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HYDROGEOLOGIC STUDY OF CASTLE VALLEY,
GRAND COUNTY, UTAH

by Erin Brinkman, Greg Gavin, Trevor H. Schlossnagle, and Janae Wallace

ABSTRACT

Castle Valley, located in Grand County, Utah, is a northwest-
trending valley on the Colorado Plateau. This study charac-
terizes the groundwater and surface water system, addresses
long-standing water quality issues, and provides an updated
water budget in this area. New data and analyses were col-
lected in 2023 and 2024, including water-level measurements,
an updated potentiometric surface map, and water-level trend
analysis. The study also includes three cross sections of the
subsurface based on well lithologic logs, a map of transmis-
sivity of the valley-fill and bedrock aquifers, streamflow and
seepage measurements and analysis. In addition, it presents a
comprehensive analysis of general chemistry and stable iso-
tope signatures of groundwater and surface water, a ground-
water recharge-age analysis using radiogenic isotope data,
a sulfate isotope analysis used to determine sources of high
sulfate concentrations in the study area. Finally, the study pro-
vides a water budget for the study area and valley-fill aquifer
derived from a Soil-Water-Balance model.

Our major findings show that water-level trends in the val-
ley-fill aquifer are stable, with little to no long-term decline.
Transmissivity of the valley-fill aquifer exceeds that of bed-
rock aquifers in the study area, with geometric means of 379
and 119 ft*/day, respectively. Castle Creek is a net gaining
stream, based on seepage measurements and stable isotope
data, and is the primary pathway for groundwater discharge
from the valley-fill aquifer. Water quality issues, including
high total-dissolved-solids (TDS) and sulfate concentrations
located on the valley margins match the sulfate isotope sig-
nature of evaporite deposits, indicating the evaporite-rich
Paradox Formation is the primary source of these problems.
Radiogenic isotope data suggest that valley-fill groundwater
consists primarily of recently recharged water, except where
influenced by older flow through adjacent bedrock on valley
margins. Recharge to the valley-fill aquifer occurs primarily
through direct infiltration of precipitation (2700 acre-feet/yr)
and from mountain-block recharge (1240 acre-feet/yr). Snow
water equivalent at the Lasal Mountain SNOTEL site shows
a decreasing trend of 0.15 inches per year from 1980 through
2024, suggesting a gradual decline in mountain snowpack that
may influence streamflow. Groundwater discharge from the
valley-fill aquifer is primarily from stream gain (3788 acre-
feet/yr) and well water withdrawal (741 acre-feet/yr).

Despite current water stability in Castle Valley, potential de-
velopment and shifting precipitation patterns pose a risk of

increased demand on water resources, particularly the valley-
fill aquifer. The strong interconnection between surface water
and groundwater highlights the need of integrated water man-
agement, as changes to one component directly influence the
other. Integrated water management is critical given the po-
tential for long-term precipitation declines, increased ground-
water withdrawals, and continued irrigation diversions from
Castle Creek, all of which threaten the valley-fill aquifer’s
stability. Groundwater age estimates (25 to 33 years) suggest
the aquifer may potentially begin to experience the effects of
long-term declines observed in streamflow records, which be-
gan in 1993. Even with current stability in water-level trends,
increased withdrawals could alter the balance between high
and low TDS groundwater. Such imbalances may induce the
capture of streamflow from Castle Creek, reducing its flow
and potentially stressing phreatophytic vegetation that relies
on groundwater discharge. Furthermore, additional withdraw-
als could exacerbate the influence of evaporite-derived high-
sulfate groundwater from the Paradox Formation, further de-
grading water quality. Preserving this sole-source aquifer’s
pristine drinking water status requires proactive water man-
agement, including sustainable groundwater extraction limits,
enhanced monitoring of stream-aquifer interactions, and care-
ful regulation of surface water diversions to maintain ecologi-
cal and hydrological balance in Castle Valley.

INTRODUCTION

Purpose and Scope

Castle Valley is a rural community in southeast Utah that
relies on groundwater as their sole source of drinking water
supply. Local officials in Castle Valley have expressed concern
about the potential impact that development may have on
groundwater, especially considering drought conditions in
the western United States. In addition, the preservation of
groundwater quality and the potential for groundwater quality
degradation are critical issues that need consideration when
determining the extent and nature of future groundwater
development in the valley. The primary goals of the study
are to (1) characterize the hydrology and hydrogeology of
the Castle Valley surface-drainage basin and the occurrence
and flow of groundwater and surface water, (2) characterize
groundwater levels, chemistry, and connection to surface
water, and (3) develop a water budget constrains recharge
and discharge components, including recharge and runoff,



streamflow, evapotranspiration (ET), well withdrawals, spring
discharge, and change in groundwater storage. To achieve these
goals, we collected water quality and environmental isotopic
samples, measured water levels in wells, measured discharge
from streams and springs to assess seepage conditions, and
used the U.S. Geological Survey (USGS) Soil-Water-Balance
(SWB) model to develop a water budget.

Study Area

Castle Valley is a northwest-trending valley in Grand Coun-
ty, nine miles (15 km) northeast of Moab in the Colorado
Plateau physiographic province (Stokes, 1977). The valley
extends 21 miles (34 km) from the Colorado River to the
head of the watershed on Mount Waas. The valley is 8.5
miles (14 km) wide at the widest part, and has an area of
about 53 square miles (137 km?) (Figure 1). Elevation rang-
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es from 4025 feet (1227 meters) above sea level along the
Colorado River to the summit of Mount Waas at 12,331 feet
(3758 meters). Castle Valley is a rural area in southeastern
Utah (Figure 1) that is experiencing an increase in residen-
tial and groundwater development.

Castle Valley is bordered by Parriott and Adobe Mesas to the
northeast, the La Sal Mountains to the southeast, Porcupine
Rim to the west, and the Colorado River to the northwest
(Figure 1). The headwaters of the perennial Castle Creek
and ephemeral Placer Creek—the principal drainages of
Castle Valley—originate in the La Sal Mountains (Figure 1).
These streams flow into the valley on either side of Round
Mountain, join near the town of Castle Valley, and then flow
through a short, narrow canyon and enter the Colorado River.
Castle Creek is the primary source of agricultural irrigation
water in the valley. Culinary water is predominately from

109°I20'W 109°|15'W

A AN gRF
xg

P{(\

38°4|+0'N

38°.;’>5'N
¥

#

Explanation

(- Castle Valley watershed 8

boundary
Castle Valley municipal |4

(m—-— boundary “\\
Road

= Stream

N O 1 2

. Miles |
B Kilometers |

012

nitheatre Lot

Figure 1. Hydrologic and geographic features of Castle Valley.
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water wells that supply most of Castle Valley’s drinking
water and irrigation for individual properties. A number of
wells, however, yield poor water quality and are only suitable
for non-potable domestic use.

Population and Land Use

The majority of Castle Valley residents reside within the in-
corporated Town of Castle Valley. The 2020 census recorded
347 full-time residents within the town and the total popula-
tion within the study area is 415 (U.S. Census Bureau, 2020).
Land use within the valley is primarily residential, with parts
allocated to irrigated cropland, limited commercial use, and
seasonal winter cattle grazing. Currently, all residents utilize
septic-tank systems for wastewater disposal.

Geologic Setting

Castle Valley lies within the central part of the Colorado Pla-
teau physiographic province, which is characterized by rela-
tively undeformed sedimentary strata that have been uplifted
as a coherent block since the Late Cretaceous (Huntoon et al.,
1982). The northwest part of the valley abuts the Colorado
River corridor, where regional-scale uplift and subsequent
erosion have exposed Pennsylvanian- through Jurassic-age
strata that record the complex depositional and deformational
history of the area.

The structure of Castle Valley is dominated by salt tectonics
associated with the Paradox Basin, a large depositional basin
that formed during Pennsylvanian time (Figure 2). The Para-
dox Formation, namesake of the basin, is primarily composed
of halite with thinner sequences of clastic sediments, organic
shales, and anhydrite. The formation is roughly 4500 feet
(1370 meters) thick (Doelling, 2002) and underlies much of
southeastern Utah.

Castle Valley belongs to a northwest-trending network of salt
walls and collapsed anticlines that includes the Salt, Moab-
Spanish, and Fisher Valley structures, collectively defining
the region’s structural grain (Figure 3) (Doelling, 2002; Trud-
gill, 2011). Structural evolution began during the Pennsylva-
nian Period, when passive salt diapirism occurred synchro-
nously with sediment deposition, and continued through the
Cretaceous. As overlying sedimentary rocks accumulated,
they displaced Paradox Formation evaporites laterally, caus-
ing thinning within synclinal areas and upward migration into
anticlinal features. This salt movement transformed originally
horizontal sedimentary beds into steeply dipping or over-
turned units along the anticline flanks (Figure 3). Thickness
of the Paradox Formation within Castle Valley’s salt wall is
estimated to be up to 3000 feet (900 meters) (Trudgill, 2011).

Due to its position relative to the other major structural fea-
tures, Castle Valley falls within the “salt anticline region” of
the Colorado Plateau, between the Uncompahgre Uplift to

the northeast and the Monument Upwarp to the southwest
(Trudgill, 2011). The valley’s formation was influenced by
both regional Laramide orogenic compression and local salt
tectonics, resulting in a complex interplay of deformational
processes. Structural extension accommodated by the Moab
fault system to the south has also likely influenced salt move-
ment in the region.

Geologic units surrounding Castle Valley include Pennsylva-
nian through Jurassic sedimentary rocks and Tertiary igneous
rocks (Figure 4; Figure 5) (Doelling, 2001). Gypsum, mud-
stone, and shale of the Pennsylvanian Paradox Formation
are exposed along the southwest margin of Castle Valley and
around Round Mountain. These rocks also directly underlie
Quaternary valley-fill deposits (Doelling, 2001). Sandstone,
conglomerate, and mudstone of the Cutler Formation overlie
the Paradox at the northwest end and central-northeast mar-
gin of the valley (Doelling and Ross, 1998; Doelling, 2001).
Sandstone, siltstone, and mudstone of the Triassic Moenkopi
and Chinle Formations, and Jurassic Wingate and Kayenta
Formations and Navajo Sandstone of the Glen Canyon Group
overlie the Cutler and form the cliffs along much of the north-
east and southwest sides of the valley (Doelling, 2001). Round
Mountain and the La Sal Mountains consist of intermediate
composition Oligocene intrusive rocks (Doelling, 2001).

The valley fill consists mainly of alluvial-fan, mass-move-
ment, and stream deposits (Doelling, 2001). Holocene stream
deposits along Castle and Placer Creeks are generally poor-
ly sorted sand, silt, and clay, with some gravel lenses. The
amount of gravel in these deposits generally increases upd-
rainage (Doelling and Ross, 1998). Coarse-grained older al-
luvium (including the Tertiary Geyser Creek Fanglomerate),
composed of poorly sorted, sandy, cobble gravel with some
small, localized accumulations of boulders, is exposed in the
higher parts of Castle Valley and underlies the younger stream
alluvium in lower Castle Valley (Snyder, 1996a, 1996b; Doel-
ling and Ross, 1998; Lowe et al., 2004). Alluvial-fan deposits
form apron-like gentle slopes at the base of Porcupine Rim
and Adobe Mesa (Doelling and Ross, 1998; Doelling, 2001).
The fans consist mainly of poorly sorted boulders, cobbles,
and gravels in a crudely bedded fine-grained matrix (Doel-
ling and Ross, 1998). Talus and colluvium, consisting of rock-
fall blocks, boulders, angular gravel, sand, and silt, are found
along the southern part of Porcupine Rim, and mass-move-
ment deposits are mapped along the upper reach of Placer
Creek (Doelling, 2001).

Previous Work

Ford and Grandy (1997) and Ford (2006) measured water
levels over several years and created potentiometric surface
maps. They also attempted to assess the amount of groundwa-
ter flow in and out of Castle Valley. Ford (2006) estimated a
discharge of 6800 acre-feet per year from Castle Valley. This
report also presents static water-level data collected over a
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Figure 3. Geologic cross section showing Paradox Formation salt walls and their relationship to adjacent Mississippian through Jurassic
strata, modified from Trudgill (2011). See Figure 2 for cross section location.

five-year period, which showed an initial decline followed by
a rise correlated to precipitation patterns. Ford’s (2006) re-
charge (inflow) sources were precipitation, groundwater flow,
and groundwater gained from Castle Creek near Castleton,
and the discharge (outflow) was attributed to ET (consump-
tive use by crops and riparian areas), domestic wells, and dis-
charge of Castle Creek to the Colorado River near Utah State
Route 128.

Lowe et al. (2004) assessed the impact of increasing residen-
tial development on the valley-fill aquifer in Castle Valley.
The study classified groundwater quality using Utah’s total
dissolved solids (TDS)-based system and applied a mass-bal-
ance groundwater flow model to evaluate the effects of pro-
jected septic tank use. In the northwestern part of the valley,
Lowe et al. classified groundwater as Class 1A (Pristine) or I1
(Drinking Water quality), with TDS ranging from 204 to 2442
mg/L (average 785 mg/L) and average nitrate concentrations
of 0.52 mg/L. To protect water quality, the study recommend-
ed septic-system densities of 5 to 15 acres per system based
on flow simulations. Wallace and Lowe (2012) documented
an updated groundwater quality classification (Wallace and
Lowe, 2007), which leveraged new monitoring well data to
extend the Class IA area to the southeast.

Kolm and van der Heijde (2016, 2020) compiled data to pro-
vide an estimate for a water budget. Their inflow and outflow
estimates of groundwater recharge and discharge were bal-
anced at ~5530 acre-feet per year. Their preliminary water
budget estimated 72% of recharge to the valley-fill aquifer is
from the La Sal Mountain subsystem. This study estimated

10% of the total water storage as recoverable (“variable” or
“dynamic” storage). The calculations provide a range of to-
tal average water volume (aquifer storage) for the valley-fill
aquifer of 42,160 to 126,490 acre-feet and variable storage of
4220 acre-feet to 12,650 acre-feet. They include caveats to
indicate that only a portion of this water is recoverable based
on their storage capacity calculations.

Bailey (written communication, February 21, 2024) con-
ducted an in-depth review of Kolm and van der Heijde’s
(2016, 2020) Hydrologic and Environmental System Analy-
sis (HESA) and identified several areas to enhance future wa-
ter budget studies that include (1) improving documentation
to support assumptions, especially regarding specific yield
and fracture zones; (2) implementing more recently available
data; and (3) conducting more detailed mapping to provide
better context and orientation.

Hydrogeology

Groundwater in Castle Valley occurs in two types of aqui-
fers: (1) valley-fill deposits, and (2) fractured bedrock. The
valley-fill aquifer is the most important source of drinking
water in Castle Valley (Lowe et al., 2004; Wallace and Lowe,
2012). The valley fill consists predominantly of gravelly
stream alluvium and alluvial-fan deposits that are generally
coarser grained near source areas at the base of Porcupine
Rim and the La Sal Mountains, and finer grained along the
lower reaches of Castle Creek (Snyder, 1996a, 1996b; Doel-
ling and Ross, 1998).
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Figure 4. Simplified geologic map of the Castle Valley area, modified from Doelling, (2001).

Groundwater in fractured-rock aquifers is recharged mostly
from infiltration of precipitation and streamflow and flows pri-
marily through fractures. Blanchard (1990) reported that ap-
proximately 30 wells are completed in the Cutler Formation
aquifer along the base of Porcupine Rim on the west side of
the valley. A smaller number of wells (<10) are completed in
the Moenkopi Formation along the east side of the valley. Al-
though the number of wells completed in bedrock has increased
slightly since these estimates, the Cutler Formation is the main
fractured-rock aquifer currently used in Castle Valley. Recharge

to the Cutler Formation aquifer includes infiltration from pre-
cipitation from upland areas, including partially from the La
Sal Mountains (Doelling and Ross, 1998; Masbruch and Shope,
2014). Bedrock well depth completions are typically 150 to 300
feet (45-90 m) below the land surface (Snyder, 1996a, 1996b).

Groundwater Quality

Groundwater quality in Castle Valley is generally good and
is suitable for most uses (Lowe et al., 2004; Wallace and
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Lowe, 2012). Class IA (Pristine groundwater) areas cover
about 74% of total valley-fill material, and primarily exist in
the central part of the valley along Castle and Placer Creeks
and the southern margin of the valley. Class II (Drinking Wa-
ter Quality groundwater) covers about 26% of total valley fill
and exists along the western margin and northwestern end of
the valley (Wallace and Lowe, 2012). Ford (2006) reported
higher TDS concentrations along the northwest margins of
Castle Valley where the Cutler Formation is encountered at
relatively shallow depths. Relatively high TDS concentra-
tions are also found around Castleton and at the northwest
end of the valley where the Paradox Formation is exposed
(Wallace and Lowe, 2012).

The Cutler Formation in Castle Valley typically contains
calcium-magnesium-sulfate- or calcium-magnesium-sodium-
sulfate-type water (Blanchard, 1990). Groundwater from wells
completed in the Cutler Formation is generally higher in TDS

concentration than groundwater from wells completed in ad-
jacent valley fill (Snyder, 1996a; 1996b). The shallower wells
in northeastern and southeastern Castle Valley have relatively
low TDS values possibly due to receiving some recharge from
the valley-fill aquifer. Wells at the base of Porcupine Rim have
higher TDS values and gypsum along drainages may indicate
proximity to Paradox Formation evaporites (Snyder, 1996a,
1996b). Blanchard (1990) reported that groundwater samples
from three wells in the Cutler Formation near the Town of
Castle Valley had TDS concentrations ranging from 1420
mg/L to 3450 mg/L.

The high TDS values in the valley-fill aquifer and Cutler For-
mation may result from a combination of three possible fac-
tors: (1) long residence time and flow path, (2) dissolution
of fine-grained constituents within the Cutler Formation, and
(3) hydraulic connection to the Paradox Formation evaporites
beneath and adjacent to the Cutler Formation.



