—described as clay, clay with silt or
sand, or silt or sand with clay matrix, (2) clay with gravel/
cobbles—described as clay with gravel/cobbles, low-permea-
bility gravel, or gravel/cobbles with a clay matrix, (3) sand—
described as sand, silt and sand, coarse silt, or permeable silt,
(4) gravel/cobbles—described as gravel/cobbles with mention
of high permeability or no mention of clay, and (5) bedrock—
described as any type of consolidated or cemented material.

Smaller well-to-well cross sections projected to the appro-
priate vertical and horizontal scales were combined to create
the six full cross sections (figures 11-16). We constructed
the well-to-well cross sections using Groundwater Modeling
System (GMS) 6.0 (AQUAVEO, 2010) software. A NED 30-
foot (10-meter) horizontal resolution DEM (Gesch and others,
2002; Gesch, 2007) provided ground-surface elevations for
the cross sections and wells. The cross sections included all
wells with drillers’ logs within 1650 feet of the cross-section
lines (table 8). We projected the 98 wells to their respective
cross-section lines and edge matched the individual well-to-
well cross sections to form the longer cross sections.

We estimated depth to bedrock using the 30-foot (10 meter)
DEM and Hurlow’s (2002) isopach lines (his figure 10A). We
digitized Hurlow’s (2002) basin-fill-thickness contours and
converted them into a basin-fill-thickness raster. The depth to
the contact between basin fill and bedrock is the difference
between the resulting raster and the DEM.

We determined the percentages of fine- versus coarse-grained
sediment at 298 wells in Cedar Valley using water-well drill-
ers’ logs. We classified each described unit on the logs as
either “fine” or “coarse.” If a majority of the material was
clay or silt (i.e., clay, clay-sand, silt, topsoil), we assigned a
“fine” designation. Generally, gravelly clay, sandy clay, and
similar clay-dominated sediments fit in the “fine” category,
whereas gravels and sands having little clay or clay