GROUNDWATER LEVELS

To create a potentiometric surface map and identify areas of
water-level change, we measured groundwater elevations in 31
wells in November 2023, 34 wells in May 2024, and 31 wells
in November 2024 (Figure 6; Appendix A Tables A-1 and A-2).
Wells were selected based on their distribution across the val-
ley and accessibility. Water-level measurements were recorded
using an electronic water-level meter and a graduated steel tape
with an accuracy of +0.01 feet (Cunningham and Schalk, 2011;
Jelinski et al., 2015). We also used a Trimble GNSS RTK GPS
instrument to collect ground surface coordinates and elevation
data at each well location, with a horizontal precision of 0.007
meters and a vertical precision of 0.01 meters. Groundwater ele-
vation is calculated as the difference between the stickup eleva-
tion and depth to groundwater measurements. The potentiomet-
ric surface map is based on data collected during spring 2024
(Figure 7). We also applied Mann-Kendall analysis using the
“pymannkendall” package in Python (Hussain and Mahmud,
2019) to an eight-year period of monitoring well data collected
in Castle Valley from 2016 to 2024 to determine whether sig-
nificant water-level trends exist (Figure 8).

Groundwater depths range from approximately 8 feet (2.4
meters) below ground surface (bgs) at well CV7 to nearly
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220 feet (67 meters) bgs at well CV1 (Figure 9). The po-
tentiometric surface generally mirrors the regional topogra-
phy. Groundwater movement is predominantly from higher
elevations in the southeast toward lower elevations in the
northwest and the Colorado River (Figure 7).

Repeat observations in Castle Valley monitoring wells indicate
long-term stability of groundwater elevations. On average,
groundwater levels declined by 0.2 (0.061 m) feet between fall
2023 and spring 2024, with a decrease of 0.5 feet (0.15 m) ob-
served from fall 2023 to fall 2024 (Appendix A Table A-2). A
comparison of groundwater levels recorded in 1994 (Ford and
Grandy, 1997) with those measured in 2024 indicates an aver-
age increase of 1.45 feet (0.048 ft/yr) (Table 1).

The Mann-Kendall analysis, using the 2016-2024 depth-to-
water record summary (Table 2), confirms that monitoring
wells showed no significant change in groundwater level
from 2016 to 2024 (Figure 8; Table 3). Although some wells
show apparent trends in the raw data, these are not statistically
significant over the monitoring period. This statistical analysis
helps distinguish real trends from normal hydrologic variation.

A consistent seasonal pattern is evident across all monitoring
locations, with groundwater levels typically 0.16 feet (0.05 m)
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Figure 6. Site locations of water levels taken from fall 2023 to fall 2024. Well labels correspond to the “Site ID” column of Appendix A Table A-2.
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lower during fall compared to spring. This pattern reflects the
annual hydrologic cycle, with spring recharge from snowmelt
and precipitation and fall drawdown from irrigation and
natural discharge.

HYDROSTRATIGRAPHY

Valley-fill Aquifer Lithology
To define the character and extent of the basin fill and bedrock

aquifers, we entered lithology data from well logs (Utah Divi-
sion of Water Rights, 2024) into a well management program,

-109|°25'

constructed cross sections through the valley fill and into under-
lying bedrock where possible, and identified laterally continu-
ous lithologic units. We chose cross section lines based on the
distribution of well logs within the study area (Figure 10) and
selected 44 well logs for subsurface geology interpretation based
on their proximity to the cross sections. Wells used in cross sec-
tions are labeled by Utah Division of Water Rights Well Identi-
fication Number (WIN) on Figures 8 and 9. The cross sections
assist in interpreting valley-fill stratigraphy and thickness, water
levels, flow paths, groundwater—surface-water interactions, and
constructing the conceptual flow model. Based on well log anal-
ysis, we divided the valley fill in Castle Valley into four units:
clay, predominantly fine grained (clay and silt), predominantly
coarse grained (sand and gravel), and mixed grain size.
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Figure 7. Potentiometric surface map of water levels from wells measured during spring 2024. Note that contour interval size increases above
the 5000-foot contour, meaning that the contour spacing does not reflect the substantially greater hydraulic gradient in the southeastern part
of the valley.
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Table 1. Changes in depth to groundwater from 1994 to 2024 for selected Castle Valley wells. A positive change indicates an increase in
depth to water or lower groundwater elevation, a negative change indicates a decrease in depth to water or higher groundwater elevation.
Count is a measure of how many times the water level was measured in each well.

Site ID Lot # Depth to water 1994 (ft) Depth to water 2024 (ft) Avg (ft) Change (ft) Count
CV70 194 -110.68 -108.96 -109.82 1.72 2
CV71 287 -94.09 -97.95 -96.02 -3.86 2
CV73 356 -77.66 -80.32 -78.83 -2.54 2
CV68 401 -98.23 -101.14 -99.69 -2.91 2
CV65 432 -71.87 -71.97 -71.92 -0.10 2
CV38 439 -43.37 -44.39 -43.88 -1.02 2

Table 2. Depth to water (DTW) statistics for Castle Valley monitoring wells, 2016 through 2024. Count is a measure of how many times the

water level was measured in each well.

Well Average DTW (ft) Min DTW (ft) Max DTW (ft) Range DTW (ft) Count
CV1 218.59 215.60 222.45 6.85 18
CVv4 91.47 88.74 93.69 4.95 18
CV7 9.20 7.71 10.94 3.23 18
CV9 54.11 51.96 56.22 4.28 17
CV11 74.18 72.74 75.80 3.06 18
CV8 45.51 42.56 47.51 4.96 18
Table 3. Mann-Kendall trends for Castle Valley monitoring wells.

Well Trend Significance p-value Kendall Tau Slope
CV1 No trend Not significant 0.0748 0.3137 0.170
Cv4 No trend Not significant 0.16 -0.2484 -0.0967
CV7 No trend Not significant 0.7049 -0.0719 -0.0109
CV9 No trend Not significant 0.0578 -0.3456 -0.1342
CV11 No trend Not significant 0.1116 -0.2810 -0.0967
CVs8 No trend Not significant 0.2241 -0.2157 -0.0783

Note: Significance based on a = 0.05. p-value < 0.05 indicates a statistically significant trend.

Scattered clay lenses are present in Castle Valley, but none are
extensive enough to act as confining layers (Snyder, 1996a). Val-
ley-fill well depths range from 58 to 367 feet (18—112 m) and are
typically less than 150 feet (45 m) below the land surface. The
estimated maximum valley-fill aquifer thickness is 410 feet (125
m) in the valley center, an increase from the previous estimate of
350 feet (107 m) along Castle Creek (Lowe et al., 2004).

Cross section A-A' trends northwest-southeast through Castle
Valley, generally parallel to Castle Creek (Figure 11). At the
northwest end of the cross section, the lithologic log for an
exploratory well that was abandoned (WIN 19493) indicates
Moenkopi Formation at ~70 feet (21 m) bgs. This shallow
depth may indicate the presence of a radial fault in the subsur-
face, a feature commonly found at the nose end of salt walls
in the Paradox Basin (Giles et al., 2017; Escosa et al., 2019).
At least one well (WIN 6810) in the center of the cross section
is completed in bedrock at a depth of 130 feet (40 m) bgs, but
the well log provides no clear geologic unit description. Max-
imum unconsolidated thickness is poorly constrained along

most of the cross section, but is locally at least 250 feet (76
m) thick (WIN 23205). Unconsolidated deposits are primarily
coarse and medium- grained, with rare fine-grained and clay
interbeds. Basin-fill thickens along the valley axis as bedrock
elevations decrease due to salt dissolution collapse.

Cross section B-B’ trends southwest-northeast across the north-
west part of Castle Valley (Figures 8 and 9). Two wells at the
southwest end of the cross section are completed in Cutler For-
mation and three wells at the northeast end are completed in
the Moenkopi and Cutler Formations. Unconsolidated deposits
on the valley margins range in thickness from 20 to 60 feet (6—
18 m) and are predominantly fine grained and mixed grained,
with minor clay lenses. Unconsolidated deposits in the valley
center are almost exclusively coarse grained. The total thick-
ness of unconsolidated deposits in the valley center is poorly
constrained in this cross section, but is presumed to be locally
greater than 125 feet (38 m), and possibly up to 200 feet (61 m),
based on data from a nearby well not used in this cross section
(WIN 8511). At least one well (WIN 239) in the valley center,

11
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drilled to 40 feet (12 m) bgs, is completed in Jurassic Kayenta
Formation that locally overlies the Paradox Formation.

Cross section C-C' trends southwest-northeast across the
southernmost concentration of wells within the Town of Castle
Valley (Figure 10). Most wells at the southwest end of the
cross section are completed in Cutler Formation. Overlying
unconsolidated deposits, predominantly mixed-grain size,
range in thickness from 0 to 60 feet (18 m). Unconsolidated
deposits near the northeast valley margin along this cross
section are mixed- and coarse-grained and are ~90 feet (27
m) thick. These deposits overlie the Moenkopi Formation.

Unconsolidated deposits in the valley center are a mix of fine-
to coarse-grain size, with sporadic clay lenses and generally
grade from coarse to fine from southwest to northeast.
This gradation may reflect the difference in source rock
composition on opposite sides of the valley. Unconsolidated
fill in this part of the valley center is poorly constrained, but is
at least 200 feet (61 m). Based on the lithology at the northeast
end of the cross section (WIN 196), there are likely one or
more concealed normal faults associated with the collapse of
the salt-core anticline that have dropped Moenkopi Formation
down relative to the underlying Cutler Formation. Similar
faults are mapped to the north (Doelling, 2002).
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Transmissivity

To characterize the aquifers in Castle Valley, we estimated
transmissivity by compiling data from aquifer tests and drill-
ers’ well logs in the valley-fill and bedrock aquifers, includ-
ing wells completed in the Cutler and Moenkopi Formations.
Aquifer test data is generally more reliable, but specific ca-
pacity data in well logs is more common. Data from one
aquifer test in the valley-fill aquifer yielded a transmissiv-
ity of 357 ft?/day, whereas data from an aquifer test in the
Moenkopi Formation yielded a transmissivity of 2693 ft%/
day (Figure 12). We calculated transmissivity from well logs
using the TGUESS algorithm of Bradbury and Rothschild
(1985), which utilizes the Cooper and Jacob (1946) solu-
tion of the Theis (1935) equation. To derive transmissivity
from specific capacity data, we estimated storativity using
the equation

S=38y+(Ss*b) (1)

Where:

§= storativity

Sy = specific yield
Ss = specific storage

b= aquifer thickness

We based Sy and Ss on published values for aquifer materials
from Johnson (1967) and Domenico (1972) and based » on
well logs, using length of screened or perforated interval.

We estimated transmissivity from specific capacity data for
the valley-fill aquifer (n = 12) using a storativity of 0.25 and
for the bedrock aquifer (n = 13) using a storativity of 0.1.
Valley-fill aquifer transmissivities ranged from 42 to 12,900
ft*/day, with a geometric mean of 379 ft*/day (Figure 13).
Bedrock aquifer transmissivities ranged from 3.5 to 1838 ft%/
day, with a geometric mean of 119 ft?/day.
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Figure 12. Transmissivity map compiled from aquifer test and specific capacity data.
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STREAMFLOW AND DISCHARGE

Methods

Discharge measurements provide the foundation for un-
derstanding groundwater-surface water interactions. These
measurements constrain streamflow gains or losses due to
groundwater exchange and estimate groundwater discharge
from springs. To determine stream discharge, we used an
electromagnetic current velocity meter to measure veloc-
ity across a transect and the 0.6-depth method to compute

-109|°25'

-109°|19'30"

the cross sectional area (Buchanan and Somers, 1969). Site
locations where discharge measurements were taken are
shown in Figure 14.

We conducted flow measurements at 20 sites along Castle
Creek in fall 2023 and at 15 sites in spring 2024 (Appendix
A Tables A-1 and A-3). Seepage runs were taken along
Castle Creek in November 2023 (base flow conditions) and
May 2024 (high flow conditions) to assess stream loss and
or gain across Castle Valley. Base flow measurements, taken
in late fall after the irrigation season ended, clearly represent

-109°14'

0 2 4 N
I I \iles |

N Kilometers

I-Map extent_]

Explanation

Sample location

38°36'30"

A Fall 2023 & spring 2024
/\ Fall 2023

/\ Spring 2024

—— Road

— Stream

() Study area boundary

0 0.5 1
I \Viles
I Kilometers
0 05 1 ’

Figure 14. Discharge measurement locations along Castle Creek showing seasonal sampling periods (fall 2023 and spring 2024).
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groundwater contributions to streamflow, as other surface
inputs are minimal. High flow measurements, conducted in
late spring, captured snowmelt from the La Sal Mountains and
irrigation use.

Each seepage study was completed during a single day. Data
collection spanned from the headwaters of Castle Creek in
the Willow Basin area to USGS gage 09182400 near the Red
Cliffs Lodge diversion, the farthest downstream point before
Castle Creek discharges into the Colorado River. Three teams
collected measurements simultaneously to minimize vari-
ability in streamflow conditions. We also collected monthly
discharge measurements at three fixed locations along Castle
Creek from November 2023 to December 2024 to track sea-
sonal flow variations. Placer Creek was not included in seep-
age studies because it is an ephemeral stream and typically
flows only during late spring runoff from the La Sal Moun-
tains. During the spring 2024 runoff, Placer Creek did not
flow and only experienced short-duration, high-flow events
later in the summer and fall.

Utah Geological Survey

Ford (2007) and Ford and Grandy (1997) described vari-
able hydrologic conditions along Castle Creek, identify-
ing gaining and losing stream reaches (Figure 15). From
its headwaters to the DSA irrigation diversion (now Castle
Valley Inc. diversion (CVInc on Figure 14)) the creek gains
flow. Below the diversion, the channel remains dry until
seeps, springs, and irrigation return flows restore stream-
flow just downstream of the Placer and Castle Creek con-
fluence. From there, Castle Creek continues to gain water
as it flows toward its confluence with the Colorado River.
We were unable to take flow measurements in most of the
losing section of Castle Creek during the spring seepage
run due to insufficient water and unsuitable channel ge-
ometry. During the spring measurement the Castle Valley
Inc. diversion was already operational. At the confluence of
Placer Creek and Castle Creeks (sample site CV201) flow
was measured at 1.3 cfs, whereas upstream site CV204
measured 2.6 cfs, indicating a loss in flow. Notably, seeps
above site CV201 contribute to the creek, initiating a gain-
ing reach again.
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Figure 15. Gaining and losing reaches of Castle Creek during the fall 2023 seepage run.
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We calculated water gains and losses for specific reaches of
Castle Creek by comparing the flow measured at each loca-
tion to the flow at the nearest upstream site, accounting for
tributary inflows and diversions using the following equation:

Results

Streamflow

Gain or loss = downstream flow - (upstream flow +

tributary - diversion)

Negative values indicate a flow loss between upstream and
downstream locations, whereas positive values signify a gain
from groundwater or other inputs. The error in these calcu-
lations is the sum of the individual measurement errors and

Near the headwaters of Castle Creek, the average discharge
was measured at just 0.12 cubic feet per second (cfs), with
flows steadily increasing downstream towards the CV Inc. di-
version, where discharge reached 2.60 cfs in the fall and 3.28
cfs in the spring. During the spring seepage run, we recorded
a discharge of 2.14 cfs at a diversion channel downstream of
the CV Inc. diversion (site CV110). After the confluence of
Placer and Castle Creeks, flows were 1.30 cfs in the fall and

)

likely represents an overestimate of the actual uncertainty in
each calculation.

During the seepage runs conducted in November 2023 and
May 2024, we also collected discharge measurements at
spring locations throughout the study area (Figure 16). For
larger flows, we used an electromagnetic current velocity
meter in conjunction with the 0.6-depth method to measure
stream velocity across transects and calculate cross-sectional
area. For smaller springs with lower discharge, we utilized a
portable v-notch weir or manual volumetric methods, such as
timing the fill of graduated containers (e.g., 5-gallon, 1-gal-
lon, or pint-size buckets) with a stopwatch.

-109|°25'
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1.02 cfs in the spring.

Downstream of the confluence, flow in Castle Creek in-
creases, indicative of gaining-stream conditions sustained by
seeps and springs in the northern reach. The majority of this
increase occurred in the northwestern section of the creek, be-
tween sites CV106 and CV100, as the channel flows toward

site CV17 (USGS gage 9182400).

Decreased discharge observed during the spring seepage
run may be attributed to irrigation diverting water from
Castle Creek and the fluctuating temperatures in the La Sal
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Figure 16. Measurement locations of springs within the study area.
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Mountains, which might have slowed the rate of snowmelt
into the creek.

Additional measurements were taken at three locations repeat-
edly between November 2023 and November 2024. These
measurements provided insight into changing conditions in
Castle Creek throughout the year (Table 4).

In 2024, Castle Creek gained approximately 3788 acre-feet
from where it flows into the eastern extent of the valley-fill
aquifer to USGS gage 9182400 (Table 5). Results indicate that
Castle Creek is a gaining stream system overall, especially in
the northernmost reaches. Castle creek loses streamflow be-
tween the Castle Valley Inc. diversion and the confluence of

Table 4. Measured monthly streamflow for Castle Creek.

Utah Geological Survey

Placer and Castle Creeks. This groundwater seepage is critical
to maintaining baseflow in Castle Creek throughout the year
and supports both riparian habitat and downstream water users.

Spring Flow

Four springs (sites CV3, CV5, CV15, and CV300) contrib-
ute flow to Castle Creek, resulting in measurable gains along
the creek (Figure 17). Average annual discharges ranged from
0.005 cfs to 1.17 cfs. Site CV15 exhibits the highest discharge
at 1.17 cfs and flows into Castle Creek. Sites CV3 and CV5
are at the northwest end of Castle Valley that flow directly into
Castle Creek, with annual discharge measurements of 0.20 cfs
and 0.21 cfs, respectively.

Site Name Latitude Longitude Date Discharge (cfs) Rating (%) Discharge Error (cfs)

November 2023 0.0956 8 0
January 2024 0.6 8 0
February 2024 0.516 10 0.1
March 2024 0.442 10 0
April 2024
May 2024 1.677 8 0.1

USFS 38.59138 -109.26500
June 2024 1.782 8 0.1
July 2024 1.445 10 0.1
August 2024 0.839 8 0.1
September 2024 0.71 8 0.1
October 2024 0.878 8 0.1
November 2024 0.426 10 0
November 2023 2.146 8 0.2
January 2024 2.165 8 0.2
February 2024 2.25 8 0.2
March 2024 2.161 8 0.2
April 2024 2.4164 10 0.2
May 2024 2.904 8 0.2

CV INC 38.61733 -109.33632

June 2024 4.148 8 0.3
July 2024 3.325 10 0.3
August 2024 2.12 8 0.2
September 2024 2.38 8 0.2
October 2024 1.992 8 0.2
November 2024 2.549 8 0.2
November 2023 7.463 8 0.6
January 2024 6.915 8 0.6
February 2024 6.869 8 0.5
March 2024 6.987 8 0.6
April 2024 5.9436 10 0.6
May 2024 5.502 8 0.4

USGS 38.67158 -109.44978
June 2024 7.131 8 0.6
July 2024 4.02 10 0.4
August 2024 6.464 8 0.5
September 2024 4.383 8 0.4
October 2024 3.879 8 0.3
November 2024 7.5 8 0.6
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Table 5. Castle Creek streamflow analysis showing mean flow rates and annual volumes at key monitoring locations, with calculated reach
gains and losses indicating groundwater contributions from the valley-fill aquifer.
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Mean flow Mean annual volume Reach gain/loss

(cfs) (ac-ft) (ac-ft)

USFS 0.86 619
1224

CV Inc 2.55 1844
2564

USGS 6.1 4408
Total gain 3788
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Figure 17. Annual average discharge (cfs) from spring locations taken during seepage runs in fall 2023 and spring 2024.

GROUNDWATER CHEMISTRY

The composition of geologic materials within a drainage basin
and the duration of water exposure to these materials play a
crucial role in shaping water chemistry (Winter et al., 1998).
Analyzing groundwater and surface-water chemistry helps as-
sess water quality and provides valuable insights into the over-
all groundwater system. By examining water chemistry from
wells, springs, and streams at different locations and depths,
along with other physical data, we can better interpret ground-
water flow patterns and their interactions with surface water.

Methods

In October 2023, we collected chemistry samples from 21
sites, including 17 wells, 2 springs, and 2 stream locations
(Figure 18; Appendix A Tables A-1 and A-4). Most wells are
domestic and used regularly and were run for at least 15 min-
utes before sampling. For the six monitoring wells, three well
volumes were purged before sampling. Field parameters in-
cluding temperature, pH, and specific conductivity were mea-
sured at 18 additional wells, 14 springs, and 4 stream sites
(Figure 18; Appendix A Table A-4). We analyzed selected
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Figure 18. Water chemistry sampling and field parameter locations.

wells for TDS, major ions, and nitrate. Samples were collect-
ed in lab-provided bottles and stored on ice until delivery to
the Utah Department of Health’s Chemical and Environmen-
tal Services Division of the Utah Public Health Laboratory for
analysis. To calculate TDS, a conversion factor of 0.69 was
used in Castle Valley wells that only have specific conduc-
tance measurements. This number is based on Hem’s (1985)
equation for estimating TDS from specific conductance. The
newly collected data are supplemented with information from
previous studies (Lowe et al., 2004; Wallace and Lowe, 2012).

Results

Total Dissolved Solids and Major Ion Chemistry

Groundwater total-dissolved-solids concentrations within
Castle Valley vary throughout the study area, ranging from
189 to 2565 mg/L. The mean TDS concentration in the
study area is 856.5 mg/L (Figure 19). Increased concen-
trations are measured along the eastern and western mar-
gins of the valley-fill aquifer, with higher concentrations

documented along the western side beneath Porcupine Rim
(Figures 20 and 21). The higher TDS concentrations in the
valley-fill aquifer occur in areas where the Cutler Forma-
tion and adjacent Paradox Formation evaporites lie in the
shallow subsurface.

TDS in Castle Creek generally increases down valley towards
the Colorado River. Concentrations rise from 103 mg/L at
the headwaters (site CV45) to 2440 mg/L at the downstream
USGS gage 09182400 (site CV17) (Appendix A Table A-4).
The highest TDS levels are in the northwestern reach of the
creek, near the town boundary. This increase may be related to
a local hydraulic connection with water in the Paradox Forma-
tion (Snyder, 1996a), and also corresponds to elevated TDS
levels in groundwater within the same area.

A Piper diagram of chemistry type (Figure 22) shows that
groundwater in Castle Valley is predominantly calcium-bi-
carbonate and calcium-sulfate type, with calcium-bicarbon-
ate in the valley center and calcium-sulfate in the remainder
of the study area. Castle Creek shows marked changes in
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Figure 19. Histogram showing TDS distribution (n = 108) for groundwater samples in Castle Valley. Numbers above each bar indicate the

number of samples in that TDS range. Data show positive skew with mean TDS concentration of 856.5 mg/L.
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Figure 20. Spatial distribution of TDS in groundwater across the study area, with concentrations ranging from 2565 mg/L (brown) to 185
mg/L (beige). Sample locations are marked by circles (2023-2024 sampling) and squares (1995—2003 data) (Lowe et al., 2004). TDS raster
created using Topo to Raster interpolation method. Large areas in central and southeast parts of the valley lack wells or springs, which

introduces uncertainty in interpolated TDS concentrations in those regions.
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Figure 21. Cross section showing TDS data for wells in the northern region of Castle Valley from fall 2023. Screened intervals are shown for
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[] Spring
/\ Stream
O Well

60

20

%Ca2* %CI™

Figure 22. Piper diagram of general chemistry samples from Castle Valley. The left triangle displays relative proportions of cations (calcium,
magnesium, sodium, and potassium), and the right triangle shows anions (carbonate, bicarbonate, sulfate, and chloride).
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chemistry as it flows downstream, with increasing dissolved
solids presumably sourced from seeps, springs, and small
tributaries along with groundwater in various locations.
The anion triangle on the bottom right of Figure 22 reveals
a gradient between groundwater dominated by bicarbonate,
reflecting shallow groundwater interaction with carbonate
rocks, and sulfate, likely from gypsum dissolution in Cutler
and Paradox Formation-derived sediments and rocks.

Nitrate

Nitrate concentrations in groundwater ranged from <0.1 to 2.16
mg/L (Figure 23; Appendix A Table A-4). At all sites, nitrate
concentrations remained below 1 mg/L except for a monitor-
ing well adjacent to an irrigated alfalfa field that had a concen-

109°|25'W

tration of 2.16 mg/L (well CV8; Appendix A Table A-4). This
monitoring well has had concentrations of nitrate around 1.5 to
2 mg/L for over a decade, suggesting potential seasonal influ-
ences from irrigation return flows (Wallace and Lowe, 2012).
Figure 23 depicts the new nitrate samples augmented with pre-
vious data from Wallace and Lowe (2012). Nitrate concentra-
tion data from this study and historical data from previous pub-
lications ( Lowe et al., 2004; Wallace and Lowe, 2012) show a
broader range of <0.1 to 4.27 mg/L across 46 wells.

Sulfate

Sulfate concentrations in the study area range from 14.2
to 1460 mg/L (Appendix A Table A-4). Almost one-half of
all samples analyzed for sulfate have concentrations that
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Figure 23. Nitrate sample locations and concentration ranges.
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exceed the 250 mg/L EPA secondary drinking water standard
for sulfate (Figure 24). Sulfate is a common constituent in
many sedimentary rocks in Castle Valley in outcrop and
in the subsurface, especially in the Cutler, Paradox, and
Moenkopi Formations and to a lesser extent in the Chinle
Formation. Higher sulfate concentrations correlate with
proximity to these formations. In the following section, we
use sulfate isotopes to aid with determining the source of
sulfate in the subsurface.

ENVIRONMENTAL TRACERS

Environmental tracers are naturally occurring or anthropo-
genic chemicals or isotopes that can define water sources
and flow processes such as recharge, flow rate, geologic
subsurface interactions, residence times, and mixing. Ideal
tracers have well-defined input sources and input histo-
ries, are inert (no reactions) or geochemically conservative

Utah Geological Survey

(limited reactions), have transport mechanisms identical
to water, and are detected precisely and economically. The
use of multiple tracers provides a more comprehensive un-
derstanding of groundwater systems. In our study, we ana-
lyzed water samples for a suite of stable and radioactive
isotopes that include oxygen-18, deuterium, and tritium
in water molecules; carbon-14 and carbon-13 in dissolved
inorganic carbon (DIC); and sulfur-34 and oxygen-18 in
dissolved sulfate.

Methods

Stable Isotopes of Water

Oxygen-18 (1%0) and deuterium (*H) are naturally occurring
stable isotopes of oxygen and hydrogen. Water molecules
containing the lighter isotopes (i.e., 'H,'°0) and heavier
isotopes (i.e., 2H'HO and H,'80) fractionate preferentially
during phase changes such as evaporation and condensation.
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Figure 24. Sulfate concentration in Castle Valley groundwater.
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Values for 180 and ?H are expressed as ratios in delta notation
(8) per mill (%o) relative to a reference standard:

dx = (Rx/Rstandard —1) x 1000 3)
where:
ox = delta notation of the sample x (in per mill, %o)
Rx = isotopic ratio of 2H/'H or '#0/!°0 in the
sample (no units)
Rstandard = isotopic ratio of 2H/'H or '80/'°0 in the

standard (no units)

The reference standard for '®0 and ?H is Vienna Standard
Mean Ocean Water (VSMOW) (Gonfiantini, 1978). The global
meteoric water line (GMWL) represents approximate isotopic
composition for 8'%0 and §°H of precipitation (Craig, 1961;
Rozanski et al., 1993; Clark and Fritz, 1997) (Figure 25):

&°H = 8(5'%0) +10 “)
Larger fractions of heavier isotopes are considered “enriched”
(less negative) and smaller fractions of heavier isotopes are
considered “depleted” (more negative). Precipitation can be
enriched or depleted depending on origin, distance inland, el-
evation, form of precipitation, and event intensity. Precipita-
tion at high elevation, inland areas, and snow is more depleted
relative to precipitation at low elevation, coastal areas, and

rain (Clark and Fritz, 1997). Regionally, precipitation general-
ly plots along a local meteoric water line (LMWL), which dif-
fers slightly from the GMWL (Clark and Fritz, 1997). During
evaporation of groundwater or surface water, 8'30 is enriched
relative to 6°H, so samples that have been partially evaporated
deviate from the LWML and tend to plot below the GWML.

Water samples from wells, springs, precipitation, and streams
were analyzed for oxygen-18 and deuterium. All stable isotope
samples were field-filtered with disposable 0.45-um disc filters
into 10 mL snap-cap or crimp-cap vials with no head space.
Isotopic analysis of §'%0 and §?H was performed by cavity
ring-down spectrometry at the University of Utah Stable Iso-
tope Ratio Facility for Environmental Research (SIRFER).

Tritium

Tritium (*H) provides a semi-quantitative age of groundwa-
ter recharge (Clark and Fritz, 1997). Tritium is an unstable
isotope of hydrogen with a half-life of 12.32 years, therefore
tritium concentration in groundwater isolated from other wa-
ter will decrease by one-half after 12.32 years. Tritium is pro-
duced naturally in the upper atmosphere in small quantities,
but above-ground thermonuclear testing from 1952 to the late
1970s added tritium to the atmosphere in amounts that far
exceed the natural production rates, and, as a result, tritium
concentrations in precipitation also increased. The amount of
tritium in the atmosphere from weapons testing peaked in the
early to mid-1960s and has been declining since atmospheric
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Figure 25. Relation of oxygen-18 to deuterium in waters, including some factors that affect depletion and enrichment. Modified from Clark

and Fritz (1997).
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nuclear testing ceased. Tritium concentrations in water are
reported in tritium units (TU). One TU represents one triti-
ated water molecule per 10'® non-tritiated water molecules
(Clark and Fritz, 1997). In Utah, concentrations in precipita-
tion measured since 1953 ranged from background levels of
3 to 13 TU to over 8000 TU in 1963 (Michel et al., 2018).
Tritium concentrations in precipitation have been approxi-
mately constant in North America since 2000 (Stewart and
Morgenstern, 2016; Lindsey et al., 2019). Tritium in the at-
mosphere is incorporated into water molecules and enters
the groundwater system as recharge from precipitation. Be-
cause tritium is part of the water molecule, it is not affected
by chemical reactions other than radioactive decay, and thus
can be used as a tracer of groundwater on a time scale of
less than 10 to about 70 years before present. Water that en-
tered the groundwater system before 1953 and has remained
isolated from younger water contains negligible tritium.
Therefore, tritium can be used to distinguish between water
that entered an aquifer before 1953 and water that entered
the aquifer after 1953. Location-specific thresholds for a
groundwater sample can be calculated for defining modern
and premodern groundwater, using measured or estimated
time-series records of tritium for a given location (Lindsey et
al., 2019). Using the tritium record in precipitation for a grid
cell defined by 37°-39° N. latitude and 105°-110° W. longi-
tude and groundwater samples collected in 2024, we define
a premodern threshold as 0.15 TU and a modern threshold
as 1.47 TU. Samples falling within this range between pre-
modern and modern are considered mixed, including both
modern and premodern fractions. For tritium concentrations
above the modern threshold, a minimum recharge age can be
calculated using the sample concentration and modern an-
nual average tritium concentration in precipitation (Solomon
and Gilmore, 2024).

A subset of water samples from wells and springs were ana-
lyzed for tritium (Table 6). All tritium samples were collected
in two 0.5-liter high density polyethylene (HDPE) bottles and
sealed with minimal head space. Tritium concentration was
measured at the University of Utah Department of Geology
and Geophysics Dissolved and Noble Gas Laboratory in Salt
Lake City, Utah, via the tritium-*He ingrowth method (Solo-
mon and Cook, 2000), which measures the concentration of
3He, a radioactive decay product of tritium.

Table 6. Tritium and radiocarbon isotope results.
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Radiocarbon

Carbon-14 (14C) is a naturally occurring radioactive isotope
of carbon that has a half-life of about 5730 years, which can
allow the determination of groundwater residence times of up
to 40,000 years (Kalin, 2000). Carbon-14 data are expressed
as percent modern carbon (pmC) relative to A.D. 1950 levels,
based on the National Bureau of Standards oxalic acid stan-
dard. Carbon-13 (3C) is a naturally occurring stable isotope
of carbon that is used to evaluate chemical reactions involv-
ing carbon (Clark and Fritz, 1997). Carbon-13 is expressed
as an isotopic ratio ('3C/'2C), reported as delta () values in
units of parts per thousand (per mill or %o) relative to the Vi-
enna Pee Dee Belemnite (VPDB) standard. The §'3C ratio in
groundwater depends upon numerous factors, which include
the type of vegetation in the recharge area, whether carbonate
(and the 8'3C compositions of those minerals) is dissolved or
precipitated during recharge, and whether the system is open
or closed.

Carbon-14 is produced naturally in the upper atmosphere by
a cosmic ray reaction with nitrogen, and is added to fluids
via incorporation of CO, gas and dissolution of carbonate
minerals. '“C activities are affected by chemical reactions
between the aquifer material and the dissolved constituents
in the water. Chemical reactions can either add or remove
carbon and estimates of chemical reactions that occur dur-
ing recharge and flow through the aquifer are necessary for
estimating the initial activity (A,) of *C. Age calculations
therefore require estimates of some chemical parameters
during recharge and model calculations of reactions during
groundwater transport.

A, is the initial, non-decayed “C composition of the ground-
water and must be determined to calculate '“C ages. In the ab-
sence of subsurface reactions, A, is assumed to be 100 pmC.
However, this assumption is rarely valid due to the common
presence of carbonate minerals and elevated CO, concentra-
tions in the soil. Many models account for geochemical reac-
tions and gas exchanges to determine A, (Ingerson and Pear-
son, 1964; Mook, 1972; Tamers, 1975; Fontes and Garnier,
1979; Han and Plummer, 2013). We estimated Ao using the
graphical method devised by Han et al. (2012), which helps

Site Tritium' Concentration Minimum tritium Radiocarb'on Concentration 313C 13C error
Name Type concentration error recharge age concentration error (%o) (%o)
(TU) (TU) (yrs) (pmC) (pmC)

CV2 Well 1.40 0.14 33 75.6 0.28 -8.77 0.03
CvV27  Well 1.46 0.07 32 5.63 0.04 -1.02 0.01
CV4 Well 2.05 0.21 26 54.5 0.18 -8.97 0.06
Cv24  Well 2.17 0.23 25 64.8 0.23 -9.49 0.04
CV9 Well 1.81 0.08 28 -- -- -- --
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conceptualize isotopic exchange and geochemical reactions
controlled by soil gas CO, in the unsaturated zone and carbon-
ate minerals in the saturated zone. We assumed end members
of radiocarbon activity and §'3C ratios to be 100 pmC and
-17.5 £ 0.8%o, respectively for soil gas CO, (Hart, 2009), and
0 pmC and 0%o for carbonate minerals, respectively.

A subset of water samples from wells and springs were ana-
lyzed for carbon-14 and carbon-13 (Table 6). All radiocarbon
samples were collected in 1-liter HDPE bottles sealed with
minimal head space and analyzed by accelerator mass spec-
trometer at the University of Georgia Center for Applied Iso-
tope Studies in Athens, Georgia.

Isotopes of Sulfate

Sulfur-34 (3*S) and oxygen-18 (!80) are naturally occurring
stable isotopes of sulfur and oxygen that are found in sulfate
molecules. These isotopes fractionate preferentially during
processes like dissolution and precipitation of sulfate miner-
als, reduction of sulfate to HS", and oxidation of HS", sulfide
minerals, organic sulfur, and SO,. Isotopic composition of
sulfate in groundwater is driven primarily by both the iso-
topic composition of primary and secondary sulfate sources
and isotopic exchange reactions defined above. Values for
348 and '80 are expressed as ratios in delta notation (8) per
mill (%o) relative to a reference standard. The reference stan-
dard for 34S is the Vienna Canyon Diablo Troilite (VCDT)
(Beaudoin et al., 1994).

A subset of water samples from wells and springs were ana-
lyzed for sulfate isotopes. All sulfate isotope samples were
field-filtered with disposable 0.45-um disc filters into 1-liter
HDPE bottles. Isotopic analysis of 3**S and §'%0-504 was con-
ducted using a Costech Elemental Analyzer (EA) and Ther-
mo-Finnigan High Temperature Conversion/ Elemental Ana-
lyzer (TC/EA) coupled to a Thermo-Finnigan Isotope Ratio
Mass Spectrometer (IRMS) at the Stable Isotope Laboratory,
University of Tennessee, Knoxville.

Results

Stable Isotopes of Water

We collected stable isotope samples from 32 wells, 15 springs,
10 surface water sites, and a vertical snow profile to represent
water sources from groundwater (both valley-fill and bedrock
aquifers), surface water, and precipitation (Figure 26; Appen-
dix A Tables A-1 and A-5). Sampling occurred from October
2023 to May 2024. To capture a comprehensive representation
of precipitation accumulated during the October—May snow
accumulation period, eight snow samples were taken in the La
Sal Mountains south of the study area boundary in late April
2024 (Figure 26). A 47-inch (118 cm) deep pit was excavated
down to the ground surface, and eight vertical profile samples
were collected in the snow column.

Precipitation: To expand our precipitation dataset, we lev-
eraged preexisting precipitation stable isotope data from
two sites in the greater Moab area: Island in the Sky within
Canyonlands National Park, and a site near La Sal Junction
(Scholl et al., 2023; National Ecological Observatory Net-
work [NEON], 2025). Precipitation isotope compositions
for 8'80 ranged from -29.29%o to 0.46%0 (mean =~ -9.31%o)
and 6°H ranged from -226.9%o to 2.4%o (mean = -67.62%o).
We calculated a linear regression using these data to create a
LMWL shown on Figure 27.

Wells and Springs: Well samples demonstrate a clear evap-
orative signature, plotting along a regression line with a slope
of 4.3, notably shallower than the LMWL (Figure 27). Evapo-
ration prior to recharge can occur in both surface water and
soil water, yielding regression line slopes ranging from 2.5
to 6 (Gibson et al., 2008). The isotopic composition of §'80
in well water ranged from -16%o to -13.5%0 (mean = -14.8%o)
and 8°H ranged from -115%o to -105%0 (mean = -110%o).
These values suggest significant modification of the original
precipitation signal through soil-water interaction and evapo-
rative processes, including snowpack sublimation. Spring
waters exhibit intermediate isotopic compositions, with §'%0
values between -15.5%o and -14.5%o (mean ~ -15.0%0) and
8?H values from -112%o to -108%o (mean = -110%o).

Surface Water: Surface water samples were collected along
Castle Creek from southeast of La Sal Loop Road and in Wil-
low Basin near the headwaters to USGS gage 09182400 near
the Colorado River confluence (Figure 26). Surface water
samples show similar values to groundwater and springs, with
8180 ranging from -15.5%o to -14.5%o (mean = -15.0%o) and
8?H from -112%o to -107%o (mean = -109.5%o). The dominant
evaporative signature reinforces the similarity to groundwater
and the connection between surface water and groundwater in
the valley-fill aquifer.

Tritium

We collected water samples for tritium analysis from five
wells in the study area (Figure 28, Table 6). Tritium concen-
trations measured in groundwater range from 1.40 to 2.17 TU
with a mean of 1.78 TU and a mean measurement uncertainty
of 0.15 TU. Three samples have trititum concentrations greater
than the established modern threshold of 1.47 TU and are con-
sidered modern recharge. The remaining two samples have
trittum concentrations slightly below the established modern
threshold (1.46 and 1.40 TU) and can be considered mixed
recharge age. Using a modern annual average tritium concen-
tration in precipitation of 8.79 TU (Michel et al., 2018), we
calculated minimum recharge ages for all tritium samples,
yielding a range of 25 to 33 years (Table 6).

Radiocarbon

We collected water samples for radiocarbon analysis from four
wells in the study area (Figure 28, Table 6). Carbon-14 activities
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Figure 26. Locations of stable isotope sampling sites classified by type shown by their deuterium (5°H) distributions in Castle Valley.
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Figure 27. Stable isotope ratios for groundwater, springs, surface water, and snow sampled in the Castle Valley region.

ranged from 5.63 to 75.6 pmC, with a mean measurement
uncertainty of 0.18 pmC. §'3C ratios ranged from -9.49%o to
-1.02%o. Three of the samples have carbon-14 and §'3C values
consistent with modern recharge (Figure 29). The remaining
sample (from site CV27) has carbon-14 and 8'3C values close
to that of carbonate rocks, indicating significant post-recharge
water-rock interaction. This sample, from a well completed in
the Cutler Formation, likely has a longer residence time than
valley-fill aquifer samples. However, the recharge age cannot
be constrained by radiocarbon data.

Isotopes of Sulfate

We collected samples for sulfate isotope analysis from 13
wells, 6 springs, and 1 stream location (Figure 30, Table
7). Values for 3°**S ranged from -14.699 to 13.853%o and
8'80s04 values ranged from -1.204 to 11.854%o (Figure 31).
Two spring samples sourced from the Jurassic Morrison
Formation on the southeast margin of the study area have
534S and §'8004 values consistent with the established field
of sulfide oxidation (Krouse and Mayer, 1999) (Figures 30
and 31a). Values of §3*S and §'80g04 from wells and the re-
maining spring samples in Castle Valley plot along a linear

mixing trend between the established fields of soil sulfate
and evaporites. Data from brine pumping wells in Paradox
Valley to the southeast are included for comparison (Kim et
al., 2022) (Figure 31a). The §3*S and §'80g04 value of Castle
Creek above the Colorado River confluence also plots in the
established fields of evaporites (Figure 31a). Groundwater
sulfate concentrations in Castle Valley and Paradox Valley
brines plot along an exponential mixing trend between soil
sulfate and evaporite 534S signatures, although the highest
Castle Valley sulfate concentration (15.2 mmol/L) is still a
factor of 4 to 5 lower than Paradox Valley brine concentra-
tions (Figure 31b).

WATER BUDGET
Water Budget Methods

Water Budget Development

We used the USGS Soil-Water-Balance (SWB) model
(Westenbroek et al., 2018) to simulate the watershed for
water years 2005 to 2022 (October 1 to September 30) and
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Table 7. [sotopes of sulfate and sulfate concentration results.

Site Name Site Type %S (%) 3130 (%o) SO, (mg/L) SO, (mmol/L)
CV5s Spring 7.6100 4.486 66.0 0.69
CVi5 Spring 9.7850 8.832 - -
CV43 Spring -14.6990 -1.204 - -
CV53 Spring -9.9300 -0.129 - -
CVs4 Spring 6.7500 4.939 - -
CV300 Spring 2.8720 3.858 - -
CV17 Stream 10.7230 7.959 -- --
CV1 Well 9.9110 8.631 209.0 2.18
CV7 Well 9.7950 7.38 187.0 1.95
CV8 Well 10.9150 8.049 532.0 5.54
CVo Well 7.9470 5.099 60.2 0.63
CVl11 Well 6.0840 3.648 47.0 0.49
CV19 Well 12.8720 10.118 736.0 7.66
CVv23 Well 12.4350 11.036 1460.0 15.20
CV25 Well 5.5620 2.672 -- -
CV26 Well 10.1080 8.417 215.0 2.24
Cv27 Well 13.8530 11.854 1450.0 15.09
CV3l Well 12.9010 10.969 1290.0 13.43
CV3s Well 12.4840 9.91 501.0 5.22
CV38 Well 11.7160 9.843 1090.0 11.35
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Figure 31. A) Sulfur and oxygen isotopes of SO, and B) sulfur isotopes of SO, versus SO, concentrations of Castle Valley waters to distinguish
SO, sources. Brine pumping well and oil and gas well data from Kim et al. (2022).

quantify annual inflow and outflow. The results were then
used to estimate and verify results used in our water budget
for 2024. Alongside the SWB, historical and current USGS
streamflow data were used in addition to streamflow and
water-level measurements by UGS staff. The principal SWB
inputs are Daymet V4 (Thornton et al., 2021) precipitation,
air temperature, soil, and elevation data, while the main
outputs are ET and Castle Creek streamflow. We compared
SWB model results to the well-established climate datasets
of PRISM (Parameter-elevation Regressions on Independent
Slopes Model; Daly et al., 2008, 2015) and OpenET (Melton
etal., 2021). The discussion below details methods of how we
measured or estimated all water budget inputs and outputs.

Soil-Water-Balance Model

The SWB model calculates how water from precipitation
moves through the landscape and potentially reaches aquifers.
This modified Thornthwaite-Mather (Thornthwaite, 1948;
Mather, 1978, 1979) approach tracks water movement on a
daily basis, providing detailed estimates of net infiltration that
closely approximate actual groundwater recharge rates.

The model requires several types of spatial data prepared in
Albers Equal Area projection (EPSG:5070) and converted to
ASCII raster format. To ensure complete coverage of water
movement patterns, we extended the analysis area 2 kilome-
ters (1.2 mi) beyond the primary study boundaries. The input
precipitation datasets are derived from Daymet climate in-
formation (Thornton et al., 2021), elevation data for tracking
water flow paths, detailed soil characteristics (SSURGO),

and land cover and land use patterns (Dewitz and U.S. Geo-
logical Survey, 2021).

For soil properties, we drew from the USDA's comprehensive
SSURGO database (Natural Resources Conservation Service,
2022), specifically incorporating two critical layers: the Soil
Hydrologic Group classification and Available Water Stor-
age measurements extending to 150 centimeters (59 in) deep.
These soil characteristics help determine whether rainfall tends
to soak into the ground or flow across the surface. The Avail-
able Water Storage metric reveals how much water the soil can
hold in a form accessible to plants, whereas the hydrologic
groupings reflect fundamental soil properties that influence
water movement. We connected these soil attributes to specific
curve numbers, following the Natural Resources Conservation
Service rainfall-runoff methodology (U.S. Department of Ag-
riculture, 1986). The curve numbers were adjusted based on lo-
cal soil conditions and land cover types in Castle Valley. These
adjustments considered the specific soil textures identified in
the SSURGO database and were validated against observed
runoff events during 2005 through 2022. For our curve num-
ber values, we referenced Tillman’s (2015) work in the Upper
Colorado River basin, which includes our study area.

To account for water loss through evaporation and plant up-
take, we implemented the Hargreaves-Samani (1985) method
in the SWB. This approach generates spatially-detailed esti-
mates of potential ET using daily maximum and minimum
temperature data obtained from Daymet’s climate database.

The model also incorporates 2021 National Land Cover
Database information from the Multi-Resolution Land
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Characteristics Consortium, which provides essential details
about surface characteristics that influence water movement.
Both the land cover and soil data are connected to lookup
tables that the model uses to determine the balance between
surface runoff and ground infiltration.

To track how water moves across the landscape, we utilized
30-meter elevation data from the Utah Geospatial Resource
Center, originally produced by the USGS 3DEP program. We
processed this elevation data by first filling major depressions,
then applying an eight-direction flow analysis to map poten-
tial water movement pathways across the terrain.

Evapotranspiration

To estimate evapotranspiration, we divided the study area into
six distinct regions based on their unique geological, geomor-

109°125'W

phic, and topographic characteristics. These regions include
three valley-fill areas: Placer Creek, Castle Creek, and the low-
er valley, along with areas dominated by sedimentary and intru-
sive bedrock units (Figure 32). This division allowed us to con-
duct detailed remote analysis while accounting for the diverse
landscape features that influence water movement patterns.

To estimate ET for the entire watershed and its subregions we
employed the Open-ET SSEBop model (Operational Simpli-
fied Surface Energy Balance Model) developed by Senay et
al. (2013, 2017). This approach combines data from Landsat
satellites with Daymet climate information to calculate how
water moves from the ground into the atmosphere. For our
reference ET calculations, we incorporated data from the Uni-
versity of Idaho’s Gridded Surface Meteorological Dataset
(gridMET; Abatzoglou, 2011). This comprehensive modeling
approach enabled us to quantify ET across the entire basin.
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Figure 32. Regions created for SWB modeling based on geologic units from Doelling (2002) and topographic and hydrogeologic boundaries.
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The OpenET gridMET ensemble combines rainfall data
from a network of weather stations with measurements of
how temperature changes with elevation to model precipi-
tation patterns across the landscape. The model then uses
information about the types of plants present, their seasonal
growth patterns, and how densely they cover the ground to
calculate water loss through ET across different parts of the
study area.

The OpenET Intercomparison Summary (Huntington et al.,
2022) shows that the SSEBop model performs relatively well
in arid and semi-arid regions like Castle Valley. SSEBop es-
timates compare favorably to eddy covariance flux stations
in the Upper Colorado River Basin (UCRB), We compared
the ET estimate of the SSEBop model to an eddy covariance
flux station in Vernal, Utah, the closest representative station
to Castle Valley.

The comparison showed that the SSEBop had a slope of 1.08
with Root Mean Squared Error (RMSE) values of 0.72 inches
per month. The R-squared value was 0.92, indicating good
skill in predicting ET variability, and the bias metrics indi-
cated SSEBop results were within 8% of in-situ closed energy
balance ET estimates.

Huntington et al. (2022) note that for 2020, the SSEBop mod-
el estimated higher ET values compared to other models in
the ensemble for most Utah locations. Differences in cloud
screening thresholds and reference ET used for time integra-
tion affected SSEBop results, with a higher scene average
cloud cover threshold (70% in OpenET vs 40% in United
States Bureau of Reclamation implementations) potentially
causing some bias in surface temperature estimates in high
elevation areas (Huntington et al., 2022). For Castle Valley
specifically, which shares similar arid/semi-arid characteris-
tics with other parts of the UCRB, SSEBop appears to be a re-
liable dataset for ET estimates, though users should be aware
of'its tendency to estimate slightly higher ET values compared
to some other models in the OpenET ensemble.

Castle Creek is subject to yearly surface water distribution re-
porting by the Utah Division of Water Rights (Utah Division
of Water Rights, 2025). We leveraged this reporting to deter-
mine total surface water diversions and combine that with the
reported usage data for the two irrigation companies in Castle
Valley. To better understand the relationship between applied
irrigation water, irrigation seepage to the valley-fill aquifer,
and consumptive use by plants, we utilized Google Earth En-
gine to run and analyze ET metrics. We performed an analysis
of annual ET using the OpenET SSEBop model on irrigated
areas from 2005 through the 2022 water year. These data were
calculated using the Utah Division of Water Resources (2024)
water-related land use (WRLU) layer, which consists of poly-
gons of irrigated crop types and extents, phreatophyte cover-
age, wet or open water areas, dryland agriculture, and residen-
tial/industrial zones. The WRLU data used for this study is
based on the latest 2023 field survey.

Utah Geological Survey

Streamflow

We validated streamflow estimates from the SWB model
through multiple approaches that include measuring month-
ly flow along the main stem of Castle Creek from Novem-
ber 2023 to November 2024, analyzing historical data from
USGS gage 09182400, and analyzing precipitation-runoff re-
lationships derived from PRISM data and discharge measure-
ments provided by the Grand County Watershed Coordinator
(A. Hultquist, written communication, January 2024). Ad-
ditionally, we conducted a year-long continuous streamflow
monitoring campaign at three locations along Castle Creek
(Figure 33), with quarterly measurements to capture seasonal
variations in groundwater—surface-water interactions. The
mean gain/loss values between monitoring points were cal-
culated by averaging the differences between upstream and
downstream measurements, while accounting for tributary in-
puts and diversions. The basin’s streamflow ultimately drains
into the Colorado River via Castle Creek.

Placer Creek is an ungaged ephemeral stream that typically
flows during spring runoff and summer monsoonal storms.
Due to the sporadic nature of the flow regime, Placer Creek’s
flow is not well constrained. Because of the ephemeral nature
of Placer Creek we assume its flow to be a negligible portion
of the total sum of streamflow and excluded its flow from our
streamflow analysis.

We measured streamflow along Castle Creek to estimate
seepage between surface water and groundwater systems.
Seepage runs quantify streamflow gains or losses over a
measured reach at specific points in time. We conducted
measurements along Castle Creek at the USFS boundary,
above the Castle Valley Inc. (CV Inc, formerly Daystar
Academy) diversion, and at State Route 128 (near reinstalled
USGS gage 09182400) (Figure 33). Using spring and fall
seepage run data, we estimated seasonal patterns of ground-
water exchange throughout the year.

To assess baseflow conditions in Castle Creek we looked at
daily mean flow during the month of January. The month of
January is used as representative of baseflow conditions due
to (1) the lack of uptake of water by vegetation, (2) lower
evaporation rates, and (3) low mean daily temperatures caus-
ing precipitation to be retained as snowfall near the headwa-
ters of the watershed rather than contributing to stream flow
(Wolf et al., 2022). These factors contribute as evidence that
any streamflow measured during this period represents ante-
cedent groundwater storage, and can be analyzed to determine
storage changes over time.

USGS Data

We conducted fieldwork from fall 2023 through fall 2024 and
no active USGS gage operated within the study area during
this time. In October 2024, USGS personnel reinstalled gage
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Figure 33. Flow monitoring locations along Castle Creek at the U.S. Forest Service boundary (USFS), Castle Valley Inc. diversion (CVinc),

and USGS gage 09182400 (USGS).

09182400 on Castle Creek near State Route 128. This gage
recorded data from April 1992 to October 2016. We used his-
torical data from this gage to compare with newly measured
data at that exact location, allowing us to statistically analyze
both observed and modeled streamflow.

Wells

Castle Valley has a population of approximately 347, with
most homes supplied by individual wells. Discharge es-
timates were based on totalizers installed on nine actively
used wells (Ford and Grandy, 1997), which remained in
place for two years. The recorded volumes showed that ac-
tual pumping was less than the amounts permitted by the
associated water rights. Based on these findings, the Town
estimated that users typically pump about 50% of their al-
located water right. To account for variability, a 10% safety
buffer was applied, resulting in an estimated use of 60% of
the water right per well.

Subsurface Groundwater Outflow

We calculated the flow of groundwater exiting the study area
into the Colorado River using the Darcy flux equation. We
established a cross sectional area at the midpoint between
the Colorado River’s southern edge mean elevation and our

northernmost groundwater monitoring well. The Moenkopi
Formation is exposed across the width of the watershed north
of the Town of Castle Valley (Figure 32). The cross section
incorporated the Moenkopi Formation’s measured thickness
of 1400 feet (Doelling, 2002) for the region where no valley
fill is present. For hydraulic conductivity (K), we applied the
range of geometric mean values from 0.0023 ft/day to 0.016
ft/day as published by Belcher et al. (2001) for the Moenkopi.

dh
0 =-KAY, (©)
Where
= total discharge rate (ft*/day),
= hydraulic conductivity (ft/day),
= cross sectional area (ft?),
% = hydraulic gradient (dimensionless).

Septic-Tank Drainfield Seepage

We estimated the volume of groundwater recharge from sep-
tic-tank drainfield leachate by multiplying the Castle Valley
town population of 347 by the estimated per capita indoor
usage of 60 gallons (227 L) per day (Utah Division of Wa-
ter Resources, 2010). We obtained the number of septic-tank
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systems from data provided by the Southeastern Health De-
partment and Grand County (Jonathan Dutrow, Southeastern
Utah Health Department, written communication, December
2024). Many homes in Castle Valley are utilized as vacation
or secondary residences. Currently, about 313 households
utilize septic-tank systems for primary wastewater disposal
in the valley. We used septic-tank location information from
Lowe et al. (2004) and the Town of Castle Valley lot map to
identify structures served by these systems.

Error Analysis and Uncertainty

Uncertainty estimates were assigned to each component of
the Castle Valley groundwater budget to reflect variability
in data sources and modeling approaches. Streamflow mea-
surements, used to estimate stream gain and stream loss,
were assigned a £10% uncertainty based on published ac-
curacy ranges for USGS stream gaging (Rantz et al., 1982).
Irrigation return flow uncertainty (+20%) accounts for
compounding errors from both streamflow measurements
and ET estimates. The latter was derived from remote sens-
ing products, with phreatophytic ET assigned a +17% un-
certainty based on Anderson et al. (2023), who found mean
absolute error values of ~17% for cropland across western
U.S. eddy covariance sites. Infiltration from precipitation
derived from the SWB model was assigned a +20% un-
certainty, consistent with values reported in SWB-based
regional modeling applications (Niswonger and Prudic,
2023). Water well pumping uncertainty (+£15%) accounts
for variability in reported and unmetered usage, particu-
larly for self-supplied systems, and aligns with typical
estimates for municipal and rural withdrawals (U.S. Geo-
logical Survey, 2021). Septic effluent was assigned a £10%
uncertainty based on standardized per capita wastewater
generation rates and household density (U.S. Environ-
mental Protection Agency, 2002). Flow from bedrock was
treated as a residual term and assigned a higher uncertainty
of £30%, reflecting its derivation as the difference between
measured and modeled components and the absence of di-
rect observation (Pope and Burbey, 2019). Finally, seepage
to the Colorado River was assigned the highest uncertainty
(£50%) due to its small magnitude and the use of Darcy’s
Law with estimated values for hydraulic conductivity and
gradient (Healy, 2007). These uncertainty estimates were
used to support error propagation and provide confidence
intervals for the overall water budget.

Groundwater Inflow

A major unknown contributor to Castle Valley’s water budget
is the inflow of groundwater from upland bedrock aquifers,
including Oligocene-age igneous intrusive rocks of the La Sal
Mountains and Triassic/Jurassic-age sedimentary rocks. To
calculate bedrock inflow we assumed no change in storage
and used the residual volume remaining from the known in-
puts and outputs of the water budget calculations:

Utah Geological Survey

(Sg+ET+ Qw+ Cs)-(IF + Irr + S+ Se) = Qbed  (5)

where:
Sg=  stream gain
ET=  evapotranspiration
Ow = water well pumping
Cs=  seepage to the Colorado River
IF = infiltration of precipitation
Irr= infiltration of unconsumed irrigation water
Sl= stream loss
Se=  septic effluent
QObed = groundwater flow from bedrock
Water Budget Results
Precipitation

Between 2005 and 2022, the Castle Valley watershed received
an average of 48,717 acre-feet per year of gross precipitation
(Appendix B). Of this amount, approximately 2708 acre-feet
(~6%) is estimated to infiltrate to groundwater. This relatively
low infiltration rate reflects the semi-arid climate and geologic
conditions of the watershed, where most precipitation is lost
to ET or becomes surface runoff. Precipitation is unevenly
distributed across the watershed. Approximately 58% of the
mean annual total falls on SWB Unit 4, which encompasses
the La Sal Mountains intrusive rocks (Figure 32). However,
additional uncertainty of infiltration and recharge estimates in
SWB Unit 4 is introduced due to variability in secondary po-
rosity of fracture networks, fracture connectivity, and aperture
with depth of these intrusives.

We compared precipitation patterns between the Daymet dataset
(our SWB model input) and the PRISM dataset. The comparison
showed strong agreement (R? correlation coefficient exceeded
0.84) in precipitation patterns, indicating that our input precipi-
tation data sources are reliable and provide a solid foundation for
the water budget calculations (Figure 34, Table 8).

Analysis of snow water equivalent (SWE) in the La Sal Moun-
tains reveals a decreasing trend in SWE over the period of
record at the Lasal Mountain SNOTEL site (station #572),
located at an elevation of 9580 feet. The linear regression in-
dicates a slope of -0.15 inches per year (Figure 35). The R?
value of 0.091 suggests that only 9.1% of the variation in SWE
is explained by the regression model, indicating that while the
downward trend is evident, other climatic or hydrologic factors
likely influence SWE variability. Despite the low R?, the trend
is statistically significant (p < 0.05), suggesting a persistent,
though modest, decline in snowpack over time. These findings
may point to regional shifts in precipitation patterns or temper-
ature-driven changes affecting snow retention.
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Figure 34. Regression analysis comparing precipitation data of the SWB (Daymet) and PRISM models.

Table 8. Statistical comparison of PRISM and SWB precipitation
data for water years 2005 through 2022.

Statistic PRISM (ac-ft) SWB (ac-ft)

Mean 52,882 50,409
Standard Deviation 12,136 12,816
Minimum 28,529 25,591
Maximum 72,513 70,082
Correlation 0.92

RMSE 5519.01

Mean Absolute Error 3822.94

R-squared 0.84

Groundwater Inflow

Groundwater inflow from upland bedrock aquifers represents
a significant component of Castle Valley’s water budget, con-
tributing an estimated 1235 acre-feet per year. This value
was derived as a residual calculation, assuming a balanced
groundwater budget with no net change in storage. The esti-
mate accounts for measured inputs such as infiltration (2700
acre-feet), irrigation return flow (722 acre-feet), stream loss
(0 acre-feet), and septic effluent (23 acre-feet), alongside
outputs including stream gain (3788 acre-feet), phreatophyte
evapotranspiration (147 acre-feet), water well pumping (741
acre-feet), and seepage to the Colorado River (5 acre-feet).
Given the lack of direct measurement, this residual method

highlights the importance of groundwater contributions from
the La Sal Mountains intrusive rocks and underlying Trias-
sic/Jurassic sedimentary formations, underscoring their role
in sustaining the valley’s aquifer system.

Streamflow

Peak streamflow measured during monsoonal precipitation
was up to 42 cfs in July 2013. The lowest measured flow was
2.56 cfs in July 2006. These data show the highly variable flow
regime of Castle Creek. Streamflow data from USGS gage
09182400 illustrates both seasonality and direct influence from
major precipitation events (Figure 36). Mean annual stream-
flow was calculated based on daily mean values. Mean annual
streamflow ranged from 4.4 cfs measured in 2014 to 8.8 cfs
in 1993 (Table 9). The standard deviation of flows in Castle
Creek averaged 1.8 cfs from 1993 through 2016.

January mean baseflow showed variability from 1993 through
1998. From 1999 through 2016 monthly mean baseflow fluc-
tuations ranged from approximately 4.5 cfs to 7.8 cfs. The
2024 UGS estimate of annual mean streamflow for Castle
Creek was 6.1 cfs (Figure 37).

Comparison with data from the Lasal Mountain SNOTEL
site (station #572), located at La Sal Pass, indicated a weak
relationship (Figure 38) between January baseflow and the
prior water year’s total SWE. This relationship may be
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Table 9. Annual water year flow statistics for USGS gage 09182400, Castle Creek.

Year Minimum (cfs) Maximum (cfs) Mean (cfs) Standard deviation (cfs)
1993 4.6 34 8.8 4.8
1994 32 15 6.1 1.8
1995 4.4 22 7.1 2.5
1996 4.1 9.8 6.6 1.8
1997 4.3 17 6.9 1.4
1998 3.8 28 7.1 2.1
1999 42 27 6.1 1.7
2000 3.1 9 5.1 1.4
2001 32 7.5 52 1.4
2002 32 7.6 5.3 1.4
2003 3.4 7.2 4.9 1.1
2004 2.9 8.4 4.7 1.4
2005 32 15 52 1.5
2006 2.6 15 4.8 1.3
2007 3.1 30 5.1 2.1
2008 3 13 4.8 1.1
2009 3.6 19 53 1.2
2010 3.2 14 5.7 1.4
2011 4 10.7 6.1 1.2
2012 2.7 10.5 4.9 1.6
2013 3 42 49 2.8
2014 2.8 36 4.4 2.1
2015 3 25 52 1.7
2016 3.5 253 6.2 23

explained by the relatively limited area of the upper Castle
Creek watershed. The highest peak in the watershed, Mount
Waas, rises to 12,331 ft above sea level, but it is bounded
by steep ridgelines that limit only a portion of its runoff to
the north into Castle Valley. Precipitation falling onto the
upper reaches of the watershed infiltrates into the fractured
bedrock composed of igneous intrusive rocks, resulting in
moderate transit times from mountain recharge to discharge
into Castle Valley (Gardner et al., 2020).

The La Sal Mountain SNOTEL station (9580 ft) is located ap-
proximately 4.7 miles southwest of Mount Waas (12,331 ft) and
may not accurately reflect the precipitation received at Mount
Waas or within the headwaters of Castle Creek. Although the
SNOTEL station provides reliable precipitation measurements,
spatial variability introduces an unquantified degree of uncer-
tainty. Additional factors such as soil moisture, net radiation,
vegetation, and mean annual temperature also influence runoff
availability, but these variables cannot be directly measured or
reliably extrapolated to the Mount Waas catchment.

Mann-Kendall test results for Castle Creek indicate a statisti-
cally significant decreasing trend in annual average stream-
flow (p = 0.0445) from 1993 through 2024 (Figure 39). The

average annual streamflow at USGS gage 09182400 measured
by the USGS or UGS throughout that period declined at a rate
of approximately 0.058 cfs per year, suggesting a consistent
reduction in water availability over the period of record. Com-
bining measured streamflow and our modeled streamflow, an-
nual streamflow volume in Castle Creek shows a distinct de-
creasing trend of approximately 38 acre-feet per year over the
same period. The early water years (1993—-1999) consistently
yielded higher volumes compared to subsequent years, with
1993 producing the maximum volume at over 6000 acre-feet
(Figure 40). Since around 2000, annual volumes have gener-
ally remained below the geometric mean of 3849 acre-feet,
with only occasional years approaching or exceeding this
long-term average. The SWB model tends to agree well with
USGS and UGS measurements, but does show an anomalous-
ly high volume of runoft in 2019. While precipitation for 2019
was above average we believe the runoff value to be over es-
timated. Our 2024 volumetric estimate of 3788 acre-feet falls
just below this long-term average.

Septic-Tank Drainfield Seepage

We assumed that all indoor water use is discharged to septic
tanks, and water is conserved in the septic tank and leach field.
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Figure 37. Box plot showing January baseflow at USGS gage 09182400.
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Figure 38. Mean January baseflow of Castle Creek at USGS gage 09182400 compared to the prior year's total snow water equivalent at
Lasal Mountain SNOTEL site (station #527) for water years 1993—-2016.

We calculated that about 0.032 cfs (23 acre-feet per year) is
discharged from septic tanks into the valley-fill aquifer. We
applied the current water use sum of 741 acre-feet per year.
Assuming the estimated maximum well water diversion
volume of 741 acre-feet (Ford and Grandy, 1997), septic
effluent represents about 3.1% of the total volume of well
water discharged.

Soil-Water-Balance Model

The SWB results provide us with modeled annual values of
precip, ET, storage, and recharge and the spatial distribution
of each. The hydrologic data for the watershed spanning wa-
ter years 2005-2022 exhibits significant temporal variability
in water balance components. Mean annual gross precipita-
tion was 48,717 acre-feet (standard deviation of 12,129 acre-
feet) (Table 10), with ET constituting the primary water loss
pathway (mean of 43,927 acre-feet, standard deviation of
8982 acre-feet). Streamflow measurements from both the

SWB model and USGS gage 09182400 demonstrate reason-
able agreement during their overlapping period (2005-2016),
with means of 3485 acre-feet and 3756 acre-feet, respectively.
Nash-Sutcliffe efficiency coefficients, which indicate model
performance and range from 1.0 (perfect agreement between
predicted and observed values) to -co (negative values indi-
cate observed mean is a better predictor than model), display
marked year-to-year fluctuations, with values ranging from
1.00 to -1050.27. This range indicates substantial variation in
model performance across different hydrological conditions.
Storage flux calculations reveal significant annual variations,
alternating between maximum accumulation of 7462 acre-
feet in 2016, and a depletion of -3353 acre-feet in 2008. An
unusually high streamflow year in 2019 (10,360 acre-feet)
represents nearly three times the long-term average and may
represent an anomalous model value. These data highlight
the dynamic nature of watershed processes and the complex
relationship between precipitation inputs, ET demands, and
resulting streamflow and storage responses.
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Figure 40. Annual streamflow volume for Castle Creek from 1993 to 2024, showing measurements from the USGS, the SWB model, and the
UGS with a declining trend of 38 acre-feet per year and geometric mean of 3849 acre-feet.
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Table 10. Annual water balance components (2005-2022) showing precipitation, ET, streamflow measurements, Nash-Sutcliffe efficiency,
and storage changes in acre-feet (ac-ft). Mean values and standard deviations are provided at bottom. Note that * denotes mean runoff value
for the 2022 water year as runoff was not included in the SWB output for that year.

T e Gross precipitation Evapotranspiration SWB streamflow USsii:iLiZ";IOO Nash-S-utcliffe Change in storage
(acre-feet) (acre-feet) (acre-feet) i) efficiency (acre-feet)

2005 56,609 51,825 3852 3761 -1.39 932
2006 42,611 39,067 2159 3449 -23.37 1384
2007 61,979 53,372 7054 3661 -884.61 1552
2008 41,582 41,453 3482 3470 1.00 -3353
2009 37,217 34,656 2290 3873 -1050.27 271
2010 55,461 46,684 7436 4113 -183.71 1342
2011 63,375 55,973 3564 4407 -1.44 3839
2012 33,610 32,514 1624 3543 -44.69 -528
2013 50,318 43,288 3678 3537 0.34 3352
2014 56,860 49,705 3328 3209 0.95 3828
2015 62,102 61,186 4247 3791 0.53 -3331
2016 70,082 55,314 7306 4473 -3.27 7462
2017 45,875 41,102 3017 - - 1756
2018 25,591 27,661 1150 - - -3220
2019 68,606 52,267 10,360 - - 5979
2020 34,441 32,684 2069 - - -312
2021 45,860 39,146 2896 - - 3817
2022 55,182 50,785 *3485 - - 912
Mean 48,717 43,927 3485 3756 - 1981

St. Dev. 12,129 8982 2355 388 - 3045

Evapotranspiration The spatial variation in ET rates of 6.5 to 43.7 inches (16.5—

We calculated ET using the OpenET SSEBop model and the
SWB model. Mean ET for the entire Castle Valley study area
is 43,927 acre-feet for the years between 2005 and 2022 (Ta-
ble 10), representing approximately 90% of the precipitation
input. This high ET ratio is characteristic of semi-arid envi-
ronments (Volk et. al, 2024) where water loss to the atmo-
sphere dominates the water budget.

A small but important portion of ET within the region is the
area along riparian zones that support phreatophytes. For this
study, we mapped the riparian region on the north end of the
valley fill adjacent to Castle Creek and several springs issu-
ing from the valley fill. Approximately 50 acres of riparian
area was mapped using OpenET’s data explorer tool. Using
this tool to estimate ET from phreatophytes, we calculated a
geometric mean volume of 147 acre-feet per year from 2019
through 2024, representing a direct groundwater discharge
component through plant respiration. ET for the entire study
area shows clear patterns based on elevation, ranging from
10 to 20 inches (25-51 cm) per year in the valley floor to 46
inches (117 cm) per year in the higher elevations of the La Sal
Mountains to the southeast (Figure 41).

111 cm) per water year correlates strongly with elevation, as-
pect, and vegetation density. Higher ET rates are observed in
the irrigated agricultural areas with alfalfa rotation and high
elevation north-facing slopes due to greater quantities of
available water, whereas lower ET rates occur in areas with
sparse vegetation and at lower elevations with lower amounts
of available water and different soil moisture conditions.

We also examined historical ET data within the water related
land use (WRLU) polygons to determine changes over time.
The cumulative change in irrigated crop ET ranges between
-16 and 14.5 inches (-41-10 cm) of water from 2016 to 2022
(Figure 42). Lesser or negative values represent fallowing of
what was once arable and irrigated land. Positive values can
represent a field that has either been brought back into rotation
or a plot whose irrigation system has been improved, leading
to denser, more vibrant crops.

The mean ET for irrigated fields from 2005 to 2022 ranges
between 6.5 and about 44 inches (17-112 cm) per year (Figure
43). This range of values illustrates the variability of irrigation
techniques, crop water usage, and crop rotation. Fields may be
watered throughout the entire irrigation season—March 15th
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Figure 41. Mean annual ET for the Castle Valley study area from 2005 through 2022.

through November 15th—but durations may be shortened or
extended based on growing season needs.

Irrigation Diversions and Efficiency

We analyzed irrigation system data reported by the Utah Divi-
sion of Water Rights (2025) in Castle Valley between 2014
and 2024 to reveal variations in total surface water volumes
diverted and system efficiency (Table 11). We then used this
analysis to quantify potential groundwater recharge to the
valley-fill aquifer through irrigation return flow. Total annual
diversions demonstrate substantial fluctuation, ranging from
928 acre-feet in 2014 to 2481 acre-feet in 2023, with the two
irrigation entities showing distinct usage patterns. Castle Val-
ley Irrigation Company’s diversions varied from 397 to 1565
acre-feet annually, while CV Inc. maintained slightly more
consistent withdrawals, ranging from 531 to 1364 acre-feet

per year. During the irrigation season this water is diverted
from Castle Creek at the CV Inc. measurement site, and at
times may constitute the entirety of the flow in Castle Creek.

ET values for irrigated land were tabulated from the OpenET
SEEBop model and queried via WRLU map layer data, pro-
viding accurate estimates of crop water consumption and ir-
rigation requirements.

The system’s irrigation efficiency metrics, from 2016 through
2022, provide insights into operational effectiveness. Irriga-
tion efficiency is calculated as the ratio of ET (consumptive
use) to total water diverted, with higher percentages indicat-
ing more efficient water use. Peak efficiency was achieved in
2018 at 75%, corresponding with the lowest total diversions
of 1095 acre-feet during the measured period. This relation-
ship suggests optimal system performance under conditions
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Figure 42. Cumulative change in ET on irrigated land from 2016 through 2022 water years.

of reduced water availability. In contrast, years with higher
diversion volumes typically showed lower efficiency rates, as
evidenced by the 39% efficiency recorded in 2016 when di-
versions reached 2224 acre-feet.

Unconsumed irrigation water that infiltrates into valley-fill
sediments, representing aquifer recharge, similarly fluctuated
from 273 acre-feet to 1351 acre-feet during this period. The
geometric mean of return flow from unconsumed irrigation
water is 722 acre-feet per year (2016 to 2022) (Table 11).
This unconsumed irrigation water is a significant component
of groundwater recharge in Castle Valley, particularly in low-
efficiency years when more water percolates back to the aqui-
fer. This relationship between irrigation efficiency and aquifer
recharge represents an important water management consid-
eration, as improvements in irrigation efficiency may reduce
this beneficial recharge component.

Change in Storage

Data from the Castle Valley monitoring well network indi-
cates relatively stable groundwater elevations from 2016 to
2024 (Table 2), despite the SWB model calculating an aver-
age annual change in storage of 1200 acre-feet for the same
period (Table 10), ranging from -3353 acre-feet during the
low-precipitation year of 2008 to 7462 acre-feet during the
high snowfall year of 2016. We believe this offset is related to
the SWB over estimating runoff. We calculated groundwater
and soil-water change in storage using the period of record
(2005-2022) and annual fluctuations (Table 10). Change in
storage for the valley-wide water balance is the difference be-
tween input and output. We interpret the overall stability of
water levels as indicating a negligible change in total storage
for the valley-fill aquifer from 2016 through 2024, despite the
annual variations in modeled storage.
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Table 11. Annual water budget analysis for Castle Creek irrigation systems (2014—-2024) comparing diversion records against ET estimates
to determine system efficiency.

Year Castle Valley Irr. Co.  Castle Valley Inc. Total(jiw_r;;sions Evapot(l;acl_l:giration Ret(:z?fgow Ieelgcgiz::;
2014 397 531 928 - - -
2015 744 827 1571 - - -
2016 860 1364 2224 874 1351 39%
2017 745 807 1552 811 741 52%
2018 483 612 1095 822 273 75%
2019 1025 1086 2111 884 1227 42%
2020 605 827 1432 906 526 63%
2021 651 849 1500 801 699 53%
2022 751 824 1575 749 826 48%
2023 1565 916 2481 - - -
2024 850 772 1622 - - -
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Groundwater Discharge

The Darcy flux calculated for groundwater leaving the study
area at the Colorado River was estimated to range from 2 to
14 acre-feet per year with a geometric mean of 5 acre-feet
per year (Table 12). This relatively small outflow component
reflects the limited hydraulic gradient and cross sectional arca
at the valley outlet.

Groundwater Budget

The main components of the water budget for the groundwa-
ter system in Castle Valley for the 2024 water year are sum-
marized in Table 13. This integrated budget accounts for all
major inputs and outputs to the valley-fill aquifer system.

Long-term water-level stability observed in the monitoring
well network suggests that the valley-fill aquifer is in equi-
librium with its hydrological inputs and outputs, resulting in
a balanced groundwater budget of 4681 acre-feet. Statistical
trends in streamflow show a declining trend. This decline
could be due to a few factors including reduction in snow-
fall, reduced soil moisture, or less frequent rainfall. Although
annual fluctuations in groundwater elevations exist (Table 2),
and annual stream flows are declining (Figure 39), the overall
groundwater system appears to be in equilibrium when aver-
aged over the study period.

Key components of the groundwater budget include:

1. Inputs. Infiltration from precipitation (2700 acre-
feet) and flow from bedrock aquifers (1240 acre-
feet) constitute the primary recharge sources (Table
13). Return flow from unconsumed irrigation water
adds another 722 acre-feet. Infiltration represents ap-
proximately 6% of the total precipitation, which is
consistent with recharge rates in similar semi-arid en-
vironments. The absence of stream loss (0 acre-feet)
confirms that Castle Creek functions as a net gaining
stream across Castle Valley.

Table 12. Darcy flux calculation inputs and results for groundwater
flow out of Castle Valley.

Darcy Flux
Hydraulic Gradient 0.031
Width 2400 ft
Depth 1400 ft
Hydraulic Conductivity
(low end) 0.0023 ft/day
Hydraulic Conductivity
(high end) 0.016 ft/day
Groundwater Flow 14 ac-fi/vear
(upper range) y
Groundwater Flow 2 ac-ft/vear
(lower range) y

2.Outputs. The largest discharge component is stream
gain (3788 acre-feet), representing groundwater dis-
charge to Castle Creek. This supports baseflow in the
creek and downstream water users. Phreatophyte ET
(147 acre-feet) and well pumping (741 acre-feet) repre-
sent smaller but significant discharge components. The
minimal seepage to the Colorado River (5 acre-feet)
indicates that most groundwater discharges within the
valley before reaching the river.

The Castle Valley water budget indicates a hydrologically
stable system with significant seasonal and annual variations
related to precipitation patterns and irrigation practices. The
groundwater system is broadly in balance with monitoring
wells indicating stable water levels despite variations in an-
nual precipitation and irrigation diversions. Streamflow is
more responsive to yearly fluctuations in precipitation exhib-
iting long term declines in yearly streamflow volume, whereas
groundwater as evidenced by consistent water levels shows
little long term change. The high correlation between precipi-
tation datasets validates the water budget approach, while the
detailed analysis of irrigation efficiency provides valuable in-
sights for water management.

Key findings include:

* Average annual precipitation is 48,717 acre-feet
(2005-2022),

* Only about 6% (~2708 acre-feet) of precipitation be-
comes groundwater infiltration,

Unconsumed irrigation water (return flow) averages
722 acre-feet/year, representing significant groundwa-
ter recharge,

¢ Lower irrigation efficiency corresponds with higher
aquifer recharge,

Decrease of 0.058 cfs per year (-37.51 acre-feet/yr) in
streamflow from 1994 to 2024,

Castle Creek functions as a gaining stream throughout
most of Castle Valley,

Monitoring well water levels indicate stable aquifer
storage,

¢ Groundwater budget balances at 4685 acre-feet for in-
puts and outputs,

* Main inputs are precipitation infiltration (2700 acre-
feet) and bedrock aquifer flow (1240 acre-feet),

Main outputs are stream gain (3788 acre-feet), well
pumping (741 acre-feet), and phreatophyte ET (147
acre-feet),

¢ Minimal groundwater seepage to Colorado River (only
~5 acre-feet/year), and

The groundwater system shows resilience with stable
water levels despite variations in precipitation, stream-
flow, and irrigation.
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Table 13. Groundwater budget for the Castle Valley valley-fill aquifer, 2024 water year.

‘Water Budget Uncertainty Uncertainty Estimate
Acre-feet Source % Acre-feet
Infiltration 2700 SWB model +20 % 540
Flow from bedrock 1236 residual calculation +30 % 371
Irrigation return flow 722 DWRIi - ET +20 % 144
Recharge
Stream loss 0 UGS measurement +10 % 0
Septic effluent 23 Septic tank density +10 % 2
TOTAL RECHARGE 4681 +1058
Stream Gain 3788 UGS measurement +10 % 379
Phreatophytes (ET) 147 OpenET +17 % 25
Discharge Water well pumping 741 Town of Castle Valley +15% 111
Seepage to Colorado River 5 Darcy flux +50 % 3
TOTAL DISCHARGE 4681 +517
Groundwater Storage Change 0

SUMMARY AND CONCLUSIONS

Groundwater resource development and the threat of future
drought in Castle Valley prompted this study. Water quality
and quantity, and the potential for water-quality degradation,
are critical elements determining the extent and nature of
future development in the valley. Most development is fo-
cused along the north-central corridor of the valley, though
the potential for development in unincorporated areas of the
valley also exists.

Our major findings show that (1) water-level trends in the
valley-fill aquifer are stable, with little to no long-term de-
cline; (2) valley-fill aquifer transmissivity exceeds that of
bedrock aquifers in the study area, with geometric means
of 379 ft’/day and 119 ft*/day, respectively; (3) Castle
Creek is a net gaining stream and the primary pathway for
groundwater discharge from the valley-fill aquifer; (4) high
TDS and sulfate concentrations in groundwater located on
the valley margins coupled with the sulfate isotope signa-
ture of evaporite deposits reinforces the Paradox Formation
as the primary source of water quality issues; (5) based on
radiogenic isotope data, valley-fill groundwater is primar-
ily modern-age recharge from at least two decades ago, ex-
cept where influenced by flow through adjacent bedrock on
valley margins; (6) the valley-fill aquifer receives recharge
primarily from direct infiltration of precipitation (2700 acre-
feet/yr) and from bedrock recharge (1240 acre-feet/yr); (7)
snow water equivalent (SWE) at the Lasal Mountain SNO-
TEL site shows a decreasing trend of 0.15 inches per year
from 1980 through 2024, suggesting a gradual decline in
mountain snowpack that likely influences streamflow; and
(8) groundwater discharge from the valley-fill aquifer is pri-
marily from stream gain (3788 acre-feet/yr) and well water
withdrawal (745 acre-feet/yr).

Groundwater levels in select wells measured in 1994 and
2024 show an average increase of 1.45 feet (0.4 m) over that
time period. However, based on monitoring well data from
2016 through 2024, groundwater elevations in the valley-
fill aquifer have fluctuated little; monitoring wells show no
statistically significant trends in groundwater elevations,
indicating that the valley-fill aquifer is at equilibrium with
recharge and discharge.

The valley-fill aquifer is the most productive aquifer in the
study area. Valley-fill aquifer transmissivities ranged from 42
to 12,900 ft*/day, compared to bedrock aquifer transmissivi-
ties of 3.5 to 1838 ft*/day. Valley-fill aquifer thickness varies
from less than 50 feet (15 m) on the valley margins to 410 feet
(125 m) in the valley center.

The Paradox Basin’s complex fault and fold structures con-
strain Castle Valley’s groundwater movement. The cross sec-
tions prepared in this study reveal the possibility of additional
concealed normal faults associated with the collapse of the
salt-core anticline in the nose and eastern margin of Castle
Valley. However, the role of these faults is still poorly un-
derstood, partially due to their concealed nature, and partially
due to the lack of sufficient water wells situated on the eastern
margin of the valley.

We measured discharge on Castle Creek to understand the
groundwater-surface water connection better. Flow measured
at three locations along Castle Creek shows the stream is gain-
ing from groundwater, averaging 3788 acre-feet/yr. Over the
course of the year, streamflow at the USGS monitoring site
averaged six times greater than that measured at the upstream
USFS site. This substantial increase in discharge represents
the largest discharge component from the valley-fill aquifer
system. These measurements verify Castle Creek’s role as a
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significant groundwater discharge zone, receiving consistent
groundwater contributions along its course. In contrast, Placer
Creek functions as an ephemeral stream that flows only during
significant precipitation events and snowmelt periods. When
flowing, it primarily contributes to groundwater recharge rath-
er than receiving groundwater discharge.

Groundwater chemistry maintains consistent quality, which
has been documented over decades, with high TDS and sul-
fate concentrated in the northwestern and western regions,
and lower TDS and sulfate in the central and southern mar-
gins of the valley. This spatial pattern reflects the variable
influence of different geologic units on water quality, par-
ticularly where groundwater influenced by Paradox Forma-
tion evaporites occurs.

Environmental tracer analysis allowed us to make several
distinctions regarding the aquifers in Castle Valley.
Groundwater stable isotope samples have an evaporative
signature, indicative of evaporation occurring prior to recharge,
likely from sublimation of the snowpack prior to spring runoff
or longer vadose zone residence times. Spring waters closer to
the La Sal Mountains exhibit isotopic composition closer to
that of the original precipitation composition. Stable isotope
ratios also provide evidence of the connection between
groundwater and surface water. Surface water samples show
similar isotopic values to wells and springs, which aligns with
seepage data indicating substantial groundwater contributions
to streamflow.

Sulfate isotope analysis in Castle Valley reveals three dis-
tinct sources affecting groundwater sulfate composition.
Soil sulfate minerals primarily influence groundwater sul-
fate in the center of the valley-fill aquifer, whereas evapo-
rite minerals are the predominant source of sulfate on the
valley-fill margins adjacent to bedrock. Groundwater sulfate
from some springs high in the recharge zone is influenced
by sulfate oxidation. Higher sulfate concentrations correlate
with evaporite sulfate isotope signatures, and together these
data are indicative of Paradox Formation dissolution as the
source of elevated TDS in Castle Valley.

The groundwater in the valley-fill aquifer is young. The
predominance of modern groundwater suggests the aqui-
fer relies on active recharge with relatively short flow paths
and thus is sensitive to fluctuations in snowpack levels and
shifts in climatic conditions. Groundwater with mixed-age
recharge is influenced by recharge from bedrock sources.

A basin-wide SWB model for 2005 to 2022 coupled with
historical and current USGS streamflow data and new
streamflow and water-level measurements from this study
shows the principal water balance input is precipitation,
while the main outputs are ET and Castle Creek streamflow.
The average recharge to the watershed is 4685 acre-feet/yr
from infiltration of precipitation (58%), flow from bedrock
(26%), irrigation return flow (15%), and septic-system

effluent (1%). Average discharge from the valley-fill aquifer
balances at 4685 acre-feet/yr from stream gain (81%), well
withdrawal (16%), phreatophytic ET (3%), and seepage to
the Colorado River (<1%) (Figure 44). Additionally, the
SWB model estimates an average annual storage change of
1167 acre-feet/yr, despite monitoring well water-level data
from 2016 through 2024 suggesting stable aquifer storage
over the time period. Our recharge and discharge estimates
fall below the estimated inflow calculated by Kolm and van
der Heidje (2016) and Ford (2006) of 5527 acre-feet per year
and 6819 acre-feet per year, respectively.

Although Castle Valley is currently sparsely inhabited, po-
tential development may result in increased demand on wa-
ter resources. The demonstrated interconnection between
surface and groundwater has important management impli-
cations for Castle Valley. Understanding these groundwater-
surface water interactions is essential for long-term water
supply continuity.

The water levels in the valley-fill aquifer may decline if long
term precipitation trends decline, groundwater withdrawals
in the valley increase, or if irrigation diversion from Castle
Creek increases. Given the stability of water-level trends
and recharge inputs, an increase in groundwater withdrawal
could impact the relationship between high TDS ground-
water on the valley margins and low TDS groundwater in
the valley center. Depending on the location and magni-
tude, increased groundwater withdrawal could capture water
from Castle Creek, further reducing its flow, and/or impact
the phreatophytic vegetation along its banks. Careful water
management planning is recommended to preserve the cur-
rent Pristine and Drinking Water status of the classified sole
source aquifer.

Future studies could focus on five key areas to build on the
current understanding of the system. (1) High-frequency
water-level observations (transducers) in wells could help
reveal short-term and long-term variability and improve
understanding of recharge and discharge (2) Modeling
groundwater inflows from bedrock in response to valley-fill
groundwater elevation and pumping changes would allow
for better quantifying bedrock contributions. (3) Further
geophysics and geochemistry exploration could help delin-
eate the boundaries between valley-fill and bedrock units
and clarify the hydraulic connection between the valley-fill
aquifer and evaporite-derived, high-sulfate groundwater
sources. (4) Incorporating predicted future climate scenarios
into the SWB model could produce estimates of potential
changes in recharge under varying temperature and precipi-
tation regimes. (5) Depending on available water rights and
permitting, Managed Aquifer Recharge (MAR) could help
mitigate any future declines in groundwater storage. This re-
port provides much of the data needed for a MAR feasibility
analysis including water quality distribution, groundwater
flow directions, groundwater depth below land surface, and
aquifer transmissivity.
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Figure 44. Ground water budget for Castle Valley using values from Table 13. Inflows shown in blue and outflows shown in orange.
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APPENDIX A
Sample Location and Chemistry Data (2023-2024)

Table A1.
SiteID  Lot#  Site Type Date Latitude Longitude VLV:::: Discharge  Chemistry Parl;ir;lel:lters ISS(::‘:;; 14C Isotope Ff:;?:pnel Iizthf);t:s Nliltil;:it;+
CV1 well 11/15/2023 38.629584 -109.361183 X X X X X
CVl1l well 11/15/2023 38.619063 -109.385358 X X X X X X
CVI12 447 well 10/24/2023 38.65801 -109.42567 X
CV13 447 well 10/24/2023 38.65776 -109.42381 X X
CV18 365 well 10/24/2023 38.609253 -109.378196 X X X X
CV19 338 well 11/15/2023 38.618814 -109.391545 X X X X X X
CV20 328 well 10/24/2023 38.62462 -109.38944 X X X X
CVv21 307 well 11/15/2023 38.629105 -109.39005 X X X X
Cv23 219 well 10/24/2023 38.62663 -109.40574 X X X X
Cv24 227 well 10/24/2023 38.63216 -109.39933 X X X X
CV25 228 well 11/15/2023 38.632827 -109.397717 X X X X
CV26 238 well 10/24/2023 38.639918 -109.389682 X X X X
Cv27 2 well 11/15/2023 38.651813 -109.424406 X X X X X X X X
CVv28 187 well 10/24/2023 38.6394753 -109.3960653 X X
CV29 110 well 11/15/2023 38.643731 -109.403238 X X X
CV30 140 well 10/24/2023 38.63871 -109.40441 X X
CV3l1 164 well 10/24/2023 38.633068 -109.408445 X X X X
CV32 100 well 10/24/2023 38.63657 -109.41268 X X
CV33 74 well 10/24/2023 38.64053 -109.41486 X X
CV34 53 well 10/24/2023 38.6466331 -109.4129661 X X
CV35 35 well 10/24/2023 38.64605 -109.41709 X X X X
CV36 24 well 10/24/2023 38.6440451 -109.4222027 X X
CV38 439 well 11/15/2023 38.658709 -109.419908 X X X X X
Cv4 well 11/15/2023 38.581343 -109.334835 X X X X X X X
CVv4l 419 well 10/24/2023 38.6551857 -109.4278443 X X
Cv42 430 well 11/15/2023 38.659325 -109.425868 X X X
cv4a7 390 well 10/24/2023 38.65811 -109.43041 X X
CVs51 well 10/24/2023 38.651053 -109.409402 X
CV56 46 well 11/16/2023 38.642268 -109.41789 X
CV57 158 well 11/16/2023 38.63691 -109.403862 X X
CVs58 225 well 11/16/2023 38.6308 -109.400085 X
CV59 415 well 11/16/2023 38.652134 -109.428371 X X X
CV60 435 well 11/16/2023 38.661084 -109.423164 X
CVo6l1 well 11/16/2023 38.584178 -109.291093 X
Cve62 8 well 11/16/2023 38.649702 -109.421526 X
CV63 433 well 11/16/2023 38.661283 -109.423914 X
CV65 432 well 11/16/2023 38.661073 -109.424819 X
CV66 13 well 11/15/2023 38.648993 -109.419208 X
CVe67 well 11/15/2023 38.644568 -109.385193 X
CVe68 401 well 11/15/2023 38.651846 -109.430003 X
CV69 179 well 11/15/2023 38.633729 -109.402765 X
Cv7 well 11/15/2023 38.656126 -109.427159 X X X X X
CV70 194 well 11/15/2023 38.642298 -109.390117 X
CV71 287 well 11/15/2023 38.625073 -109.398019 X
CV72 352 well 11/15/2023 38.614851 -109.380073 X X
CV73 356 well 11/15/2023 38.613487 -109.379216 X
CV74 well 11/16/2023 38.603009 -109.318816 X
CV75 311 well 4/1/2024 38.624665 -109.392011 X
CV76 111 well 4/2/2024 38.64327 -109.402299 X X
CV77 433 well 4/2/2024 38.661615 -109.424539 X
Cvg well 11/15/2023 38.648259 -109.407923 X X X X X X
CVv9 well 11/15/2023 38.642343 -109.410911 X X X X X X X
CV100 stream 11/14/2023 38.662157 -109.434581 X
CV101 stream 11/14/2023 38.6624 -109.4342 X
CV102 stream 11/14/2023 38.6622 -109.4333 X
CV103 stream 11/14/2023 38.659992 -109.430413 X
CV104 stream 11/14/2023 38.65834 -109.42613 X
CV105 stream 11/14/2023 38.658003 -109.425417 X
CV106 stream 11/14/2023 38.657131 -109.425151 X
CV107 stream 11/14/2023 38.6567 -109.4232 X
CV108 stream 11/14/2023 38.61699 -109.33555 X
CV109 stream 11/14/2023 38.6172228 -109.3360562 X
CV110 Stream 5/14/2024 38.633711 -109.367113 X X
CV14 stream 11/14/2023 38.65777 -109.42381 X X X X
CV16 stream 11/14/2023 38.591416 -109.265083 X X X X
CV17 stream 11/14/2023 38.671551 -109.449724 X X X X
Ccv2 stream 11/14/2023 38.65025 -109.41499 X X X X X
CV201 stream 11/14/2023 38.645343 -109.406764 X
CV203 stream 11/14/2023 38.646 -109.4108 X
CV204 stream 11/14/2023 38.617332 -109.336317 X X
CV301 stream 11/14/2023 38.60011 -109.29169 X X
CV303 stream 11/14/2023 38.59896 -109.29479 X
CV304 stream 11/14/2023 38.60763 -109.32484 X
CV302 stream 11/14/2023 38.59902 -109.29413 X
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Table Al Continued.

SiteID  Lot#  Site Type Date Latitude Longitude Y:::: Discharge  Chemistry ParFail;lel:lters ISS(:::);; 14C Isotope Ff:;?(:‘p‘: Iﬁ;ltlf;t:s Nliltilt.:it;-'-
CVv45 stream 11/14/2023 38.5833 -109.24251 X X
CV6 stream 11/14/2023 38.6575 -109.4241 X X
CV10 spring 11/14/2023 38.65762 -109.42381 X X
CV15 spring 11/14/2023 38.61216 -109.33094 X X X
CV3 spring 11/14/2023 38.65019 -109.41492 X X
CV300 spring 11/15/2023 38.5989 -109.29289 X X X
CV39 spring 11/14/2023 38.65161 -109.39845 X
CV40 spring 11/14/2023 38.60501 -109.32458 X X
Cv43 spring 11/14/2023 38.60194 -109.22958 X X X
CV44 spring 11/14/2023 38.58344 -109.2422 X X X
CV46 spring 11/14/2023 38.59437 -109.24214 X X
CV49 spring 11/14/2023 38.660146 -109.43209 X X X
CV5 spring 11/14/2023 38.6502 -109.41596 X X X
CV50 spring 11/14/2023 38.65986 -109.43371 X X
CV52 spring 11/14/2023 38.651482 -109.40975 X X
CV53 spring 11/14/2023 38.542474 -109.30394 X X X
CV54 spring 11/14/2023 38.575164 -109.30642 X X X
CV78 SNOwW 4/13/2024 38.47218 -109.26686 X
CV79 Snow 4/13/2024 38.47218 -109.26686 X
CV80 SNOW 4/13/2024 38.47218 -109.26686 X
CVv8l Snow 4/13/2024 38.47218 -109.26686 X
Cv82 SNOW 4/13/2024 38.47218 -109.26686 X
CV83 Snow 4/13/2024 38.47218 -109.26686 X
Cvg4 Snow 4/13/2024 38.47218 -109.26686 X
CV85 Snow 4/13/2024 38.47218 -109.26686 X
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Table A2.
Fall 2023 Spring 2024 Fall 2024 Water-level change
Site ID Land Land elev. Date Water-level Water-level Date Water-level Water-level Date Water-level Water-level Fall 2023 - Spring 2024 -  Fall 2023 -
elev. (ft) Source BGS (ft) elev. (ft) BGS (ft) elev. (ft) BGS (ft) elev. (ft) | Spring 2024 (ft) Fall 2024 (ft)  Fall 2024 (ft)
CVl 5141.85 RTK 11/15/2023 218.99 4922.86 4/2/2024 219.10 4922.75 11/18/2024 217.75 4924.10 -0.11 -1.35 1.24
CVv4 6064.92 RTK 11/15/2023 93.00 5971.92 4/2/2024 89.68 5975.24 11/18/2024 88.51 5976.41 332 -1.17 4.49
Ccv7 4613.97 RTK 11/15/2023 7.77 4606.20 4/2/2024 7.94 4606.03 11/18/2024 8.93 4605.04 -0.17 0.99 -1.16
CV8 4434.03 RTK 11/15/2023 43.65 4390.38 4/2/2024 42.66 4391.37 11/18/2024 4533 4388.70 0.99 2.67 -1.68
CV9 4643.65 RTK 11/15/2023 54.95 4588.70 4/2/2024 53.56 4590.09 11/18/2024 55.15 4588.50 1.39 1.59 -0.20
CVI1l  4952.96 RTK 11/15/2023 74.14 4878.82 4/2/2024 74.52 4878.44 11/18/2024 74.06 4878.90 -0.38 -0.46 0.08
CV19  4995.14 RTK 11/15/2023 192.41 4802.73 4/1/2024 191.32 4803.82 11/18/2024 191.46 4803.68 1.09 0.14 0.95
CV21  4839.16 RTK 11/15/2023 97.33 4741.83 4/1/2024 97.37 4741.79 11/18/2024 96.66 4742.50 -0.04 -0.71 0.67
CV25  4764.83 RTK 11/15/2023 92.02 4672.81 4/1/2024 90.79 4674.04 11/18/2024 92.52 4672.31 1.23 1.73 -0.50
CV27  4504.44 RTK 11/15/2023 57.46 4446.98 4/2/2024 63.27 4441.17 11/18/2024 63.65 4440.79 -5.81 0.38 -6.19
CV29  4664.90 RTK 11/15/2023 52.98 4611.92 4/2/2024 51.63 4613.27 11/18/2024 - - 1.35 - -
CV38 447431 RTK 11/15/2023 44.93 4429.38 4/2/2024 44.39 4429.92 11/18/2024 45.23 4429.08 0.54 0.84 -0.30
CV42  4407.81 RTK 11/15/2023 34.25 4373.56 4/2/2024 35.21 4372.60 11/18/2024 35.85 4371.96 -0.96 0.64 -1.60
CVs56  4651.99 RTK 11/16/2023 89.59 4562.40 4/2/2024 88.69 4563.30 11/18/2024 89.11 4562.88 0.90 0.42 0.48
CV57  4711.25 RTK 11/16/2023 74.50 4636.75 4/2/2024 76.52 4634.73 11/18/2024 78.47 4632.78 -2.02 1.95 -3.97
CVs58  4781.87 RTK 11/16/2023 97.98 4683.89 4/2/2024 97.17 4684.70 11/18/2024 98.85 4683.02 0.81 1.68 -0.87
CVs59  4513.62 RTK 11/16/2023 86.15 4427.47 4/2/2024 89.97 4423.65 11/18/2024 - - -3.82 - -
CV60  4451.62 RTK 11/16/2023 88.33 4363.29 4/2/2024 - - 11/18/2024 89.45 4362.17 -- -- -1.12
Ccvel  7181.37 RTK 11/16/2023 203.33 6978.04 4/2/2024 202.39 6978.98 11/18/2024 - - 0.94 - -
CV62  4524.14 RTK 11/16/2023 41.48 4482.66 4/1/2024 45.19 4478.95 11/18/2024 41.72 4482.42 -3.71 -3.47 -0.24
CV63  4442.96 RTK 11/16/2023 81.98 4360.98 4/2/2024 82.54 4360.42 11/18/2024 82.16 4360.80 -0.56 -0.38 -0.18
CV65  4435.43 RTK 11/16/2023 71.42 4364.01 4/2/2024 71.97 4363.46 11/18/2024 71.62 4363.81 -0.55 -0.35 -0.20
CV66  4539.81 RTK 11/15/2023 30.93 4508.88 4/1/2024 30.31 4509.50 11/18/2024 31.23 4508.58 0.62 0.92 -0.30
CV67  4821.07 RTK 11/15/2023 98.69 4722.38 4/2/0204 100.64 4720.43 11/18/2024 99.81 4721.26 -1.95 -0.83 -1.12
CV68 452092 RTK 11/15/2023 100.58 4420.34 4/2/2024 101.14 4419.78 11/18/2024 102.71 4418.21 -0.56 1.57 -2.13
CV69  4747.53 RTK 11/15/2023 96.66 4650.87 4/1/2024 95.44 4652.09 11/18/2024 97.24 4650.29 1.22 1.80 -0.58
CV70  4779.49 RTK 11/15/2023 109.70 4669.79 4/1/2024 108.96 4670.53 11/18/2024 109.51 4669.98 0.74 0.55 0.19
CV71  4863.48 RTK 11/15/2023 98.28 4765.20 4/1/2024 97.95 4765.53 11/18/2024 99.08 4764.40 0.33 1.13 -0.80
CV72  5034.12 RTK 11/15/2023 83.21 4950.91 4/1/2024 83.87 4950.25 11/18/2024 82.85 4951.27 -0.66 -1.02 0.36
CV73  5051.79 RTK 11/15/2023 79.72 4972.07 4/1/2024 80.20 4971.59 11/18/2024 79.19 4972.60 -0.48 -1.01 0.53
CV74  5909.49 RTK 11/16/2023 28.32 5881.17 4/2/2024 27.27 5882.22 11/18/2024 28.38 5881.11 1.05 1.11 -0.06
CV75  4871.46 RTK - - - 4/1/2024 95.26 4776.20 11/18/2024 95.36 4776.10 -- 0.10 --
CV76  4671.69 RTK - - - 4/2/2024 52.16 4619.53 11/18/2024 54.30 4617.39 - 2.14 -
CV77 444539 RTK - - - 4/2/2024 86.17 4359.22 11/18/2024 85.90 4359.49 -- -0.27 --

Abbreviations: Elev. = elevation, BGS = below ground surface
Land elev. source: RTK = Trimble GNSS RTK GPS
Global datum: WGS 1984, GEOID18 (CONUS)
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Table A3.

Site ID Seepage Run Date Time Dis(cc l;:)rge Rz;i')lg Discha(l:;gs error
CVv44 Fall 2023 11/14/2023 10:00 0.12 10 0.0
CV16 Fall 2023 11/14/2023 11:15 0.96 8 0.1
CV301 Fall 2023 11/14/2023 12:00 0.08 8 0.0
CV302 Fall 2023 11/14/2023 12:52 1.28 8 0.1
CV303 Fall 2023 11/14/2023 12:34 2.46 8 0.2
CV304 Fall 2023 11/14/2023 16:37 2.54 8 0.2
CV108 Fall 2023 11/14/2023 13:44 2.10 8 0.2
CV204 Fall 2023 11/14/2023 16:15 2.60 8 0.2
CV201 Fall 2023 11/14/2023 10:15 1.30 8 0.1

CV2 Fall 2023 11/14/2023 14:10 2.45 10 0.2

CV107 Fall 2023 11/14/2023 16:01 2.60 8 0.2
CV14 Fall 2023 11/14/2023 15:07 2.90 10 0.3
CV106 Fall 2023 11/14/2023 15:26 2.60 8 0.2
CV105 Fall 2023 11/14/2023 14:43 3.10 8 0.2
CV104 Fall 2023 11/14/2023 14:28 3.90 8 0.3
CV103 Fall 2023 11/14/2023 13:53 4.50 8 0.4
CV102 Fall 2023 11/14/2023 11:08 1.20 10 0.1
CV101 Fall 2023 11/14/2023 10:54 8.50 8 0.2
CV100 Fall 2023 11/14/2023 10:20 7.20 10 0.7
CV17 Fall 2023 11/14/2023 9:20 7.46 10 0.7
Cv44 Spring 2024 5/14/2024 7:25 0.118 10 0.0
CV16 Spring 2024 5/14/2024 7:59 1.677 8 0.2
CV301 Spring 2024 5/14/2024 8:44 1.574 10 0.2
CV303 Spring 2024 5/14/2024 8:53 1.614 10 0.2
CV304 Spring 2024 5/14/2024 9:36 3.455 8 0.3
CV108 Spring 2024 5/14/2024 10:03 2.904 10 0.3
CV109 Spring 2024 5/14/2024 10:19 3.276 10 0.3
CV110 Spring 2024 5/14/2024 10:46 2.140 8 0.2
CV201 Spring 2024 5/14/2024 11:51 1.017 8 0.1

CV2 Spring 2024 5/14/2024 13:40 0.215 10 0.0
CVli4 Spring 2024 5/16/2024 14:00 0.200 10 0.0

CV104 Spring 2024 5/14/2024 14:23 0.733 10 0.1
CV102 Spring 2024 5/14/2024 15:24 1.950 8 0.2
CV100 Spring 2024 5/14/2024 15:10 4.747 8 0.4
CV17 Spring 2024 5/14/2024 16:06 5.502 8 0.4
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Table A4.
. . Specific . ) X 5 . . N.itr‘ate +
Site Site ID full name Site Owner/ Sample pH Temp conductance TDS Sodium Potassium Calcium Magnesium Chloride Bicarbonate Sulfate m'trlte as
1D type LOT date (°O) (uS/cm) (mg/L)*  (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L)  nitrogen
(mg/L)
Cv4 WL-CV4-PORCUPINE well town of cv 10/23/23 7.47 12.8 383 210 14.4 1.45 422 13.4 14.4 145 42 0.249
CV11 WL-CVI11-PLACER well town of cv 10/24/23 7.8 13.7 420 232 16.3 1.37 47.3 13.6 17 154 47 0.233
CV20 WL-CV20-328 well 328 10/25/23 7.9 13.7 425 234 17.4 1.53 47.5 14.2 16.2 152 50.2 0.255
CV18 WL-CV18-365 well 365 goa{,r)‘ and 10/25/23  7.71 14.3 605 360 17.8 1.87 77.1 20.7 18 172 134 0.209
CV9 WL-CV9-BAILEY well town of cv 10/24/23 7.79 15 477 242 19.5 1.41 54 15.9 17.4 157 60.2 0.335
CV21 WL-CV21-307 well 307 10/25/23 7.97 12.8 405 218 19.8 1.38 44.2 13 20.1 139 45.8 -
CV24 WL-CV24-227 well 227 5/16/24 7.59 14.5 612 362 25.6 1.79 72.4 22.5 19.7 193 121 -
CV7 WL-CV7-CL well town of cv 10/24/23 7.56 15 827 518 40.2 2.13 91.3 25.6 43.7 182 187 0.429
CV3s WL-CV35-035 well 35 10/25/23 7.46 15.7 1366 1010 52.6 2.83 200 43.2 61.6 156 501 -
CV1 WL-CV1-LOOP ROAD well town of cv 10/25/23 7.6 14.1 968 596 63.5 2.64 99.5 21.8 72.2 183 209 -
CV26 WL-CV26-238 well 238 10/25/23 7.63 16.1 969 620 69.1 2.74 90.9 28.1 70.4 188 215 -
CV19 WL-CV19-338 well 338 10/25/23 7.48 17.2 1800 1410 94.1 4.1 239 64.9 99.9 168 736 <0.1
CV8 WL-CV8-CREEKSIDE well town of cv 10/23/23 7.27 15.5 1888 1310 126 6.74 222 479 160 288 532 2.16
CV3l1 WL-CV31-164 well 164 10/25/23 791 17 2840 2410 144 8.48 381 104 174 152 1290 -
CV38 WL-CV38-439 well 439 10/25/23 7.3 17.9 2530 2040 152 8.09 291 114 149 207 1090 -
Cv23 WL-CV23-219 well 219 10/25/23 7.51 16.1 3310 2720 223 18.3 393 121 262 157 1460 -
Cv27 WL-CV27-002 well 2 10/25/23 7.49 17.1 3560 2820 292 19.6 364 125 345 101 1450 <0.1
CV1 WL-CV1-LOOP ROAD well town of cv 5/16/24 7.5 15 933 644 - - - = > a - -
cvi3 WL-CV13-447 well  M7mermll o003 76 14 1544 1065 - - ; ; ; ; ; ;
domestic
CVv23 WL-CV23-219 well 219 5/16/24 7.69 145 3340 2305 - - - - - - - -
Cv24 WL-CV24-227 well 227 10/25/23 7.77 15.9 720 497 - - - - - - - -
CV25 WL-CV25-228 well 228 10/25/23  7.92 14 414 286 - - - - - - - -
Cv27 WL-CV27-002 well 2 5/16/24 7.52 16.6 3100 2139 - - - - - - - -
CV28 WL-CV28-187 well 187 10/25/23 7.95 17.6 471 325 - - = = - 3 - -
CV29 WL-CV29-110 well 110 10/25/23 8.06 20.7 848 585 - - - - - - - -
CV30 WL-CV30-140 well 140 10/25/23 8.01 14.8 517 357 - - - - - - - -
CV32 WL-CV32-100 well 100 10/25/23 746 175 2980 2056 - - - - - - - -
CV33 WL-CV33-074 well 74 10/25/23  1.77 16.1 2390 1649 - - - - - - - -
CV34 WL-CV34-053 well 53 10/25/23  7.86 19 444 306 - - - - - - - -
CV36 WL-CV36-024 well 24 10/25/23  7.42 16.4 3750 2588 - - - - - - - -
CV59 WL-CV59-415 well 415 10/25/23 7.41 17.5 2880 1987 - - - - - - - -
Cv4l WL-CV41-419 well 419 10/26/23 707 21.7 830 573 - - - = o o - -
Cv42 WL-CV42-430 well 430 10/26/23 7.16 14.3 2640 1822 - - - - - - - -
Cv47 WL-CV47-390 well 390 11/1/23 7.15 13.6 1124 776 - - - = > = - -
CVsl1 WL-CV51-CFI well cfi pond 11/1/23 7.34 14.3 2040 1408 - - - - - - - -
CV57 WL-CV57-158 well 158 4/2/24 7.86 13.6 634 437 - - - = > = - -
CV70 WL-CV70-194 well 194 11/15/23 7.8 14.8 1092 753 - - - - - - - -
CV72 WL-CV72-352 well 352 11/15/23 8.05 11.5 385 266 - - - = > a - -
CV76 WL-CV76-111 well 111 4/2/24 8.16 14.9 694 479 - - - - - - - -
CV9 WL-CV9-BAILEY well town of cv 5/16/24 7.72 15.2 484 334 - - - = > a - -
CVl16 ST-CV16-USFS stream  castle creek 5/14/24 8.03 6.1 200 112 3.29 1.08 31.9 421 1.34 98.4 14.2 -
CV14 ST-CV14-CC2 stream  castle creek 5/16/24 8.24 15.8 1054 684 62.6 2.17 112 31.7 69.7 215 261 -
CV14 ST-CV14-CC2 stream  castle creek 10/24/23 8.4 12 770 531 - - - - - - - -
CV1e ST-CV16-USFS stream  castle creek 10/24/23 8.2 7.5 229 158 - - - o - - - -
CV17 ST-CV17-X128 stream  castle creek 10/24/23 8.42 14.3 2440 1684 - - - - - - - -
Cv2 ST-CV2-CCl1 stream  castle creek 10/24/23 8.02 13.5 691 477 - - = - - - - -
CV4s5 ST-CV45-WB3 stream  willow basin 11/1/23 7.8 2.2 148.6 103 - - - - - - - -
CV6 ST-CV6-CCM stream  castle creek  10/24/23 8.2 13 1900 1311 - - - = - o o -
CVs SP-CV5-CCSP2 spring  castle creek 10/24/23 7.68 13.8 489 282 233 1.59 52.5 15 25.2 187 66 -
CV49 SP-CV49-373 spring jorgen 5/16/24 7.4 14.9 1295 914 73.1 3.45 147 46.1 82.8 229 371 -
CV203 SE-CV203 spring  >°P g‘ :Sﬁ 11/1523 78 9.5 491 339 - - - - - ; - ;
CV10 SP-CV10-CCMSP3 spring Ca;t/}:;irﬁek 102423 758 14 888 613 - - - B - . B} i
CV1s SP-CV15-LASAL spring spring LaSals ~ 10/24/23 8.13 14 1310 904 - - - - - - - -
CV3 SP-CV3-CCSP1 spring  castle creek 10/24/23 798  13.2 792 546 - - - - - - - -
CV300 SP-CV300 RCCG spring rock castle CG  5/15/24 7.18 10.1 440 304 - - - - - - - -
CV39 SP-CV39-DSA spring 10/26/23 7.64 153 1348 930 - - - - - - - -
CV40 SP-CV40-530 spring s‘;};‘zzrgtz 1026123 74 134 1650 1139 - - - - - ; ; ;
Cv43 SP-CV43-WB1 spring  willow basin 11/1/23 7.08 3 451 311 - - - = > = - -
Cv43 SP-CV43-WB1 spring  willow basin 5/14/24 7.37 4.1 460 317 - - - - - - - -
CV44 SP-CV44-WB2 spring  willow basin 11/1/23 7.48 4.8 274 189 - - - = > a - -
CV46 SP-CV46-WB4 spring  willow basin 11/1/23 7.34 6.4 572 395 - - - - - - - -
CV49 SP-CV49-373 spring jorgen 11/1/23 7.32 14.6 1162 802 - - - = > a - -
CVs50 SP-CV50-374 spring  zuckerman 11/1/23 7.45 11.6 1595 1101 - - - - - - - -
CV52 SP-CV52-CFI spring cfi pond 11/1/23 7.87 9.1 1233 851 - - = = - 3 - -
CV53 SP-CV53-MASON spring  mason draw 5/14/24 7.26 7.8 340 235 - - - - - - - -
CV53 SP-CV53-MASON spring  mason draw 11/4/23 8.15 5.9 453 313 - - = = - 3 - -
CV54 SP-CV54-PINHOOK spring pinhook spring  5/14/24 6.95 20 307 212 - - - - - - - -
CV54 SP-CV54-PINHOOK spring pinhook spring  11/4/23 8.19 113 477 329 - - - = o - - -
CV100 ST-CV100 stream Castle Creek 5/14/2024 8.14  17.9 2230 1539 - - - - - - - -
CV102 ST-CV102 stream Castle Creek 5/14/2024 8.02  17.7 2410 1663 - - = o - - - -
CV3 ST-CV3 stream Castle Creek  5/14/2024  8.41 19.4 1114 769 - - - - - - - -
CV201 ST-CV201 stream Castle Creek 5/14/2024  8.57 20 681 470 - - - - - - - -

*Italicized numbers represent values calculated using a conversion factor of 0.69 multiplied by specific conductance.
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Table A5.
Site Name Type 52H(%o) 3'80(%o)
CVl well -108.9 -14.90
CVl11 well -111.0 -15.50
CV18 well -112.3 -15.70
CV19 well -111.8 -15.30
CV20 well -112.0 -15.50
CV206 well -111.6 -15.40
CV21 well -112.8 -15.70
Cv23 well -112.0 -15.20
CV25 well -112.5 -15.80
CV26 well -110.7 -15.20
Ccv27 well -113.7 -15.80
CV28 well -113.2 -15.70
CV29 well -110.7 -15.10
CV30 well -113.1 -15.70
CV3l well -111.9 -15.30
CV32 well -111.7 -15.30
CV33 well -113.0 -15.50
CV34 well -112.3 -15.50
CV35 well -112.3 -15.40
CV36 well -108.8 -14.30
Cv37 well -111.4 -15.10
CV38 well -108.7 -14.70
Cv4 well -111.0 -15.20
CV41 well -111.5 -15.30
Cv42 well -109.8 -15.10
Cv47 well -110.0 -15.00
CVs5l1 well -103.0 -13.50
CV57 well -111.9 -15.43
CV76 well -111.2 -15.19
CV76 well -111.4 -15.30
CVv8 well -106.5 -14.30
CV9 well -115.3 -15.90
CV78 Snow -127.3 -16.63
CV79 Snow -99.4 -13.85
CV80 snow -132.2 -17.76
CVel Snow -117.4 -16.20
Cvea2 snow -133.8 -17.90
CV&3 Snow -181.9 -24.09
CVs4 snow -154.7 -20.89
CV85 Snow -120.0 -16.92
CV10 spring -110.1 -15.10
CV13 spring -109.4 -15.00
CVI5 spring -111.8 -15.40
CV3 spring -111.8 -15.50
CV300 spring -107.2 -14.70
CV301 spring -112.2 -15.40
CV40 spring -112.5 -15.50
CVv43 spring -109.4 -14.70
CV44 spring -111.7 -15.20
CV46 spring -108.6 -14.60
CV49 spring -110.5 -15.10

CV5s spring -109.7 -14.30

CV5s spring -112.3 -15.50
CVs50 spring -108.8 -14.70
CVs53 spring -107.3 -14.70
CV54 spring -115.8 -16.00
CV109 stream -109.8 -15.10
CV14 stream -109.1 -15.00
CV16 stream -108.3 -14.80
CV17 stream -110.5 -15.20

Ccv2 stream -110.6 -15.20
CV203 stream -116.0 -16.00
CV204 stream -110.2 -15.20
Cv4s stream -107.4 -14.90
CV52 stream -102.8 -13.60

CVé6 stream -108.2 -14.70
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APPENDIX B
Soil-Water-Balance Model Results (2005-2022)
Table B1.
Gross Precipitation Actual ET Net Infiltration
Upper Lower Upper La Sal Triassic & Round Upper Lower Upper La Sal Triassic & Round Upper Lower Upper La Sal Triassic & Round
valley fill valley fill valley fill ] Mon{ntains J ur:rasic r(‘)cks Mot.mtain valley fill valley fill valley fill ] Mon{ntains J ur:rasic r(‘)cks Mot.mtain valley fill valley fill valley fill ] Mon{ntains J ur:rasic r(‘)cks Mot.mtain
(Place Ck) (Castle Ck)  (intrusive rocks) (undifferentiated) (Intrusive rocks) | (Place CKk) (Castle Ck)  (intrusive rocks) (undifferentiated)  (Intrusive rocks) (Place Ck) (Castle Ck)  (intrusive rocks) (undifferentiated) (Intrusive rocks)
1 2 3 4 5 6 1 2 3 4 5 6 1 2 3 4 5 6
2005 4812.63 6441.06 4536.95 31064.70 9527.95 225.45 4851.90 7015.33 4704.15 26300.10 8772.14 181.63 146.74 78.04 43.60 3833.62 547.00 28.18
2006 3545.90 4529.78 3313.58 24184.10 6877.46 160.21 3524.71 4957.45 3311.46 20725.78 6416.49 131.30 9.48 47.61 10.95 930.34 228.42 14.31
2007 5212.63 6965.41 4854.71 34312.45 10383.58 250.06 4983.24 7070.54 4742.83 27683.59 8709.91 182.28 102.09 177.73 67.21 2992.60 514.36 29.79
2008 3369.39 3890.16 3078.08 24829.92 6268.73 146.03 3738.24 4903.83 3499.90 23168.76 6020.96 121.60 50.69 40.82 22.28 2109.66 288.28 14.81
2009 3070.70 3488.28 2870.91 22022.99 5630.48 133.85 3115.12 4047.79 2956.27 19206.62 5221.80 108.31 11.65 33.45 11.77 1042.67 206.65 13.36
2010 4647.04 5732.63 4296.51 31755.82 8818.00 211.27 4231.20 6027.79 4111.98 24875.28 7285.25 152.36 204.31 113.02 109.93 3051.02 562.80 28.98
2011 5074.56 5993.01 4626.52 37761.33 9698.33 221.75 5051.43 6523.62 4723.09 30403.06 9089.09 182.75 114.57 53.30 32.34 4842.82 408.67 22.34
5 2012 2736.58 3208.62 2498.65 19836.14 5210.66 119.18 2883.07 3895.00 2657.21 18020.45 4960.51 98.05 7.85 31.16 9.09 1012.26 182.61 13.38
= | 2013 4194.08 5188.52 3899.48 28825.64 8020.43 189.81 3971.95 5402.54 3732.94 22806.60 7224.87 148.88 20.20 50.52 19.13 1278.90 271.89 18.84
g 2014 4769.03 6308.14 4454.69 31655.71 9450.76 222.09 449591 6158.32 4188.31 26730.35 7971.42 160.49 30.05 72.45 21.50 1825.75 379.10 22.58
= 2015 5081.22 5942.05 4720.00 36662.01 9471.18 225.61 5669.29 7130.80 5326.72 33092.98 9765.54 200.81 26.54 47.81 19.69 3728.98 288.66 21.84
2016 5602.20 6207.61 5139.40 42669.35 10227.55 235.60 5179.64 6626.82 5042.82 29432.88 8854.38 177.91 275.18 67.04 88.10 8279.64 509.77 24.72
2017 3564.95 4814.45 3432.73 26676.41 7219.78 166.64 3495.49 5129.74 3422.29 22489.19 6435.19 129.95 62.03 48.35 20.13 2444.63 337.33 17.31
2018 1988.19 2607.59 1855.53 15065.09 3983.67 91.22 2348.18 3598.54 2212.54 15350.72 4071.28 80.15 3.95 28.41 6.45 689.55 150.36 9.51
2019 5624.45 7304.63 5351.12 38848.60 11214.83 261.95 5074.03 7336.07 5092.30 25844.65 8742.93 176.98 321.58 287.35 194.08 7882.50 808.88 37.17
2020 2846.01 3597.44 2651.89 19609.10 5606.43 129.84 2966.76 421891 2788.81 17602.01 5007.00 100.24 19.76 53.02 16.96 995.80 304.81 14.42
2021 3648.13 4365.16 3363.58 27334.70 6986.26 162.08 3422.02 4534.87 3166.58 21877.67 6025.82 119.50 10.11 42.15 12.52 1089.32 211.16 13.96
2022 4343.25 5084.08 3971.08 33409.64 8187.60 186.40 4549.29 5830.49 4261.07 28168.49 7821.67 154.09 75.31 45.29 22.77 3635.41 273.58 14.92
Table B1 Continued.
Runoff Runoff Outside
Upper Lower Upper La Sal Triassic & Round Upper Lower Upper La Sal Triassic & Round
valley fill valley fill valley fill ] Mm{ntains J ur.rasic r(‘)cks Mou‘mtain valley fill valley fill valley fill ] Mon{ntains J ur:rasic r(‘)cks Mm‘mtain
(Place Ck) (Castle Ck)  (intrusive rocks) (undifferentiated) (Intrusive rocks) | (Place Ck) (Castle Ck) (intrusive rocks) (undifferentiated)  (Intrusive rocks)
1 2 3 4 5 6 1 2 3 4 5 6
2005 40.07 3223 15.29 647.13 76.41 1.01 81.60 90.78 39.04 2342.57 466.68 19.04
2006 15.25 21.03 6.13 390.29 29.40 0.29 20.05 52.78 15.94 1373.55 222.03 12.72
2007 125.00 138.74 70.17 1299.31 398.17 6.10 177.33 241.80 106.44 3358.53 1096.94 35.80
2008 59.84 28.88 30.50 564.24 141.44 2.02 83.30 68.07 49.48 2020.04 415.69 18.02
2009 30.04 15.64 10.71 422.47 55.81 0.91 36.40 47.53 20.34 1411.91 227.09 11.14
2010 194.02 54.33 101.18 1624.73 397.37 5.68 278.51 115.66 137.58 3516.48 981.32 28.68
2011 23.31 21.39 8.51 476.32 31.47 0.39 56.37 46.42 34.08 2552.87 294.84 17.62
5 2012 6.32 11.97 3.26 261.58 21.13 0.33 9.45 34.23 10.71 1115.56 141.47 7.79
= | 2013 52.29 72.39 24.95 669.28 159.15 2.24 62.81 114.60 40.23 2076.73 384.82 18.40
g 2014 31.61 52.95 20.50 405.91 114.57 1.49 47.15 136.88 39.82 1926.27 523.13 27.46
= 2015 48.40 23.08 17.07 817.41 68.84 0.87 59.40 64.29 36.95 2783.28 308.33 18.65
2016 71.60 30.55 30.24 1099.01 114.95 0.98 206.44 97.60 99.53 4699.53 823.85 31.29
2017 32.54 22.19 10.19 527.03 5491 0.95 52.70 58.80 26.08 1895.57 320.66 15.18
2018 6.15 17.33 3.02 129.53 3533 0.43 7.93 46.04 7.45 727.68 160.38 8.58
2019 204.07 155.92 102.90 1884.05 497.06 7.66 341.84 301.48 194.00 4918.56 1705.50 46.97
2020 15.44 28.06 8.35 239.33 64.36 0.85 23.66 80.58 21.67 1195.80 375.49 15.44
2021 26.16 35.04 14.21 423.10 85.95 1.55 32.45 90.68 27.95 1755.69 382.16 21.18
2022 32.88 22.76 14.71 859.89 61.89 0.63
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